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Advances in Urban Stormwater and Agricultural Runoff Source Controls 

Marsalek, J ., W_._E. Watt, E. Zeman and H. Sieker 

MANAGEMENT PERSPECTIVE 
Thereport that follows represents edited proceedings of the NATO advanced research 
workshop on Advances in Urban Stormwaterand Agricultural Runoff Source Controls. It ' 

should be of interest to researchers, enviromnental designers, planne'r‘s and water managers 
addressing controls of urban stormwater and agricultural runoff, and the associated impacts 
on receiving waters. As such, this publication -supports the Departmental Business Line 
Nature, with respect to understanding and reducing human impacts on the ecosystems and 
conserving and restoring priority ecosystems. 

The papers presented at the workshop provide information on a review of source controls for 
urban stormwater and agricultural runoff, general strategies for and case studies of

. 

stormwater management, urban flood management studies, source controls in rural 
catchments, and source control implementation. 

Next steps — no follow up activities are planned at this time. 

ABSTRACT 
Source controls for urban stormwater and agricultural runoff were examined in 27 papers 
presented at the NATO Advanced Research Workshop, which was held at St, Marienthal- 
Ostritz, Germany, in November of 2000. The specific topics covered include an overview of 
stormwater source controls in urban drainage, general strategies for source controls in urban 
stormwater management, case studies of source controls in the urban environment, overview 
of runoff controls in rural catchments, source controls in rural watersheds, considerations of 
source controls in flood management modelling, and source control implementation.



Progrés sur le plan de la régulation des sources de ruissellement agricole et d’eaux' 
pluviales urbaines ' 

pat 
Marsalek, J ., W.e. Watt, E, Zeman et H. Sieker 

RESUME A L’INTEN'1‘ION DE LA DIRECTION 
Le présent rapport correspond au com"pte rendu révisé du colloque de recherche avancée de 
l’OTA_N sur les progres en matiére de régulation des sources de ruissellement agticole et 
d’ea_u_x pluviales urbaines. I1 s’adresse aux chercheurs, aux concepteurs dc l’environn_ement, 
aux planificateurs et' aux gestionnaires des eaux qui s’intéressent a la régulation des eaux 
pluviales en milieu urbain et des eaux de ruissellement en milieu agricole, ainsi qu’aux 
répercussions sur les eaux réceptrices. A ce titre, la presentation de ce document s’i_n_scrit dans 
les activités du secteur d’activités de la Nature en ce qui regarde la comprehension des 
répercussions de l”activité humaine sur les écosystémes et-leur atténuation, ainsi que la 
protection et le rétablissement des écosystémes d’intérét prioritaire. 

Les articles présentés a_u colloque renseignent sur’ un examen des mesures de régulation des 
sources d’eaux pluviales urbaines et d’eau de ruissellement en milieu agricole, sur les grandes 
stratégies de gestion des eaux pluviales et des cas d’espéce, sur des études concernant la 
gestion des crues en milieu urbain, sur la régulation des sources dans les bassins 
hydrologiques en milieu rural et sur la mise en place de mesures de régulation des sources. 

Etapes ultérieures : Aucune activité de suivi n’est prévue pour l’instant-.



RESUME 
Vingt-sept articles présentés au colloque de recherche avancée de l’OTAN, qui s’est tenu en 
novembre 2000 a St_-Marienthal en Allemagne, sepenchaient sur la régulation des sources de 
ruissellement agricole et d’eaux pluviales en milieu urbain. Voici une liste des sujets 
abordés : un apercu des moyens de régulation des sources d’eaux pluviales en fonction du 
drainage en milieu urbain, de grandes stratégies de gestion des sources d’eaux pluviales en 
milieu urbain, des cas d’espéce de régulation des sources en milieu urbain, un apercu des ’ 

moyens de régulation du ruissellement dans des bassins hydrologiques en milieu rural, la 
regulation des sources ruissellement dans des bassins hydrologiques en milieu rural, des 
remarques sur les mesures devvrégulation des sources en fonction de la modélisation de la 
gestion des crues, et la mise-en oeuvre de mesures de régulation des sources .



PREFACE 

Large rainfall and snowmelt events cause numerous water management challenges in 
both urban and rural areas. In urban areas, these events cause stonnwater runoff, 
which results in a variety of impacts on receiving waters, including flooding, 
geomorphologic changes, pollution; ecosystem degradation and impairment of 
beneficial water uses. To prevent or mitigate such impacts, Stormwater management 
has been introduced and implemented through a system of management mt ;sures, 
which are also referred to as ‘best management practices’ ('BMPs). Among B.vIPs, 
source controls are par'tic‘ularly wid_e_ly accepted, because they are de.=‘gned to prevent - 

or mitigate the stormwater impacts by applying controls at or near the source. 
Consequently, they are generally highly cost-effective, and in some cases represent the 
only practical solution (e.g.,_ eliminating toxic substances releases. rather than 
containing and removing such substances aftertheir dispersal in the environment). 

Concerns about stonnwater runoff in agricultural (rural) areas are similar to those in 
urban areas, and include the risk of flooding, sediment erosion and delivery to 
receiving waters, ‘and washoff and transport of agrochernicals and pathogens_. In recent 
years. a great deal of attention has been paid to mitigation of these problems by source 
controls. It has been suggested that by proper land management, c'atchme'nt runoff 
could be reduced (or even eliminated for small events), and reduced runoff flows 
would then contribute to lower flood risks, soil erosion, and export of agrochemicals 
and pathogens. 

In view of th_is great interest in source controls for stormwater runoff, and particularly 
in using these measures to mitigate flood risks. we proposed a research workshop on 
this subject and applied for NATO sponsorship. Thus, the main objective of the NATO Advanced Research Workshop o_n ‘Source Control Measures for Stormwater 
Runoff’ was to review the state of the art in source controls of storrnwater runoff in 
both urban and agricultural areas, with respect to the management of wet-weather 
flows. For this workshop, we have used a broad definition of source controls as the 
measures which are designed to control the generation of, and entry of pollutants into, 
stormwater runoff. with emphasis on non-structural and semi-structural measures 
applied at or near source. 

After receiving the NATO support grant, we recruited keynote speakers and workshop 
participants, finalised the workshop programme, and held the workshop at the 
International Conference Centre in St. Marienthal-Ostritz, Germany,’ with more than 
50 invited experts from 19 countries in attendance. Extensive experience of workshop 
participants in this field is reflected in the workshop proceedings, which include 30 
selected papers. Whenever trade, product or firm names are used in the proceedings, it 
is for descriptive purposes only and does not imply endorsement by the Editors, 
Authors or NATO.



Only the formal workshop presentations are reflected in the proceedings that follow. 
Besides these papers and extensive discussions, there were many other ways of sharing 
and exchanginglinformation among the participants, in the form of new or renewed 
collaborative links, professional networks and personal friendships. The success of the 
workshop was acknowledged by workshop participants in the evaluation questionnaire. 
For this success, we would like thank all who helped stage the works_hop and produce 
its proceedings, and particularly those who are listed in the Acknowledgement. 

. J iri Marsalek 
Burlington, Ontario, Canada 

Ed Watt 
Kingston, Ontario, Canada 

Evzen Zeman 
Prague, Czech Republic 

Heiko Sieker 
Berlin, Germany
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REVIEW OF STORMWATER SOURCE CONTROLS TN URBAN DRAINAGE 

J. MARSALEK
A 

National Water Reseafclt Institute, 867 Lakeshore Rd, Burlington, ON UR 4A6,- Canada 

1. Introduction 

Discharges of urban stormwater into receiving waters may cause a variety of impacts 
leading to flooding, geomorphological changes, pollution, ecosystem degradation and 
impairment of beneficial water uses [1, 2]. To prevent or mitigate such impacts, 
st_om_1wat_e_r management has been introduced and generally implemented through a 
system of nianagernent measures, which are also referred to as ‘best management 
practices‘ (BMPS). Among BMPs, source controls are particularly widely accepted, 
because they are designed to prevent or mitigate the impacts by controls at or near the 
-source. Consequently, they are generally highly cost-effective, and in some cases 
represent the only practical solution (e.g., eliminating toxicant releases, rather than 
containing and removing such substances after their dispersal in the environment). 
Although the need for source cont_rol_s is widely recognised, in many cases, their 
performance cannot be verified and may suffer from local limitations. Consequently, 
stormwater rnanagement treatment trains are designed to meet project objectives by 
COITlDllllllg both source controls as well as more robust structural l?MPs [3]. 

The terminology on storrnwater source controls is not standardised and this 
term is “used differently-' by various drainage professionals. A recent U.S. engineering 
manual of practice [2] defines source controls as “practices that prevent pollution by 
reducing potential pollutants at their source before they come into contact with 
stor'm‘waterv...”.v Other sources, present a broader definition of source controls as 
measures “limiting changes to the quantity and quality of storrnwater at or pg; source" [4]. Recognising that this paper should serve a broad audience, urban 
stormwater source controls were defined here as the measures designed to control the 
generation of, and entry of pollutants into, storrnwater runoff, with emphasis on non- 
structural andgsemi-structural measures applied at or near source. 

The primary purpose of this review was to establish a framework for 
diiscussions of urbar. stormwater source controls at the NATO Advanced Research 
Workshop 0.1 this subject. which was held at St. Marienthal, Germany in November, 
2000. The review starts with source control measures affecting both storrnwater 
quantity and quality, which are followed by the measures enhancing storrnwater 
quality.



2. Sou "ce Control Measures Reducing Stoifrtwater Quantity 

Source control measures reducing storrnwater quantity are generally those which 
reduce the extent of impervious areas; divert runoff from impervious areas onto 
pervious areas; enhance hydrologic abstractions on natural or man-made surfaces by 
detention/retention. infiltration and evaporation; and, reduce stormwater flows by 
storage and reuse. While these measures primarily control runoff quantity, they also 
improve stormwater quality by immobilising stormwater pollutants on catchment 
surfaces, or diverting tl em to soils, or groundwater. A brief overview of selected 
measures follows.

C 

2.1. LAND USEPLANNING AND MANAGEMEN I‘ PRACTICES 

The purpose of these practices is to minimise the potential for runoff and pollutant 
export generation as a result of land development. They represent a conservation 
approach to land development, employing land use capability assessment mapping and 
land use zoning and management practices consistent with r‘ninirni_sing the effects of 
urbanisation on receiving waters and integrating natural drainage into new urban 
developments [5]. As much as possible, ‘runoff flows through natural channels‘ or 
vegetated swales, enhancing runoff filtration and infiltration, into“a network of 
wetlands and ponds, which reduce peak flow's_. Furthermore, buffers for streams and 
wetlands are provided. This approach, which is widely accepted in new developments, 
has numerous benefits (cost savings, improved market value and resource utilisation. 
environmental benefits), but also environmental and social constraintsl limitations, 
which are encountered in its implementation [5]. . For implementation and 
enforcement, land use ordinances are needed. As is the case with most source 
controls, public support is needed to gain acceptance for land use policies Some land 
use restrictions may not be politically feasible [2]. 

2.2. LOT-LEVEL SOURCE CONTROLS 

Lot-level source controls are small scale measures serving to reduce runoff flows and 
sometimes enhance their quality, control erosion, and enhance groundwater recharge 
[6]. Such results can be achieved by lot grading allowing water ponding and 
enhancing infiltration; rooftop detention/retention storage [6]; disconnection of roof 
leaders; parking lot storage; runoff conveyance by grassed swales and through filter 
strips; stream and corridor buffer strips [7, 8], storage in underground structures; 
runoff infiltration in soakaway pits, trenches and perforated pipes [9]; and, runoff 
storage and reuse [10, ll]. 

Lot-level source controls are very diverse and can be effective, if applied 
throughout the catchment, as often done in new developments. There are examples, 
e.g. collecting rainwater in rain barrels for watering (in the:Toronto area), where these 
measures served to promote public education on, and participation in, stonnwater 
management. On the other hand, someof these measures are susceptible to tampering, 
which may reduce their effectiveness without inspection programs. Details of these 
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measures can be found in BMP manuals [6, 7]; select: clones are described below. 
Lot grading is used to slowdown runoff (e.g... by reducing, slopes from 2% to 

0.5%,, where permitted by the local municipality) and create ponding areas, generally 
less than 0.1 m deep. Roof leaders discharge onto property, or into soakaway pits. 
Flat roof storage can be created by drainage hoppers fitted with weirs; parking lot 
storage is created by sewer inlet co'n't_rol devices [6]. 

Stormwater biofiltration by grass filters and swales is used commonly to reduce 
runoff volume by infiltration andenhance runoff. quality by such processes as settling, 
filtration, adsorption and bio-uptake, Vegetated filter strips are feasible in low density 
developments with small _ c )ntr‘ibu’ting' areas and diffuse runoff, suit '3 e soils (good 
sorpiion), and lower groundv. ater tables. Good design parameters include a flow depth of 
< 50-100 mm, le .gth > 20 m, and slopes I-5% [7]. 

Swales are shallow grassed channels functioning in a similar way as vegetated 
biofilters. Good design features include the bottom width > 0.75 in, mild slopes (< 1%), 
small contributing areas (< 2 ha), and an adequate length L > 60 m. Swales are best suited 
for small areas with permeable soils and low groundwater tables [7]L ‘In a summary of 
lU.S. experience with swales, Sc_h_ueler er al . [8] noted that swales offered mixed 
performance in removal of suspended solids and attached pollutants, and low removal 
of solubles. In-swale biofilters improved their performance. Swales have good 
longevity. if well maintained. Compared to conventional curb & gutters, they are less 
expensive to "build, but require more land. Lea_ch_ing from culverts and fertilised lawns

, 

may increase the presence of trace metals and nutrients [8]. 
In a recent design, the stormwater swale is underlain by a gravel infiltration 

_trench_ (see Fig. l) with a throttled drain pipe (the so-called MR system). In this 
arrangement, stormwater inf;'i_l_t-_ra_ting through an active soil layer is ‘pretreated’ before 
entering a gravel trench, and drains via a drain pipe discharging into a manhole with a 
flow throttle [12]. .



if 
l 1, 

Jxfiltration 

Figure 1. Cross'~set:tion of aswale with underdrain (after [12]). 

Infiltration facilities serve to reduce the volume and rate of runoff, reduce pollutant 
transport and recharge groundwater. They are designed in various forms, including wells 
(pits), trenches. basins, and perforated pipes and drainage structures (catchbasins, inlets, 
and manholes), often equipped with some pre-trea_trn_ent,me_asure_s, an under-drain and 
bypass [6, 7, 13]. Porous pavement represents another infiltration measure for reducing . 

surface runoff and treating infiltrated stormwater [14, 15]. All these structures reduce the 
volume of runoff by allowing it to infiltrate into the ground. Since the infiltrating runoff 
contains some pollu'ta'nts, infiltrat-ion facilities also control pollution export from drained 
areas. The use of infiltration is generally feasible in small residential areas with low risk 
of groundwater contamination, soils with good percolation rates, and deeper groundwater 
or bedrock. Septic tanks and building foundations have to be avoided. In general, 
infiltration structures can be very cost effective [16]; the main difficulties with their 
applications include potential contamination of groundwater and uncertain longevityof 
these structures [7, 8]. 

Water quality i_nl_ets (also referred as oil/grit separators) provide partial stoxrnwater 
treatment by sedimentation and of floatables (oil), and thereby pretreat 
stonnwater before its discharge into sewers. They were recommended for applications in 
areas with high pollution/spill potential, including parking lots, and commercial or 
industrial developments [6}, where they were designed to provide a permanent storage of 
15 m3/impervious ha. A number of designs i_ndi_c_ate good potential for removing coarse 
solids (sand) and containing free oil spills [6]. Recent findings indicate that in cold 
climates. their treatment effectiveness may be reduced by accumulation of chlorides [17]. 
For areas with sensitive receiving waters, a more complex device, referred to as the multi- 
chambered treatment train (MC'l'T), was recently developed by the US EPA [18]. It 
comprises a catchbasin/grit chamber, followed by a two-chambered tank, with flash 
aeration. enhanced settling (tube of plate settlers), and a slow, mixed media filter (sand and 
peat). Other inlet designs employ oil sorbents to reduce oil entry into storm sewers.
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Another ueatment process applicable at a small scale (e.g., an indusuial property)
4 

is filtration_. Storrnwater sand filters were introduced in the USA and found effective in 
removing pollutants [19]. Th_ey need to be regularly regenerated by backwashing [7], or 
simply by raking the surface layer; they may get ‘clogged by formation of a biofilm [19]. 
Good designs may serve up to 5 ha, usea sand layer of 0.5 rn, operate a hydraulic 
head of 0.6-1.0 in (higher heads compact sand), and are equipped with a collector of the 
filtrate and an overflow/bypass structure [19]. Biofrlters (i.e.«, coarse medium filters with 
biofilm grown on granular surfaces) were also tested and show good promise for removal 
of dissolved heavy metals from stormwater [20,21]. Porous pavements with subsurface 
storage are used for storrnwater filtration and quality enh: r".ernent'byc sorption on he ft‘. 
material. Pratt er al . [15] and Raimbault er al . [2;Z; ...emonstrated good trarirrreirt 
efficiency of these structures. -.n ~ - 

3. Source Controls Enhancing Storrnwater Quality 

Source controls enhancing storrnwater quality are generally policies and related measures 
which reduce or eliminate entry of numerous pollutants [23] into s_t_o_rr_nwa_ter. These 
measures are generally designed to promote the prevention of stonnwater pollution by 
various activities conducted by the public, municipalities and small businesses. Many such 
measures are described in great detail in the literature [2, 4, 5, 24] and are recommended 
for application in both existing and new urban developments. Selected controls are 
discussed below. — 

3.]. PUBLIC EDUCATION . AWARENESS AND PAR'I'lCIPATION 

Public awareness, education and empowennent programs (PAEEP) are essential for 
planning, design and acceptance of new stormwater facilities, by promoting identification 
and understanding of drainage problems and their remediation, identifying responsible 
parties and past‘ efforts, promoting community ownership of these problems and 
solutions, promoting changes toward enviro'nr’nent‘ally responsible practices and 
behaviour of both individuals and corporations, and, integrating public feedback to 
program implementation [2,4]. Consequently, PAEEP is recognised as an appropriate 
strategic 100] for reducing storrnwater pollution. The success of most source control 
r_neasures depends on public education and participation, particularly if links between 
individual behaviour and water quality are established, individuals are targeted both at 
home and work, and the whole community is mobilised. At the same time, it is 
difficult to assess the effectiveness of these programs. 

To develop an effective PAEEP, environmental issues, audience, behaviour 
targeted, and best ways to achieve an improved environment must be understood. 
Such a program can be developed through the steps listed below [4]. 

Define and analyse the problem (the sources of pollution, who impacts on them). 
9 Identify stakeholders (commercial business, industry, land holders and residents, 

school/youth groups, and municipal staff).



0 Know your .target group - establish a complete profile. develop the best methods 
of communication. 

9, Set objectives - informative messages, emotional messages, responsibility 
messages, empowering messages, action messages (clear simple, language; 
technical sound statements; break up concept into simple statements). 
Design your methods - determine a mixture techniques for the target group. 
Form action plans and timelines - identify costs, funding sources and trim the 
project to fit resources. 

0 Monitor and evaluate - collect infonnation and records to see how effective this 
is, recognising that there may be a lag in public re: )2 -nse. 

Elements of the PAEEP program include printed materials, media, signs, 
community programs, displays, community water quality monitoring programs, 
launches. local action committees and groups, advisory groups. consumer programs, 
business programs, and school education programs. Storm drainage system signs, 
with prohibitive language and icons to discourage polluting, were found particularly 
effective [2]. To reduce costs, this activity should be implemented mostly with a 
volunteer "workforce, but in high traffic zones, municipal staff should be employed. 

Awareness and education are. implemented through public meetings, open houses, 
tours‘ of facilities, and visual displays at stormwater management sites. In this process, 
concerned citizens/envi_ron_mentalists groups are formed which then actively engage in 
environmental projects, including organised cleanup and publicity campaigns. and help 
involve schools [2, 4]. 

3.2. MODIFIED USE, RELEASES AND DISPOSAL OF CHEMICALS ENTERING 
_ 

STORMWATER 

These measures employ planning, and environmental and builling ordinances and 
regulations to reduce releases of harmful chemicals into storrnwater, generally by 
changed behaviour with respect to engaging in some activities, use of certain products, 
and handling and disposal practices [5]. These" measures may be introduced at various 
adniinistrative levels, e.g.. the phasing of lead out of gasoline was done at the national 
.level, and similar benefits follow from efforts of clean air agencies [25, 26]. At the 
municipal level, environmentally safe use and management of "household materials and 
cher;1ical_s_. including pesticides, solvents. oils, fertilisers, and antifreeze are promoted 
to n'1'in‘irnise the potential for washoff or leaching or indirect disposal into the 
stonnwater _system [5, 25, 26]. Specific measures include reduction in activities 
causing chemical releases (e.g.. driving), safe use of chemicals (e.g., proper 
applications of garden chemicals without excessive releases), s‘ubst_it_uting safe 
alternative products for toxicants. and proper handling and disposal of chemicals [2]. 

Use of vehicles can be reduced through public education and establishment of 
trip reduction programs in government offices and larger business. These activities 
should be pursued in alliance ‘with clean air agencies, may require extra staff to 
coordinate, and their success may be limited by the lack" of cooperation, concerns 
about the loss of convenience and relative costs [2].
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Many garden chemicals are potentially toxic and require environmentally safe 
handling. Examples include proper use of fertilisers and pesticides, without over- 
application and spread on directly connected impervious areas" [26]. At the municipal 
level, there is a growing movement to reduce of eliminate the use herbicides on public 
lands and minimise the use of saltin winter road maintenance [27]. 

Road salts are used extensively in cold climates for winter road maintenance. as 
shown for selected Canadian cities in Fig. 2;. Such use has been of environmental 
concern forsome time and this concern has led to placing road salts on the (Canadian) 
Priority Substances List [28]. While there are environmentally safer alternative deicers 
(e.g., calcium magnesium acetate, CMA), they are very costly. Environmental 
impacts can be partly mitigated by reduced salt usage resulting from such measl .-.:s a.. 

_pre-wetting salt, using salt brine, using calibrated spreaders, improved operational 
practices (sensible salting), keeping salt under cover';*1and- pavement heating or 
modif'1c'atio'r.- by‘ hydrophobic or icephobic coatings [27]. More widespread use of 
alternative products may require educating the public and municipal staff about such 
alternatives, and advising purchasing departments [2]. 
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Figure 2. Road salt use i_n_ selected Canadian cities during winter 1997-98 (after 

[28]). 

Household hazardous waste, that could end up in stormwater, needs to be 
collected, ‘usually in conjunction with solid waste collection, and properly disposed of. 

' A proper ‘collection plan has to be developed and address such issues as optimal 
methods of collection and its frequency. 'l'_he_se programs are subject to existing 
regulations. may be relatively costly, require trained operators, appropriate laboratory 
and detection equipment, and good record-keeping. Successful programs rely on 
public education and participation, inforrning the public about hazardous materials, 
safe alternatives, proper storage and disposal, and prornoting reuse and recycling. 
Relatively highcosts limit more widespread use of these programs [2]. Used oil 
recycling is also a fo’rr‘n of hazardous waste management. To avoid improper disposal, 
used oil collection‘ and recycling should be set up and operated by private contractors. 
These programs are subject to many regulations and may be limited by the lack of 
rel_i_able licensed us_e_d oil recyclers [2].



3.3. ENFORCEMENT OF SEWER ORDINANCES 

Many pollution problems arise from violations of sewer ordinances and the lack of 
their enforcement. Detection of problems and implementation of corrective measures 
are key activities in mitigating these problems. The types of activities addressed here 
include illegal dumping control, removal of contaminated sediment from sewers, 
prevention of illicit connections, illicit connection detection and removal, and control 
of leaking sanitary sewers. 

Illegal dumping should be fought by a two-pronged approacl‘ - (a) educating { 
the public about the harm caused by these activities, and (b) instituti tr: ordinances to 
detect and correct dumping, and enforce penalties. Municipa‘ codes should prohibit 
illegal dumping and additional staff may be needed to detect and investigate illegal 
dumping, and coordinate public educa_t_ion_. Incidents should be tracked and fines 
issued. The public should be educated about anti-dumping ordinances, trained to 
recognise illegal dumping, and asked to report it. The success of anti-dumping 
programs may depend on the availability, convenience, and costs of alternative 
disposal [2]. ‘ 
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Past illegal dumping into storm drains may have caused accumulations of 
contaminated sediments, which now represent in—situ pollution and continue to release 
conta_n_1ina_nts. Such sources need to be addressed and remediated usually by sediment 
removal prevention of future dumping [29]. 

Illicit connections to storm drains contribute to storrnwater pollu_tion [30, 31] 
and should be prevented through regulation, inspection, testing and education. 
Municipal building and plumbing codes must prohibit connections of sources other 
than stonnwater to storm drains and establish penalties for violations. Building and 
plumbing inspectors enforce codes by visual inspections of sites during construction, 
and document their findings. Where needed, common methods of tracking 
connections are used for verifications (smoke. dye and TV testing). These prcgrams 
may be costly and should be supported by public education activities [2]. Similar 
programs should be conducted in older areas [32]. These programs may be relatively 
costly, with requirements on equipment and well-trained teams employed in field 
testing. Public reporting of improper waste disposal/connections should be 
encouraged. These activities may be impeded by the lack of access to private property 
[2]. 

Finally. leaking sanitary sewers need to be also exanrined and corrected. 
Towards this end, dry weather infiltration and inflow, wet-weather overflows and 
leaking sanitary sewers are detected, using source identification techniques. Again, 
costs are significant and public reporting of problems is helpful. Limited access to 
private property impedes theseactivities [2]. 

3.4. HOUSEKEEPING PRACTICES 

The availability of toxicants for entry to storrnwater can be reduced by good 
housekeeping practices employed by the general public, municipal employees, small



business and others. These measures focus on introducing and following good 
procedures for storage. handling and transport of materials, which could end up in 
storrnwater. Successful implementation requires education and‘t_raining. 

With respect to storage, materials should be stored inside or under cover on 
impervious b_ases,- with means of secondary containment. Inspections of storage and 
containers for damage and leaks -should be conducted regularly. Non-roofed material 
storage should be designed to ‘direct runoff away from the stormwater system. In 
general. storage and handling should be minimised. For storage of some chemicals, 
existing regulations must be followed. Similar recommendations apply to unloading 
and loading areas [4]. 

Vehicle spill control needs to be practised through maintenance and spill 
cleanup preparedness. Spills will always happen, but their frequency shouldibe 
reduced and sources eliminated. Towards this end. recommended measuresinclude 
performing fluid removali inside, or under cover on paved surfaces. proper storage of 
hazardous materials, keeping spill cleanup materials ready, immediate cleanup of 
spills by dry cleanup methods, and preparation of a contingency plan outlining 
responsibilities. Hazardous/toxic spills should be reported to the appropriate 
authorities [2, 4]. 

Furthermore, vehicles and service/parking areas should be inspected and 
cleaned regularly. parking spots designated to facilitate leak tracing, and procedures 
for repairing/cleaning leakage should be developed. For vehicle wash down, special 
areas (e.g.. grassed areas) with appropriate runoff treatment should be provided. 
Signage prohibitingdisposal of pollutants into drainage should be installed. Refueling 
areas should have concrete bases and spills be cleaned by dry methods. Again, 
suitable signage should be provided - do not top off; inspect for leakage, do not hose 

. off. Vehicle maintenance shou_l_d be performed indoors; if done outdoors, designate a 
special area, use drip trays and dry clean up, and drain fluids from scrapped vehicles 
[4]. 

_
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For larger operations, spill control, cleanup and reporting are usually covered 
by regulations. Efforts need to be directed towards educating the public to keep 
vehicles in good shape, and _irnpressi_ng repair shop“owners to always identify leaks 
and advise car owners. For large spills, private specialist companies may be needed 

- 14]. 
Above ground tank spills should be reduced or prevented by installing 

safeguards against accidental releases and secondary containment equipment-, 
Conducting inspections, and training for cleanup [2]. 

The last measures discussed here are vegetation controls, by both mechanical 
and cl1em_icals means (the latter were already discussed earlier). These methods are 
particularly of concern on steep slopes, in vegetated drains and creeks, and in areas 
next to catchbasins and dete'n'tion/retention basins. Essential considerations include 
management of chemical use [25, 26]. use of indigenous vegetation requiring low 
rnai_nte_n_ance, maintenance of healthy vegetation (including mowing/mulching), and 
proper disposal of vegetation clippings [2]. Dumping of clippings should be 
prevented by ordinances; clipping composting is preferable to landfill disposal. The 
public should be educated about the safe use of herbicides or alternatives, proper 
disposal of clippings, and use of vegetation in erosion control/prevention.



3.5. RI-i.DUCTION OF STORMWATER POLLUTION BY CONSTRUCTION 
. 
ACTIVITIES 

Construction activities need to be plannedand managed to minimise their impact on 
ston_nwa_t_er quality-. The steps included in such controls include erosion control, 
sediment collection. site water control. equipment storage and maintenance, materials 
storage, and litter control. The first four measures are discussed here; the remaining 
ones are addressed in Sections 3.3 and 3.6. 

Most municipalities with advanced pollution controls require submission of 
sediment and soil rosion control plans with applications for construction perr_nit's [2.‘r'-, 

26]. Essential measures to be applied include minimisation of land clnuance, 
planning of construction activities outside of the wet season, limited site access, 
provision of site services to minirn_ise dinsturbance, installation of temporary drainage 
systems, application of soil protection measures (chemical stabilisation, mulching), 
keeping soil/material stockpiles away from runoff flows, and reestablishing disturbed 
areas as soon as possible [4]. 

Released sediment should be retained and collected at the site, :as much as 
possible, by such sediment control devices as grass filter strips, sediment traps,.and 
various sediment filters. In general, generation of dust, litter and debris should be 
minimised and the site should be regularly maintained [4]. 

Recognising that rainfall and runoff are the forces causing soil erosion and 
transport, it is important to implement water- control at construction sites. Steps to be 
taken include preparing plans identifying drainage boundaries and flows, diverting 
water away from sites susceptible to erosion. preventing erosion by reducing 
flows/velocities entering bare soil areas, providing bridges for vehicle crossing of 
drainage channels, and ensuring regular site inspection, maintenance and sediment 
cleaning [4]. 
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Other measures related to control of construction activities include minimising 
the number and size of stockpiles, locating stockpiles away from drainage routes, 
coveri_ng and protecting stockpiles from rain, instituting litter control. providing waste 
disposal bins, cleaning the site daily, disposing properly of scrap, and educating staff 
re needs for litter control [4]. Finally, construction activities also involve operation 
and m_ai_ntenance of motorised equipment. which should be properly stored and 
maintained to minimise risks of pollution or spills, as discussed in Section 3.3. 

Similar measures apply to building repairs - construction materials should be 
stored under cover and the site be cleaned daily by dry methods. When painting, 
avoid leakage/disposal into storm sewers, collect paint residue (dry), and clean 
equipment/tools away from drainage areas. Building drainage should be inspected 
annually, and various elements (drain inlets, spouts, down pipes and pipes) cleaned 
twice per year [4]. 

3.6. MAINTENANCE ACTIVITIES 

Maintenance is ijrnpottant for controlling accumulations of polluting materials in the 
catchment and keeping the drainage system operating as designed.
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Street cleaning reduces accumulations of pollutants before their washoff by 
stormwater during runoff. The effectiveness of street cleaning as a pollution control 
measure is uncertain, with some reports of‘ inconclusive results [33], as shown in Fig." 
3. ’ 
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Figure 3, Bivarial__e plots of median EMCs (event-rh‘ean—concentrations) for swept and unswept 
conditions (after [33]).
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Undoubtedly, effective street cleaning removes some sediments, debris and 
pollutants from street surfaces and improves street appearance._ For best results, stre_et 
cleaning should be done regularly, employing the best equipment in the most polluted 
areas. The cleaning frequency should be assessed with respect to inter-event times, 
and increased frequencies applied in pol_lution hot spots and/or just before the rainy 
season [5]. Street cleaning by flushing should be restricted and debris should be kept 
away from sewer inlets. Proper maintenance and operation of sweepers and good 
record keeping are important (i.e., krn cleaned and tonnes of waste collected). Major 
limitation of street cleaning is caused by interference of parked vehicles and 
limitations of conventional equipm_ent to handle fines. and oil and grease. Public 
cooperation is needed with respect to parking and reduced littering [2, 25, 26]. 

Source controls should be also applied in m_air'itenance of parks, conservation 
areas, golf courses and medians. The planning of such maintenance should start with 
determining the proximity of various sourcevof pollution to water. Clienricals applied 
should be controlled by avoiding over-fertilising, r_nin_i_rr_ris,ing or avoiding the use of 
pesticides, removing litter and debris before grass mowing, reducing mowing in areas 
adjacent to water, keeping cuttings away from water, using rnulch to absorb and filter 
water flows, and using_ indigenous plants to reduce water needs and improve 
infiltration [2, 4, 26}. 

Domestic waste collection and recycling collection help reduce littering and 
illegal disposal, Proper collection vehicles should be used to avoid spillage and dry 
methods should be used to collect spillage. Recycling containers should be closed. 
On—site cutting and green waste sho_uld be collected separately and composted. In 
public places, garbage receptacles should be provided, well identified and their good 
appearance maintained. Receptacles should be located near the source of litter,



monitored and emptied frequently to avoid overflow (never more than 75% full) [2, 4, 
26]. -

. 

Catchbasins were introduced into drainage practice to intercept sediment and 
debris washed off from streets and thereby reduce sedimentation in sewers and 
sediment influx to wastewater treatment plants. More recently, concerns were raised 
about the impacts of catch basin contents washout (the first flush) on stonnwater 
quality. These concerns can be alleviated by regular catch basin cleaning. which also 
prevents inlet clogging and restores the sediment trapping efficiency. Cleaning should 
be prioritised with emphasis on areas with high accumulation of pollutants. 
Recognising the large nu rivers of catch basins ir urban areas, these operations can be 
rather costly and rr .,air‘e special equipment and operator training. Decant contents can 
be toxic and may requirespecial disposal [2, 4]. 

Some storm drains tend to clog with sediment and other materials, and require 
regular cleaning, usually by flushing. After locating sewers with deposit problems, a 
cleaning schedule should be developed and waste collected by vacuuming. For 
flushing, the equipment/facilities required include a source of water (hydrant), 
sediment collector (vacuum truck), inflatable bladders to block downstream pipe ends, 
and a sediment/containment/treatment facilityif not discharging into sewers. Flushing 
into sanitary sewers, or detent-ion areas (where feasible), is much less expensive. 
Well-trained field crews are required. Flushing is usually effective in small pipes; i_n 
other cases, it may be unfeasible [2]. 

Good maintenance of roadways and bridges also contributes to storrnwater 
quality. Road pavements should be kept in good condition. by repairing cracks which 
are potential sources of pollutants. Repair materials should be kept away from 
drainage channels, which may require to block inlets during construction. Road and 
bridge drainage should be designed to collect and convey storrnwater, and prevent 
inflow of runoff from adjacent areas. Special drainage facilities, including stormwater 
management and spill containment, may be included in specific cases [2]. 

Detention and infiltration facilities also require preventive and corrective 
maintenance to preserve their effectiveness. Typical operations include removal of ‘ silt 
and sediment from these facilities and theirpretreatment devices, trash removal every 
6 months, maintenance of vegetation (height < 0.4 m), and checking for problems. 
The a_s_sociated costs may be high, particularly for removal and disposal of sediments. 
Depending on contamination of such sediments, special disposal procedures may have 
to be followed and may require contracting out. The public may play a useful role by 
reporting problems at these facilities [2]. 

It is important to maintain urban storm channels and creeks by preserving their 
conveyance capacity and avoiding sediment, waste and pollutant accumulations,_ 
which lead to other problems (pollution, habitat destruction, visual impairment, 
odours) The main task is regular rernoval of illegally dumped objects and materials 
from these channels. Towards this end, it is required to identify dumping hot spots, 
conduct inspections, post ‘no littering’ signs with phone numbers to call re dumping in 
progress, adopt and enforce substantial penalties, modify channels to improve 
hydraulics, maintain logs to evaluate materials removed, and establish buffer zones 
along creeks. Associated costs include program adrrrinistration, purchase/installation 
of signs, costs of haulage of removed materials, rental of equipment to remove large



items, landfill fees for disposing illegally dumped material, and cost of the equipment 
used in these operations. The public needs to be advised about the. need for proper 
disposal of refuse and the applicable pe'nalties_. Promotion of volunteer collection of 
litter and clean out of creek is important. Program limitations - cl_eaning out may 
disturb aquatic species, access to private property is limited, tradeoffs need to be made 
between hydraulics and.h'abita’t conditions, and the issue of public safety [2, 4]. 

4,. Conclu ding Remarks 

For all 'stormwat_er _man_agernent measures, some literature is available on their design, 
performance and maintenance [2;,6,7,24]; however, practical experience with these 
measures is often missing. or relates to different climates. The selection of BMPs is ‘ 

empirically based, generally starting with application of source controls (policies) 
followed up by “structural" BMPs. The selection process starts with establishing the 
performance goals, listing solution alternatives, eliminating unfeasible measures, ranking 
the remaining measures with respect to benefit/cost ratios, and finally selecting the most 
effective combination of BMPs [24]. A recommended treatment train - the first element 
are SCs, then r_nin_imise connected impervious areas, at individual lots - swales, filter 
strips, infiltration trenches (Roesner and Urbonas, in Maidrnent). Source control 
measures should be selected with respect to their ability to meet regulatory 
requirements, effectiveness of practice to remove pollutants of concern, public 
acceptance of the practice, ability to implement, institutional constraints and costs. 
Such a selection process can be aided by ranking the applicable practices. 
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1. Introduction 

Stonnwater runoff from both melt and storm rainfall on agricultural lands can result in 
a variety of impacts: flooding, ecosystem degradation, groundwater contamination, 
and degradation of surface water quality in a_ sirnilar manner to urban stormwater as 
described in a companion paper [1]. The agricultural and urban cases are similar in 
that both agricultural development and urban development affect the land phase of the 
hydrologic cycle. Calder [2] l_is_ts i_ntensiftca_tion of agriculture as one of four major 
land-use changes (the others are afforestation & deforestation, draining of wetlands, 
and urbanization) in tenns of hydrological effects. He notes that “intensification of 
agriculture involving land drainage, the use of fertilisers‘ and pesticides, and the stall 
and battery farming ‘of a‘ni_m_als and poultry represents another major land use change 
which may have impacts on soil erosion and water quality and quantity." In both rural 
_and urban cases, there are impacts at both the lot scale and the watershed scale; 
however, in the agricultural cas_e, the lot is either the farmstead, a portion of the farm 
or the entire farm. 

Calder [2] classifies the major water quantity and quality impacts/concern of 
agricultural intensification as hydrologie effects, nitrate concentra_t;i_ons,' pesticides, 
farm wastes, and soil erosion. In some jurisdictions, habitat destruction would be 
added to this list, which is further discussed below. 

Hydrologic Effects include changesin the quantity and the timing of runoff. 
Nitrate Concentrations in the surface waters of agricultural catchments have 
been rising steadily, largely due to of heavy application of inorganic fertilisers. 

0 Pesticides, which can be toxic to humanstand wildlife, do not always break down 
before reaching 2. watercourse and can be subject to aerial transport, which results 
in their widespread and continued occurrence in many parts of the world. 

0 Farm \Vastt.>'s, including manure, are all potential sources of pollution for both 
surface and groundwater, and incidents of pollution are increasing as livestock 
operations have intensified. ~

O 

0 Soil Erosion as a result of agricultural activities is a worldwide problem. 
Hydrologic consequences include siltation of watercourses » and reservoirs, 
increased floodpeaks and a reduction of low flows as a result of decreased 
vegetation and soil.

1}



6 Habitat Inipacts/Concerns, result, in part, from sediments, nutrients and 
pesticides mentioned above, and from clearing riparian vegetation (trees and 
shrubs) along shorelines, land clearing, drainage ditch construction, and natural 
channel -straightening [3]. 

Another difference between the urban and agricultural cases is that typically, in 
the agricultural case, there is no municipality to impose regulations. At the province 
or state level, regulations are usually specified by an environment agency 
(occasionally a fisheries agency) and apply to water quality (not water quantity). 
Guidelines are usually prepared by an agriculture agency and address both water 
quantity and water quality issues. Another difference is the stronger focus on non- 
stnictural measures (as opposed to structural) in the agricultural case.- 

The tenninology on source controls "is less well-defined for the agricultural 
case than for the urban case. In fact, neither the word source nor the word controls 
appears to be widely used by agricultural science researchers and practitioners. The 
term management practices is more common than controls, but any classification 
involving distance from the source does not appear to be common, as it is, for example 
in the urban case. Accordingly, in this paper, the definition adopted by Marsalek [1] 
for the urban case will be adopted for the rural case as well, that is “measures designed 
to control the generation of, and entry of pollutants into, stonrtwater runoff, with 
emphasis on non-structural and semi-structural measures applied at or near source.” 
However, it should be noted that the source is typically larger in area than in the urban 
case. Even the smallest field is usually larger than the largest parking lot! 

The primary objective of the review was to establish a framework for 
discussions of source controls in agricultural catchments at the NATO Advanced 
Research Workshop on Source Control Measures“ for Stormwater Runoff which was 
held in St. Marienthal, Germany, in November, 2000. The review starts with 

' 

introduction to the problem and includes a discussion of source control measures for 
water quantity (which also affect water quality), and a discussion of source control 
measures for enhancing water quality. 

2-. Source Control Measures Reducing Stormwater Runoff 

Source control nzeasures for reducing stormwater runoff are considered at two levels: 
the farmstead and the field. At the farmstead level, they are essentially the same as 
those in urban areas and include minimising the extent of connected impervious areas 
and diverting runoff from impervious to pervious areas. These measures are intended 
to control storrnwater quantity but they also improve surface water quality by 
diverting pollutants to soils. Care must be taken to prevent the entry of pollutants to 
groundwater At the frcld level, the measures are quite different than the urban case; 
they include conservation tillage, cover cropping, and maintaining/restoring wetlands. 
A brief ox erview of selected measures follows. 
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2-.1 CONSERVATION TILLAGE 
2.1.1 Corzservatian Ti'Ila'ge to Reduce Runoff and Erosion 
Conservation tillage has been defined by the Soil Conservation Society of America as 
a form of non-inversion tillage which maintains protective amounts of crop residue on 
the soil surface after planting a crop [4]. It includes various systems ranging from 
chiselling to no till (also called direct seeding), in all cases intended to reduce runoff 
and soil loss through erosion, and more recently pesticide losses bysurfaee runoff. 
Conservation tillage was widely used in the southern U.S. as early as 1984 [5]. Moore 
a .d Larson [6] noted the.‘ infiltration, surface water storage, and erosion have all been 
' JL am to be directly affe..ted by tillage and residue. There exists a body of literature 
on the impacts of variou_s systems on runoff volume, peak flow rate, erosion rates, 
phosphorus losses and pesticide losses. A few exa‘_mpl_e_s are given below. 
0 Andraski et al. [7] reported that peak flow rates were reduced by conservation 

tillage (compared to conventional tillage) under natural and simulated rainfall, 
'0 Yoo and Rochester [8] pointout that peak flow rates are as important as runoff 

volumes in causing overland flow erosion. They studied tillage systems of cotton 
for 40 stonn events over three years and reported that reduced tillage with a 
winter wheat cover crop was the most effective in reducing runoff volume and 
peak flow rate. 

0 Blough et al. [9] compared four tillage systems (conventional, chisel and slit, all 
with disking, and slit without diskingy) on a_ silt loam under simulated rainfall. 
They found that the infiltration and surface storage created through slit tillage 
nearly eliminated surface runoff until the slit overflowed, in this case by’ the 
runoff’ from the 2-.ye.a_r storm. In addition, runoff and erosion at the end of the 40- 
year, T-0-minute storm (90 mm/h) were significantly larger for conventional tillage 
with no significant difference among the other three systems. 

0 van Vliet et a1. [10] compared the effects of three tillage treatments (conventional, 
reduced and no tillage) on seasonal runoff and soil loss in the Peace River region 
of Cana_da_. They found reduced annual erosion with no t_i_l_lage (50% reduction) 
and reduced tillage (20% reduction), and that eliminating cultivation in the fall 
protects the soil from snowmelt erosion.

b 0 Schmidt and Zimmerling [1 1] report on a study using simulated rainfall in the 
Saxonian part of the Neisse watershed in Germany on cropped soils with different 
tillage systems. 

2.1.2 Tillage Tradeofifs 
Although conservation tillage practices generally reduce runoff and soil loss through 
erosion, they can result in degraded wat_er quality of both groundwater and surface 
water [12]. ‘First, consider groundwater. lnfil_tration is increased under conservation 
ti_llage, and this increased soil water increases the pogs's_ib_i1ity that nitrates and 
pesticides will enter" tile. drainage water or groundwater. Second, consider surface 
water. The amount of organic matter in the soil is generally increased under no till or 
reduced till practices and, as it decays, more soluble phosphorus becomes available for 
runoff. In addition, carbon, nutrients, andipesticides readily attach to thenfine



particles, which are more easily eroded than the coarse particles. This increase in 
concentrations may offset the reduction in runoff volume such that loadings increase. 

2.2 COVER CROPPING 
Cover crops provide a protective cover that reduces the risk of runoff and erosion 
between g;owing seasons. They include intercrops that are grown along with _the main 
crop and green rnanures that are generally sown after the main crop has been 
harvested [12]. A secondary benefit of cover crops is that they act as a sink for 
nutrients remaining in the soils. A few Canadian examples of cover crop studies are 
given below. 

0 In Ontario, intercropping silage corn with red clover reduced runoff by 40-87% 
[13]. 

0 In Quebec, intercropping grain com with timothy-alfalfa mix reduced soil loss by 
35% and phosphorus loss by 25% [4]. 

o In Prince Edward Island, winter wheat and straw mulching after potato crops 
reduced nitrate levels in the drainage water by 30-50% [14]. 

2.3 MAINTAINING AND RESTORING WETLANDS 
The National Wetlands Working Group [15] define a wetland as 

“. .. land that has the water table at, near. or above the land surface or which is 
saturated for a long enough period to promote wetland or aquatic processes as 
indicated by hydric soils, hydrophytic vegetation, and various kinds of biological 
activity that are adapted to the wet en’vz’ronntent.” 

2.3.] Natural Wetlands 
Canada, which has more than 14% of its area as wetlands, accounts for about 24% of 
the world's wetlands. In southern Canada, more than half of the original wetlands 
have been drained, about 85% as a result of agriculture. In recent years, this drainage 
trend has been somewhat reduced as a result of an increased environmental 
consciousness in general and a better understanding of the benefits of wetlands, 
participation by waterfowl and wildlife organizations, and government policies and 
programs. 

0 Environmental benefits of wetlands include providing habitat for wildlife, 
improving water quality, recharging groundwater, augmenting low flows and 
attenuating flood flows.

. 
Larger wetlands can also provide recreational, educational and economic benefits. 
Waterfowl such as ducks and geese depend on wetlands and are affected by poor 
water quality.

_ 

0 The North American Waterfowl Management Plan seeks to restore waterfowl 
populations in North America to levels recorded during the 1970s. In 13 years of 
operation, more than 13 million ha of wetland ecosystem have been conserved 
[16].
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2.3.2 Constructed Wetlands 
Constructed wetlands are being used on farms in eastern Canada to treat manure, 
runoff and m_ill_chouse waste. Removals in terms of fecal coliform counts as high as 99 
percent have been realised [3]. In the Atlantic Provinces, several artificial wetlands 
are used as tertiary treatment of domestic wastewater and agricultural runoff from 
manure storage and feedlots and to create habitat [3]. 

-3. Source Cor r'*ls Enhancing Storrr water Quality 

Source controls for enhancing stormwater‘ quality are policies and practices that are 
intended to reduce or eliminate the entry of pollutants into runoff from agricultttral 
areas. Bernard et al_. [12] point out that “Farmers can help to improve water quality in 
three main ways: controlling the processes t_hat_ move soil and agricultural inputs into 

' 

water (e.g., erosion, runoff, and drainage), improving the way inwliich agricultural 
inputs (e.g., fertili_sers_, manure, and pesticides) and waste are managed, and making 
better use of buffer zones and shelter belts,” A brief discussion of selected measures 
follows. 

3.1 EDUCATION, AWARENESS AND PARTICIPATION 
Education, awareness and participation by the agricultural industry, local 
communities, and govemment are essential for planning implementation of source 
control measures to prevent water quality degradation. 

33.1.] Role of the Agricultural Industry 
The agricultural industry can create" and promote codes of practice and peer advisory 
programs, and encourage farmers to develop environmental farm plans [12]. 

0 Codes of practice comprise gu'idel_ines that producerscan follow to ensure their 
management practices are environmentally stable. In some jurisdictions (e.g., the 

. Province of British Columbia), codes of practice are embedded in legislation.
‘ 

o Peer advisory programs help farmers understand environmental sustainability and 
avoid per-altjgs. In British Columbia, producer organisations operate peer 
ad~.'iscry services to help resolve nuisance and pollution complaints against farms. 
The peer advisor investigates complaints, advises on necessary corrective 
measures, conducts a follow-up visit, and refers the case to the appropriate 
govern ment agency if the problem persists. 

. 0 Environmental farm planning is a way to involve farmers and help make their 
operations more environmentally sustainable. This plan is prepared voluntarily 
by a farrn family to identify’ environmental strengths and weaknesses, and to set 
realistic goals to improve environmental conditions. Ontario’s Environmental 
Farm Plan Program began in 1993. -



3.1.2 The Role ofthe Commynity 
Experience in Canada and the United States is that programs to improve Water quality 
in rural watersheds can succeed only through the active participation of the rural 
community'[l2]. The concerned community must agree on the need for action to 

‘ 

improve water quality in the target watershed. Usually, the d_ivers_ity of interests 
require a coalition including all stakeholders in the watershed. ‘Canadian examples 
include the following: 

o the Boyer River in Quebec, a‘ watershed of 21,700 ha, of which 60% is farmland, 
muc‘. in high—density livestock production (mostly hogs), where nutrient laden 
runotff from the farms has contributed to pollution ofthe river; 0 

o the Grand River in Ontario, a watershed of 7,000 km’ where 70% of the total 
phosphorus loading is from rural non-point sources; and 

0 the Oldman River in Alberta, a watershed of 17,000 km’ (at Lethbridge) and the 
' most intensive agricultural area in Alberta featuring irrigated agriculture and 

intensive livestock operations [12]. - 

\
\ 

3.1.3 The Role of Governmen! 
Govemments can provide education and training, enact legislation and create 
regulations, policies and programs, and develop incentive mechanisms. 

0 Policies and programs have been developed to promote activities that prevent 
pollution and promote the adoption of good management practices. 

0. Incentive mechanisms can be negative or positive. Negative incentives include 
taxes on farm inputs, such as fertiliser and pesticides. Positive incentives can be 
in the form of grants to fanners for adopting an environmentally sound practice or 
payment for adoptions of environmentally benign products. 

3.2 PROCESS CONTROL/LAND MANAGEMENT 
Process control involves cont_rolli_ng the Processes (erosion, mnoff, drainage) that 
move soil and agricultural inputs such as fertilisers, manure, and pesticides into the 
water [12].

A 

Most of the practices employed to minimize water quality degradation were 
developed originally to control runoff and soil erosion. Of these, conservation tillage 
-and cover crops have been discussed in section 2 of this paper. An additional practice, 
not previously discussed, i_s crop rotations. Crop rotations that include forages such as 
grass or cloverimprove the soil st.ructure and reduce runoff, erosion and nitrate 
leaching [12]. - 

-
» 

3.3 INPUT AND WASTE MANAGEMENT 
Input management includes integrated pest management practices and nutrient 
management practices so as to reduce the amount of these inputs available to be 
moved off farmland "Waste management involves both reducing the amount and 
hazardous composition of waste, and undertaking its safe handling storage" and
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dispersal’-’ [12]. 
' 

- 

V 1 

Integrated pest.management involves first a combination of practices to reduce 
the amount of pesticides used and second, selection of, and control of the timing and 
method of application of, pesticides. OMAI-‘RA [17] lists the following practices to" 
reduce pesticide use: site selection, c'ultiva_r selection, nutrient and water management, 
crop rotations, planting and harvesting to avoid pest peaks, weed removal, sanitation, 
trap crops, and biological controls. Good pesticide practices include 1) selection of 
pesticides that are target specific, least persistent and low toxicity, low vapour 
pressure" and low susceptibility < Lieaching, 2) adherence to guidelines for application 
rate and conditions, 3) se' rtior « fapplication rr .-thod. that are target-specific rather

' 

than general, and 4‘ .-gv‘.rr calibration of equipment-. 
Nutrient management involves first determining how much nitrogen, 

phosphorus, and potafssiurn is in the soil and then 1) accounting for all nutrient 
sources, 2) fertilising according to a nutrient management plan, 3) using nutrients in a 
way that optimises uptake, and 4) preventing the buildup of nutrients in upper 
horizons of the soil. ' 

To prevent contamination of groundwater and surface water, a management 
scheme for manure should involve handling, storage, and tirning of land application. 
Manure is’ stored in either liquid form or solid form and in either open or closed 
storage systems. In Canada, the least environmentally safe method, open storages, 
were the most wfdely used methods in 1995 (e.g. 91% of cattle producers stored 
manure in solid form, mainly in an open piie with no roof). The safest method, 
covered storage, was seldom used, except on chicken farms where 45% used covered 
tanks [1 2-]. The timing of manure application is also very important, in particular so as 
to avoid applications to frozen ground when runoff potential is highest; Surface 
runoff with a high concentration of ammonium may be toxic to fish in the receiving 
waters. Even when the ground is not frozen, manure should not be applied just before 
runoff-producing rainfall. In repming he results of a plot test using simulated 
rainfall, Grando [18] reported much larger counts of total coliforms and fecal 
streptococci at shorter intervals (1 h) between application of liquid manure and 
commencement of rainfall than at longer iintervals (24, 48 and 120 b). An additional 
consideration with respect to manure application is the impact of cover. van Vliet et 
al. [12] compared two manure treatments on corn land in south coastal British 
_Columbia. They found a lower potential for nitrogen loading when manure was 
applied to a wintercover crop than when it was applied to exposed soil surface. ' 

Sources of waste in agricultural operations include rnilkhouse wash water, 
livestock housing wash water, silo seepage, exercise yard and feedlot runoff, dead 
stock, and used oil and pesticide containers [12]. Many state and provincial agencies 
(e.g. ['l9]) have guidelines or manuals on best management ‘practices to deal with these 
wastes. ' 

3.4 BUFFER ZONES AND SHELTER BELTS 
Buffer zones and shelter belts are intended to prevent contaminants leaving 
agr,i_c,ul,tural fields from entering waterways. Instead, they are trapped in buffer zones 
at the edges of fields or in locations where the runoff ‘ occurs [12]. Buffer zones are



areas/bands of vegetation between agricultural land and water bodies. They are 
generally covered with grasses or other natural vegetation and vary in width. For 
example, in a series of environmental guidelines for various agricultural sectors [20], 
the Government of British Columbia specifies buffer zones of various width for 
controlling surface water runoff (e.g. berry producers, width = 10 m). Buffer zones 
improve water quality by filtering runoff, thereby reducing the loading of both 
dissolved and suspended sediments and other pollutants. Shelter belts areas of 
trees and shrubs, either natural or planted, generally used to reduce wind erosion. 
They improve water quality in at least two ways: 1) by reducing atmospheric transport 
.n deposition of fine 5' ll particles and spray aerosols, and 2) by reducing the 

A 

tmzsport of snow and snowmelttrunoff. 
Studies on the performance of filter strips in terms of pollutant removal 

indicate a range of efficiencies for sediment, phosphorus and nitrogen/nitrates. 
Mickelson and Baker [21] report sediment-trapping ‘efficiencies of 50-90% for both 
grass buffer strips and forested buffers. The results for phosphorus indicate removal 
efficiencies of 20-90% for total phosphorus and marginal removals for dissolved 
phosphorus. The removals for nitrogen/nitrates are similar to those for phosphorus 
with particulate forms removed more effectively than dissolved forms. Results of one 
study indicated removal efficiencies of 63-76% for total nitrogen and 27-57% for 
nitrates. 

,
. 

In recent report [22], the Ontario Soil, Water and Air Research and Services 
Committee state that “in Canada, research on the effectiveness of buffer strips in 
reducing non-point source pollution is virtually non-existent. Management practices 
should be developed for Ontario soil and climatic conditions. There are a number of 
questions that need to be answered: . 

1'. What is the optimal crop species, width and management regime required to 
control non-point source pollution to a predetermined limit? 

2. How should buffer strip width and type be varied with different soil textures and 
slope conditions? 

3. How are buffer strips defined and managed for pastures adjacent to streams where 
the vegetation type does not change, and there is no tillage to contend with? 

Additional research should be conducted to address these questions for 
sustainable crop production ‘and improved environmental quality. Some of these basic 
questions pertaining to the width and type of vegetation needed to achieve a certain 
level on non- point source pollution control have never been investigated.” 

4. Concluding Remarks 

(a) Urbanisution and intensive agricultural operations are similar in many ways and 
different in others in tenns of both impact on aquatic ecosystems and practices 
(both structural andnon-structural) to mitigate these impacts. Source controls are 
one such practice; they take different forms at the farmstead and field levels. 

(b) In this paper, source controls are classified as those primarily directed at 
controlling runoff quantity (which also mitigate water quality impacts) and those
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concemed with runoff qu2.'i_ty. As is the case in urban areas, the former generally 
have a longer history than the latter. This classification is somewhat artificial. 
For example, early practices for reducing runoff also reduced erosion and 
sediment ‘in receiving waters However, the focus on erosion was soil loss rather 
than _quality of the receiving waters or ecosystem degradation so that the 
classification still applies. 

(c) Measures for reducing runoff and erosion, which are applied at the field level, 
include conservation tillage, cover cropping, and maintaining/restoring wetlands. 
Measures for enhancing water quality,’ W1‘-"c'h are applied both at the farmstead 
and field levels, include education, awarer=;:.~ ;=;g,nd'-92‘ 'ticipation, process!‘ _-ntr_o1, 
input and waste management, and b‘ .."r"er zone [and shelter belts. 

(d) For each of the above measures, there ate both general and specific guidelines, 
and demonstrated perfomtance through research and demonstration projects. 
However, at the field level in particular, there is far more variation in acceptable 
measures than in the urban case. This is due primarily to the wider variation in 
the natural environment than in the built environment, but also to ‘the wider 
variation in economic incentives/disincentives. 

(e) Another difference between the urban and agricultural cases, in some instances, is 

5"!‘ 
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the proximity of ' the source to the upper ends of the impacted aquatic ecosystems 
and the general affinity‘ that farmers have to the land. As a result, one might 
expect more receptive audience for education, awareness and participation 
measures. 
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OBJECTIVES OF STORMWATER MANAGEMENT - A GENERAL 
COMPARISON OF DIFFERENT MEASURES 

_ 
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‘ 

Be'r'Iiit' "Str. 71, 15366 Dah_lw_i_I_z-Ho/" :gc—1.x'~z, Germany 

1. Introduction 

Legislative bodies prescribe standards or target values for the design of environmental 
protection measures to achieve a certain level of‘ quality, for example the water 
quality, or to preserve the water balance. As a basis for the definition of these quality 
levels overall environmental concepts are useful. These concepts describe an ideal 
situation, not a concrete target. However, they can be used to assess the ac'tu_al 

si_t‘ua_tion_. The overall environmental concepts have to be defined by the society as a 
whole not only by experts [I]. - 

~~

~ Overall 
: _________ é 7-——‘—1Target I» Selection of 

; 

en’vironm_ent_aI - objectives 
g 

‘i 

. i measuresl 
; 

concepts 
; 

““““—‘""' 
l_:___.[Va’"-95 Design rules~ 

t I t 1 

Figure 1: Translation of overall environmental concepts into practice [4] 

V 
Examples for such overall environmental concepts are: 

‘= The demand for the protection of the envirvonrnent in the German constitution 
-. The principles of sustainability (Brundtland report) 
I Sections in the German Water Act (§1a) or the US Clean Water Act. 

Because these overall environmental concepts do not consider technical 
possibilities and financial aspects, more realistic objectives or general goals are 
needed. These objectives are the basis of the definition of environmental standards. 
According to this " v 

0 ‘The demand for a "good” water quality in the EU.-water framework directive (not 
a very good quality is demanded) or V

' 

- The general goal of the US Clean Water Act that every water body should be 
“fisha_ble and swimmable" ' 

are objectives. For practical planning tasks these objectives have to be translated into 
concrete target values or standards. The target values are‘ the basis for the selection 
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and finally for the design of a certain measure. Examples for target values are the 
maximum permitted BOD concentration of 15 mg/l or other effluent standards at the 
outlet of a wastewater treatment plant (WWTP) in Germany. With this target value 
(emission standard) the engineer can make a decision for example for an activated , 

sludge treatment plant with denitrification and P-removal and he can design the 
using a standard design nile. It should be noted that receiving water quality 

standards, for example a minimum oxygen concentration in a lake or a river, could 
also be a target value. Figure 1 shows how overall environmental concepts can be 
translated into practice (at least in theory). An important aspect of this scheme is the 
regular v'a‘ dation, if the define: -‘ rget values and design rules are really sufficieitt to 
achi Le the objectives. 

2.‘ Objectives of Stormwater Management 

The main overall environmental concepts as a basis for the objectives of stormwater 
management have been already mentioned in the introduction. One more general goal, 
which is of importance for the management of stonnwater runoff in Germany, can be 
found in the Water Act §’la(2): 

Everybody is obliged to do everything that is necessary, to avoid pollution of 
water bodies, to use water economically with respect to the water balance, to preserve 
the warerbalance and IQ avoid an increasg in runofl. 

V 

The underlined part had been introduced in 1996 as a consequence of the large 
flood events in the Rhine area in 1993 and 1995-. To fulfill these overall environmental 
concepts, objectives in the following areas have to be defined: 
- Protection against flooding 
i Water quality (quality objectives) 
- Water balance fquantity objectives) 
- Cost minimisation.

V 

Concerning the protection against flooding, which is the classical goal of 
hydrological planning, several target values exist. Traditionally‘, the conveyance of a 
design storm is the typical target value. More recently it is common to prove by 
simulation models that a certain flood frequency is not exceeded. 

In the area of water quality and water quantity several def'i_cienci_es can be 
‘realised. For the treatment of stormwater runoff in separate systems, for example, 
there are generally no target values, which have to be fulfilled in Gemtany. So in 
practice storniwater runoff is usually not treated at all [5]. And if the authorities ask 
for a treatment they mostly prescribe a certain measure (e.g. sand traps). Similar 
deficiencies can be observed in the field of CS0 treatment [2]. 

For the objective of preserving the water balance, which is part of the German 
Water Act, also no concrete target values exist, though it would be rather simple to 
introduce the corresponding target values into practice: the differences between the 
components of tie water balance before and after the development, e.g. the 
construction of houses. should be calculated. Target values’ could be that these 
differences should not be more than “x"’ percent [4].



From the author's point of view, these missing ta‘get values have to be 
introduced, or if that is not acceptable, the authorities should admit it and reduce the 
objectives. 

3. Consequences for the Planning.Process 

If new target values. especially for an unchanged water balance and the treatment of 
stormwater runoff are introduced into practice, the classical process of planning has to 
be changed as well. At the rnorr- mt the planning strate; 7 is usually linear. a new 
paved area has to be dra_ine"_. fir ; . sewe_r_.sys'ten_r is_desrgned which fu"'.'.ls ‘1_i_e target 
value of the protection .gair’ist f'looding_".l_'I'l1ert_‘_in neigt step, a .-tention pond is 
designed to fulfill the target value of a maitimum discharge rate. Finally, and only if 
necessary, treatment of the stormwater runoff is designed. With this linear planning 
approach, it is not possible to find an optimal solution regarding several target values 
ofequal importance [.4]. 

Instead, it is necessary to develop a more integral planning approach. Several 
different scenarios should be developed and an assessment concerning the different 
target values should take plac_e. In other fields of engineering, e.g. traffic planning and 
also in some fields of hydrology, such mul,t_i-criteria assessments have been common 
"for many years. That means for the engineer, that the main question is not any more 
how to design a certain measure. Of course, that will always be important, but an 
examination of the number of ‘technical regulations in Gennany shows that for almost 
every measure a design procedure is available. On the other hand there is no technical 
paper that offers assistance to the engineer for the decision process. The main qu_estion 
is: wlriclr is ./re best measure wider the given local conditions regarding the different 
‘target Valuer? [5]. As an assistance for this task a catalogue of different storrnwater 
management measures is introduced in the next section. 

4. Catalogue of Stormwater Man_agement Measures 

Many different best management practices for storinvvater nrnoff are known today. 
Infiltration techniques, storrnwater utilisation, treatment measures in separate or 
contbined sewer systems are only some examples for different categories. All the 
different measures have different i_rnpa_ct_s on the water cycle and the cycle of 
materials. The costs- of implementation and r'nai,n_ta,ina_n_ce can also differ a lot. As 
r_nention_ed before, the problem for the engineer is usually not the design of a specific 
measure. It is ra_:t_her difficult to decide for or against a certain measure. In [3] a 
catalogue vtith information about more than fifty different measures has been 
arranged, by offering for each measure 
0 A short description. ‘ 

0 The effects regarding the different objectives (water balance, behaviour for 
different rainfall events, removal of pollutants, etc.) 

0 The main influential factors (land demand, soil parameters, etc.), 
Costs (investment, maintenance, life cycle), and 
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0 Legal aspects. 
This catalogue can be used as a “toolbox" for preselection of measures for examplein 
the planning process of a master plan. It gives an overview over the different 
alternatives and a rough idea about their effects. 

Of course; it is not possible to investigate the actual effects ofa certain scenario, 
for example on the water balance in a larger catchment, with this catalogue. For this, a 
simulation model is needed. Because of the complexity it is not possible to present the 
catalogue here in detail. Therefore the following section shows the main results as a 
general comparison of different measures‘ 

5. A General Comparison ri tJiffer‘ent Measures 
The following figures are showing the effect of different stormwater m_a_nageme_n_t 
measures on the water balance, the behaviour for typical design storms, the potentials 
for removing pollutants, and the costs. It has to be mentioned that in practice the 
different effects and costs can vary a lot. It is n_ot the aim of this comparison to find 
the optimal solution for stomtwater management. There is no optimal solution due to 
the dependencies of many different factors and the variety of objectives! 

Table 1: Acknowledged measures 

Measure 
7 i 7 V V V 

Vshrort description 

Storm sewer Stonn sewer designed for a design storm with a return period of'5 
yejars 

Open drainage trench Open drainage trench. 3.0 m wide. 1.20 m deep. slope of 
embankment 1: I. width ofcatchment lOO rn 

Retention pond. open Retention pond. open. .arthen.' '.aled at the bottom. permanent water 
depth 0.25m. maximum depth 2m. slope of embankment 1:5. throttle 
rate 5 (Is/hectare. designed for a return period of ‘5 years. specific 
volurne 380 m’/hectare 

Retention pond. concrete ~' Retention pond. concrete, closed. depth 2.r'n, throttle rate 20 
Us/hectare. return period of 5 years. specific volume.270 rn’/hectare 

Permeable hard surface Permeable hard surface. area of voids 20%. infiltration capacity 10" 
_ 

m/s..max. water depth 5 mm. overflow connected to a sewer system 
‘Infiltration swale 

_ 

. Infiltration swale. depth 30_ cm, slope of embankment l:2.5.
_ 

- infiltration capacity 10" m/s. designed for a return period of Syears. 
no overflow 

Infiltration trench Infiltration trench. no overflow. filled with gravel. volume of pores 
_ 

30%. 
Sr. ale-:re:tch—eicrne;_.ts Swalc-trcrtch-elements, not connected to a sewer system. dimension 

of swale: see above. infiltration capacity 10‘ m/s



te......,..;. 

Table I: Acknowledged measures (continuation) 

- Short description 
Swale-trencn-system 

Stormwater utilisation (household) 

Stormwater utilisation (irrigation) 

Green’ roof 

Roof garden 

Stormwatcr settling tank 

Combined sewer overflow ‘ 

CSO-Tank 

Screen 

Soil ‘finer retention pond 

Primary treatment at WWTP 

Activated sludge treatment 

Stormwatcr treatment WWTP 

Stvale-tre'nch—elements connected to a sewer system. dimensions of
’ 

swale and ._r_enc_h as above. drain pipe 10 cm above the bottom, 
throttle rate 3.6 mm/h or l0 I/(s.hec’tare. infiltration capacity 10'‘ nvs 

. Tank with a 4 in’. volume utilisation of stotrnwater for toilets and 
washing machine, consumption (4 persons) 150 llday. rate of 
utilisation approx. 66%. 
Tank with a 4 in’. volume utilisation of stomtwater for garden 
inigalion. consumption 80 llday betwee May and September 

, 
Roof greened tgth moss and set" .‘., th .kl_. ess of vegetation layer 6 
cm, thickness orarainagé ta‘~'- . 6 cm. drainage rate 100 l/(s. hectr .e) 
Roofwith a soil layer of 20 em, thickness of drainage layer 10 cm, 
max. water depth 6 cm. drainage rate 100 lI(s. hectare) 
Storrnwjatejr settling tank. design criteria (ATV-suggestion) 10 m/h, 
specific volume 10.8 m’/hectare. 

Combined sewer overflow (CSO). critical discharge 15 [K3 hectare) 
Combined sewer overflow tank, throttle rate 0.7 l/(s. hectare). 
specific volume.25 rn’/hectare. 

Screen (fine rack). ,\'_»/id,th of openings 4 mm 
Soil filler retention pond for treatment in combined or separate 
's'yster'n's. specific volume 80 m’/‘hectare. max. depth lm. infiltration 
capacity 10" tn/s 

Primary treatment at a waste water treatment plant, 
rnjean hydraulic residence time of 1.5 hours 

Activated sludge treatment 000.000 People) biological stage and 
clarifier

” 

Extension of an existing WWTP capacity from 2 times to 4 times the 
dry weather flow
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’ 6. Summary 

Undoubtedly, stonnwater management has to consider several objectives derived from 
overall environmental concepts. For a translation of these objectives into practical 
measures, concrete target values are necessary. Objectives and target values are 
needed for flood protection, water quality and the water balance. 

On the other hand, a large variety of different measures is available. These 
measures have different effects on different objectives and depend on many influential 
factors. The main future task for the engineer will be to find the “best" measure 
regarding the local conditions and the objectives. 

To provide assistance for this task, a catalogue with information about different 
measures is presented. The measures are compared regarding the water balance, the 
behaviour for typical design storms, the potentials for removing pollutants and the 
costs. With this catalogue a preselection of measures. for exarnplefor a master plan, is 
possible. 
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BALANCING FLOOD CONTROL AND ECOLOGICAL 
PRESERVATION/RESTORATION OF URBAN WATERSHEDS 

v. NOVOTNY, D. CLARK, R. GRIFFIN & A, BARTOSOVA 
Institute for Urban Environmental Risk Management 
Mgrquette University, Milwaukee, M53201-1881, USA 

1. Introduction 

Throughout recent history, urbanisation has altered the ecological structure of urban 
streams and rivers. They have been channelised, constricted, and ultimately covered to 
gain space for urban development and to accommodate increased flood flows. The Los 
Angeles River in California and the Kinn'ikinn'ic River in Milwaukee represent the 
ultimate transformation of an urban stream into a concrete, high flow velocity channel 
with very little biological habitat. Concurrently. as a result of these modifications and 
diminished water quality. indigenous aquatic species have disappeared, resulting in a 
complete loss of sensitive species and the propagation of a few unwanted species tolerant 
to pollution and low quality habitat. 

Urbanisation typically has an irreversible impact on natural drainage patterns and 
flows in the receiving water bodies impacted by development. If the developrnent 
progresses in a planned, ecologically conscious way, the adverse impacts on population 
and properties can be minimal or t_n_i,n_irni_sed. Uncontrolled developments or past 
development in the flood plain that did not considerthe impacts on hydrology, flood 
plain encroachment, morphology and ecology of the receiving water body system have 
had detrimental effects on the receiving water body. flood plain development and 
downstream uses of the water body. « 

Today, management of smaller and medium size urban streams must consider 
several objectives including ‘ 

- llood control 
0 Preservation and restoration of the ecological integrity of the receiving water 

body affected by point and nonpoimdischarges and changes in hydrology and 
h'ydrau_l_ics ‘ 

* Providing contact and nonccntact recreation to the urban pop'ul_ation 
- Wastewater disposal and conveyance of polluted urban runoff 
0 Other uses such as water supply, navigation, or hydropower production 

Some of the uses of the urban receiving water bodies conflict whereas otherseare 
complementary. For example, preservation and restoration of the ecological integrity 
and providing habitat for aquatic life complements recreational objectiv_e_s. Indeed, a
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healthy stream ecology is a necessary condition for contact recreational uses. On the 
other hand, flood control often is in conflict with ecological and recreational objectives. 
In the context of watershed and water body rnariagernent policy, these conflicts must be 
reconciled if an optimal policy is to be pursued. 

In the past, urban engineers tried to resolve the problem of increased floods by 
increasing the flow capacity of urban streams. Common techniques included channel 
lining, covering and straightening of the stream. Such approaches are conveyance- 
oriented, i.e., the capacity of water bodies was increased by increasing the velocity in the 
channels. Conveyance-oriented flood control measures did not improve water quality, 
and they vv. --e detrimental to the h_abit_at. Moreover, they passed flood control problems 
downstream. At the same time, development has continued to encroach on floodplains. 
e_xacerba_ting flooding problerns. Traditional cost-benefit evaluations have often revealed 
negative net-benefits as costs often far exceed the benefits of flood damage reduction. 
The authors contend that past approaches to measuring benefits associated with flood 
control projects are incomplete for several reasons. First, they are based on the false 
premise that theonly benefits are to those who experience flood damage. Second, they 
fail to fully characterise some of the ecological benefits that may be derived from some 
flood control projects. . 

Furthermore, flood control projects today are limited by the antidegradation 
clause of the water quality standards and control regulations. This rule specifies that a 
downgrading of good quality water bodies to something lower than good qu_ality can 
occur, but not to a point of violation of water quality standards. Moreover, this can only 
occur if overriding regional socioeconomic effects are at stake. No downgrading of 
water quality is pennissible for high quality water bodies. This rule makes 
implementation of past conveyance—oriented flood control approaches very di_fficult if not 
impossible. Today, most flood control projects must have a water quality improvement 
component. Consequently, storage-oriented approaches are preferred.

' 

2. Hydrologic Changes by Urbanisation 

Figure I shows - a flood-frequency chart for Oak Creek, which is located in the 
Milwa_ul<ee (Wisconsin) metropolitan area that is undergoing rapid urbanisation. The 
area of the watershed is 69.8 km’; presently the watershed is 44.6 % urbanised and the 
resident population is about 40,000, Cropland is the other dominant land use; however, 
the watershed is being rapidly urbanised. As Figure 1 illustrates, the flow that was a 100- ' 

year flood in the 19.65 pre-develop‘me'nt period could become a 2-year flood when the 
watershed is fully developed. The flow frequency curves were estimated from long term 
observations at the US Geological Survey gauging station, The annual daily flow 
maxima were corrected for the impact of urbanisation by a method proposed by McCuen 
[1]. 
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Figure 1. Effect of u_rba_n:is_ation on flood flows in Oak Creek. WI. 

The increased magnitude and frequency of high flows has major adverse effects on the 
community located near the watercourse, on the floodplain, and on the ecology of the 
urban stream. 

Most urban watershed management projects in the United States are driven by 
flood control objectives. On one side, public media pay extraordinary attention to the 
plight of people affectedby flooding, resulting in heavy pressure and lobbying of public 
officials by affected individuals and citizens groups; However, using traditional 
benefit/cost analysis, most urban flood control projects are highly inefficient. In the 
Milwaukee (Wisconsin) metropolitan area, the benefit/cost ratios of flood control 
drainage projects in which the benefit is the reduction of monetary damages to 
properties and land within the floodplain, are typically less than 0.2. Consequently, 
projects that address flood control only are not feasible. Such projects would represent 
a massive transfer of benefits from the general taxpayer public to a small number of 
beneficiaries located in the floodplain. Furthermore, the antidegradarioh rule‘ of‘t_h_e 
present regulations in the United States and elsewhere does not allow downgrading the 
integrity of the receiving water bodies even when the objective is drainage or flood 
control. Therefore, the sometimes conflicting concurrent objectives of drainage/flood 
control and restoration of ecological integrity of urban streams projects must be 
reconciled.

_ 

Restoration of ecological integrity of urban streams. on the other hand, benefits 
much larger segments of the po'pulation, However, considering the benefits of ecological 
improvement in the classic economic benefit cost analysis is difficult because such 
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benefits are mostly intangible. On the other hand, such benefits are desiredby the public, 
especially those living near the water body but not in the floodplain. Consequently, 
another measure of benefits must be defined and substituted. The willingness to pay of 
the public for the ecological benefits is a common substitution for strictly monetary flood 
control benefits in a multi-objective watershed restoration and flood control projects. In 
reality, projects that include both flood control benefits and ecological and water quality 
restoration and improvement may become acceptable to the general public as exemplified 
in two such projects in the Milwaukee metropolitan area that are featured in this article. 

3. Ris‘ .. of hoods and Ecological Integrity 

In order to compare the risks of increased flooding and the deteriorated ecological 
integrity of urban streams, the first step is to define a measure for both. Ideally, these 
measures should be comparable but, at this point. this seems impossible. The next best 
solution is to assign weights so they can be compared. 

3.]. MEASURE OF FLOOD RISK 

There is a need to express a flood risk relation in the urban floodplain. First, let us define 
a flood as a flow that is greater than the capacity flow of the channel. A floodplain is a 
part of the river corridor (Figure 2). 

It is also necessary to expand the probabilistic definition of flooding to areas away 
from the channel. As one moves away from the river's edge (the beginning of the 
floodplain) the probability of flooding decreases and at some poi_nt at a distance X from 
the river's edge the recurrence interval of flooding becomes 100 years, i,_e.-. the t_"i‘sl_'< of 
flooding is r(X_) = 0.01. This is the extent of‘ the 100 year floodplain as defined and 
delineated for engineerijng and flood insurance purposes. The schematic of the risk is 
then shown on Figure 2. If beforeurba,n_i_sation the s_m_al1_est flow that leaves the channel 
is approximately a flow with a recurrence interval of 2 years (Figure 2), then the.annual 
risk of flooding at the bank of the river is r,,(0)=’ ‘/2= 0.5. If, as a result of urbanisation, 
flooding becomes more frequent, for example, if the bankfull capacity flow is exceeded 
twice a year, the risk of flooding at the river’s bank becomes r,,(0) = 1/05 = 2 and so 
forth. The subscripts u and :4 denote natural (pre-development) and urbanised (post 
development) conditions, respectively.
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F igure 2. Concept of urban flood r'i>s_k‘. 

The monthly probability (risk) can be calculated from a series of maximum 
monthly flows and not just from one per-year rnax;irnur_n flow. This approach considers 
the fact that there may be more than one occasion in a year when the flow leaves the 
confines of the channel and becomes a flood. Thus, the monthly risk will be slightly 
different from 1/12 of the annual risk that is based on only one flood per year. To bring 
the magnitude of the risk on par with the water quality risks that are expressed in terms 
of the probability of daily grab or four day composite samples exceeding the acute or 
chronic toxic concentrations or water quality criteria, the risk of a monthly flood would 
be further divided by 30.42 (i.e. 365/ 12). 

The logarithmic form of the risk function is selected for convenience and simply 
expresses the fact that floods on rare occasions may extend further than the l0O—year 
floodplain li_rnits_. The risk function can then be expressed as 

r =c1o"‘* 
(1, 

The function parameters can be easily estimated from the knowledge of the risk of 
exceeding the bankfull capacity flow and from the extent of the 100-year flood plain. In 
the above. equation, C is the risk of" exceeding the bankfull flow, or, C = r'(0). In the 
Geographical lnfcrmation Systems (GIS) environment, the risk function can be 
ascertained from flood flow elevations and contours of the floodplain. 
This risk function can be integrated, i.e.,
I
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co ‘he on —K x —K x 
_R =_Ir,{x)dx+ I r,(,x‘)dx=r(0)_l[l0 " ’+l0 ""']dx (2) 

. 0 0 0 

where subscripts I and r correspond to left and right bankfloodplains. 
The floodplain risk parameter, R, or function. r, can be combined with the flood 

damage cost information to yield an annualised flood damage indicator. If g] is an 
uniform flood damage cost expressed in dollars (“~) perm’ of the flood plain, then the 
total annualised flood damage function is simply ) = R x d. It will be arg ed in section 
4.0 that better-‘measures of flood control hr nefits can be developed. 

3.2. ECOLOGICAL RISK 

Following US Environmental Protection Agency [2] and WERF [3] risk assessment 
documents, ecological risk for aquatic systems is defined as "a probability that a genus 
residing in ofpotenrially indigenous to the receiving water body will be lost or acutely 
damaged by ex'r'.vn'ng or potential discharges of pollutants-." The term potentially 
indigenous reflects the fact that the representative composition of organisms should be 
selected from a composition in similar unimpacted water bodies located in the same 
ecoregions. 

The calculations of individual risks for each stressor are demonstratedin Figure 
3. Novotn) and Witte [4] expanded the WERF[3] methodology to consider estimating 
the ecological effects of the wet weather (stormwater) and dry weather flows separately. 
EPA currently evaluates ecological risks in terrnsof the loss of species or genera that will 
result frorr. the environmental impact [2,3]. This risk is basically a joint probability 
function of (1) probability density function of concert’-'ations, f(EMC), and (2) 
probability that species will be lethally or chronically impacted when exposed to a given 
concentration, g(R 

I 
EMC). A simple model and methodfor calculating ecological risks 

of contaminants present in stormwater dis_c,ha_rges was published by Novotny and Witte 
[4]. The method assumes that the event- mean concentrations of pollutants are log- 
normally distributed. At this point, the method estimates only the risk of acute damage 
to the indigenous population. Both stormwater and base flow discharges are considered, 
The method considers dilution of stormwater and CS0 discharges and the water effect 
ratio. Asirnple software package has been developed [5]. The single, dimensionless risk 
value has numerous advantages over the traditional separate comparison of measured 
water quality data with criteria because it puts all pollutants on the same basis, i.e., the 
probabilityof ecological damage to the resident biota (or potentially resident as derived 
from rsfere !'2(‘c .unirnpacted'water bodies of the same character within the ecoregion). It 
may also be an additive and comparative number, Le. . risks from several compounds and 
those from dry weather discharges could be added together to yield an overall risk and 
approximate synergy and individual risks can be quantitatively compared, 

The overall ecological state of the receiving Water body can be ascertained using 
biological evaluation, such as that outlined in the Rapid Bioassessment Protocol 
methodology [6]. However, biological assessment procedures of this type are based on

,
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the application of multiple indices calling for subjective judgement and mix together 
symptomatic and causative parameters. For example, a biotic index based on fish or 
microinvertebrate composition is symptomatic while chemical concentrations and 
physical habitat parameters are causative. An overall relationship between causative risk 
and symptomatic IBI parameters and root cause of impairment are shown on Figure 4. 
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Figure 3. Concept of risk calculation for an individual stressor. 
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4. Investigated watersheds 

The methodology presented in this paper has been applied to two watersheds, the mostly 
rural but rapidly urbanising Oak Creek watershed and the developed Menomonee River 
watershed. 

The Oak Creek watershed (see Table 1) discharges into Lake Michigan in the 
City of South Milwaukee, The Oak Creek watershed can be characterised as mostly 
rural with a great potential for future development. Agricultural land (cropland and 
pasture) represents the prevailing type of the land use in the watershed. Mos‘ of the 

.-.r._g-gricultural land is located in the western and southern portions of the waters} :c .The 
soils within the Oak Creek watershed are silty clay loams, loams. and sandy loams, and 
are developed on gently sloping or rolling moraine topography. Most of the soils are 
relatively fertile. Pollution sources can be categorised as municipal, industrial, 
agricultural, landfill, and storrnwater. A cjontribution of pollution from the point sources » 

is negligible compared to that from theznonpoint sources. Rural sources dominate among 
the nonpoint sources (20-50%). 

TABLE I_. Basic watershed characteristics of the Oak Cree_k'wate_rshed. 

Area 
7 

s 

’ 

69.8 km’ (27.2 mi’) 
Percent urbanised 44.6% 
Population (1980) 39700 

The Menomonee River (see Table 2) watershed discharges into the Milwaukee 
River about one a_nd halfkm upstream from its confluence with Lake Michigan. About 
45% of the total area is still in rural use, representing a great potential for nonpoint 
source pollut_ion. Rural areas prevail in the northern portion ofthe watershed, while the 
southern portion of the watershed is mainly u_rban_. The soils within the Menomonee 
River watershed are silt loarns or gravelly loams, 

TABLE 2. Basic \'fra'tershed characteristics of the.Menomonee River watershed.‘ 

Area 350,.;7‘krn" ("I 37 mi’) 

Percent urbanisrd 52_;8_%, . 

Population 348.165 (1970) 

964.640 (1990) 
962.570 (1996) 

Tables 3 and 4 report the calculated chemical risks by toxic metals for two pilot 
urban water bodies located in the Milwaukee metropolitan area. The risks (both acute 
and chronic) from copper calculated for the Menomonee River are two orders of 
magnitude higher than those for the Oak Creek. The risks from lead and zinc are at the 
same level for both water'sheds.: A risk greater than 10" may indicate impainnent of 
biotic integrity and a loss of genera.



The acute risks in the Men01'n0nee.Riv'er generally higher, reflecting a higher 
degree of urbanisation. Chronic risks are about the same in both water bodies. Because 
both acute and chronic risks represent the sa'm'e irnpact, the loss of genera, one may 
ronclude that the c 
risks, 

hronic risks affect the integrity of the water body more than.t_he acute 

TABLE 3. Chemical acute risk to aquatic biota..0ak Creek and Menomonee River. 

River and swim iden_tifica_t_irn cu i’b<l987 Pb>l9B7 Zn 

0 . Creek - 121-2" 

” 

0 "0.00021 0.00001‘ 
’ 

‘s.s.1s.04 

. 121.24 0 0.00013 
' 

0 0.00098 

— RJ-25 0 0.00015 0 0.00037 

- 121-26 0 0.00014 0 0.00033 

- 121-27 0 0.0002 0 0.00084 

Mendmdnee River 
7‘ 

0.00002 Q.0002_8 0 0.00066 

- 121-21 0.00003 
V’ 

0.00031 0 0.0011 

- 121-22 0.00003 
’ 

0.00024 \ 0 0.0013 

- 121-09 230000. 0.00018 0 0.0014 
1 -121.10 0.00003 0.00015 __ _ 

NA_ 0.0018 

TABLE 4. Chemical chronic risk to aquatic biota. Oak Creek and Menomonee River. 

River and station identification Cu M1987 
‘ 

Pb>i987 Zn 

‘oa1;.0reek -121-23 0 0.023 
H 0 

00.0034 0.0017 

- 141-24 0 0.028 0.0025 0.0019 

— 121-25 0 0.026 0.0026 0.0014 

- 121-26 0.00001 0026 0.0021 0.0017 

- 121-27 0 
A 
0.020 0.0021 0.0016 

Ménomonee River - 121-16 0.00016 0.034 ~ 0.0021 0.0021 

- 121-21 0.00023‘ 0.04 0.002 0.0021 

- 121-22 0.00024 0.036 0.0076 0.0025 

- 121-09 
‘ 

0.00002 
_ 

0.029 0.00076 0.0026 

-121-10 0.00022 0.03 
V_ 
NA 0.0035
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5. Willingness to Pay for Reducing Flood Risltand Ecological Damage 

To assess community supportfor reductions in ecological risks or flood control, a (lirect 
valuation approach known as Contingent Valuation (CV) was employed. A'I'h_e CV 
method employs surveys of residents within the watershed to gauge individuals’ 
willingness-to-pay for nonmarket goods. The willingness-to-pay (WTP) concept reflects 
the maximum amount of money that an individual is willing to sacrifice for an 
improvement in-a public good, compared to the status quo. Responses can be interpreted 
as the dollar payment that would make the person indifferent between the two states of 
the world and ..ence the stated WTP represents a true economic measure of the 
maximum individual benefit that can be derived from the public project. Since WTP 
places a monetary value on a good, it can be used to determine the relative weight of 
project attributes. Specifically, it can be used to determine how flood control objectives 
compare to environrnental objectives of watershed management projects. Once the 
relative values of hypothetical projects can be derived, then community-wide benefit 
estimates can be compared with project costs to determine optimal policy [6-l 1]. The 
methodology has also been applied to valuations of flood control "[12-l4]_. lf carefully 
designed, these studies can capture a range of different types ofbenet-‘its. For example, 
flood control will probably be highly valued by those living in areas that experience 
frequent flooding, and it may also be of value to residents of the watershed who do not 
personally experience flooding, but who favour community flood control for other 
reasons such as altruism. Likewise, some residents may have WTP for ecological 
restoration projects because they use the‘river for recreational purposes (i.e., use values), 
whereas others may believe that environmental restoration is beneficial in its own right 
(i.e., nonuse values). 

5.] . ‘RELEVANT DRIVERS OFWTP 
To derive benefits from improvement in eitherecological risk or flood risk. WTP must 
be correlated to the relevant drivers. Traditionally, economists focussed exclusively on 
demographic and economic factors. These include factors such as respondent income, 
race/ethnicity-, gender, owner/renter status. distance from the resource (e.g., floodplain 
or river). and fariiily size. More recently, however, economists have begun to team with 
social scientists from other disciplines to understand the role that psychological, social, 
and communication variables play in detennining WTP. In this case. we start by 
applying one of the most successfully-tested models in psychology, Ajzen's [15] Theory 
of Planned Behaviour (TPB), to the task of understanding the likely reasons that 
individuals would be willing to pay various amounts (including nothing) for watershed 
improvement and flood control projects. In particular. the model is used as a framework 
for examining how individuals‘ beliefs about the costs and benefits of supporting a 
watershed project combine wi th how‘ they value those cost-benefit outcomes to potentially 
affect their wiillinginess to pay for the project. Such an exarnination can provide the basis 
for understanding some of the dynamics of public opinion about publicly-supported 
projects such as these as well as form the basis for planning public information and 
education efforts.



The Theory of Planned Behaviour is applied in _ this study as a means of 
determining some key predictors of WTP. In this study, WTP is considered to be a form 
of Behavioural Intention found in past studies to be an important predictor of actual 
behaviour. Ajzen’s theory indicates that behavioural intention (BI) is predicted by a 
limited set of psychological variables whose predictive power rel_ative to each other can 
vary from behaviour to behaviour: 
I, Perceived Behavioural Control (PBC), which is one’s sense of control over the 

behaviour (e.g., the amount one could easily pay and/or the extent one has control 
over the amount paid); 

II. Subjective Norm; (SN), which t.-e i -.3 

‘ soc‘Siarrtorrnative b.‘ efs (e.g.; one’s sense
V 

that other people import-' in ' 4 the individual would want him or her to pay for the 
- benefit); ’

' 

Ill. Cognitive Structure (also known as Indirect Attitude) which is composed of a set of 
’ 

beliefsabout the cost-benefit consequencesof performing the behaviour (e.g. . that 
paying a given amount would in fact help people who live in the floodplain), and 
a set of values that the individual holds about those consequences (e.g.», that 
helping people who live in the floodplain in this way is a desirable outcome). The 
latter two elements (outcome beliefs and outcome evaluations) are considered to 
be the building blocks of an attitude toward performing the act (AAct), which is 
the more direct predictor of B1. 

5.2. WTP ESTIMATE OF STABILITY 
The stability versus volatility of WTP estimat_e_s can be of concern to watershed program 
planners who rely on such estimates, usually gathered from surveys, as guides to what 
the public will support in terms of the costs of such projects. Unreliable and unstable WTP estimates can be the result of methodological flaws or of real changes among a 
significant portion of the public and can deceive planners who might find that public 
support as tapped through a WTP survey at one point in time has, to their surprise, 
eroded by the time financing for the project comes to fruition later. Thus, this project 
uses TPB, coupled with insights derived from the Heuristic-Systematic Model of human 
infonnationproc_essing [16,17]. to examine some precursors to the stability or volatility 
of WTP estimates. 

Followingtirom Ajzen and Sexton [18], cognitive structure, AAct, and eventually 
willingness to pay will probably be more stable over time when persons process issue- 
relevant information systematically (i.e., more deeply and with full effort) rather than 
heuristically (i.e., superftctitaltly). For example, individuals who process risk-related 
infonnation more systetnaticallgy have been found to take more behavioural beliefs into 
account when deciding how to behave personally in the face of an environmental health. 
risk [19]. It is likely that their resulting cognition, attitudes. and intention to behave in 
a given way in the face of a risk are relatively resistant to change as compared to those 
persons who process risk information more s'uperf;ici_ally. Our intent is to study the 
stability of these relationships by comparing them over both waves of the panel design 
survey. 

L(e\ _



5.3. METHODOLOGICAL ISSUES 

A 25-minute telephone surveywas conducted on nearly one thousand r'_andornly selected 
adult residents of two metropolitan Milwaukee watersheds, Menomonee River and Oak 
Creek, in the late fall and winter of 1999-2000. The survey was conducted by a 
professional survey research organisation, the University of Wisconsin Survey Center at 
the University of Wisconsin-Madison, in two waves. 

The survey organisation also conducted eight carefully constructed focus groups 
in spring 1999, prior to the survey, to help in the development of the survey instrument. 
The for~..'r;‘ groups were organs -ed along three different dimensions: watershed of 
..:spondent (Menomonee River vs. Oak Creek). upstream vs. downstream location, and 
environmental vs. flood questions. Each focus group included 5-8 randomly-chosen 
individuals and a facilitator. The goal of the focus groups was not to generate 
conclusions on-WTP, but rather to assist in the development of survey items. which 
included the testing of the wording of key items as well as the conceptual development 
of key variables. 

In both waves, respondents are asked the same set of questions and are provided 
with a detailed description of the watershed project before being asked a series of 
questions designed to deterrninie their willingness to pay. The WTP questions were posed 
in terms of a hypothetical political referendum. Respondents were asked to indicatethe 
maximum amount of money (if anything) that the plan could require them to pay 
annually for the next 20 years yet still allow them to vote in favour of the plan. 

The cbjectives of the survey areas follows. 
1. Distinguish between the WTP for flood-control and the WTP for ecological 

restoration of urbanising watersheds and determine whether the two types of 
benefits are separable. 

2. Test a model that describes the salient drivers (psychological, sociodemographic, 
locational, and communication-related) that appear to influence WTP responses 
in the survey. . 

3. Determine whether WTP responses are stable overtime. 
4. Relate WTP to the underlying flood and ecological risk improvements in the 

project and then derive estimates of community-wide benefits from flood control 
and/or ecological risk reduction in the watershed. Benefits are then compared 
with project costs to determine optimal watershed policy. 
This paper includes a summary of the relevant issues" that must be confronted 

when designing a CV survey to be used for watershedmanagement purposes, and then 
give a peek at some of the preliminary findings as they relate to the first two objectives 
listed above. 

5.4." SURVEY DESIGN 
’

‘ 

5.4.1 Definition of the Good 
The first task for the socio-economic team was to work with the engineering team to 
determine how flooding is likely to worsen in the absence of additional public spending, 
and also to describe the improvements in ecological health that were possible’. It was

- 
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‘determined that, without additional public spending, the recurrence level of flooding 
would increase substantially in the Menomonee River and Oak Creek due to increased 
flows and expansion of the floodplain. Furthennore, biological studies of both 
watersheds indicated that chronic exposures would diminish water clarity. reduce the 
variety of fish and wildlife species, and increase the levels of toxic chemicals in the 
stream or river,

. 

The second task was to determine the appropriate manner in which to describe 
these potential changes in risks resulting from urbanisation. The focus groups were 
conducted in part to accomplish this second The focus groups revealed some 
interesting insights. 

0 Although hydrologic simulations showed ".._ai$_C..JllL:I_lUBd I" oanisatien in the Oak 
_ 

Creek area would likely generate su‘.stantial' l_lfi__Cl"8a:S.:tS in flood risks and an 
expanding floodplain, few Oak Creek panicipants in the Oak Creek focus group 
sessions believed the threat was likely to occur. Thus, it was deterrni_ned that Oak 
Creek residents would be asked questions only about ecological quality. 

- Focus group participants had difficulty distinguishing between probability of 
flooding and meaningful recurrence intervals in light of three “I00-year floods” 
over the period 1986 - 1998. It was determined that the best way to phrase the 
question was to describe (1) the relative and actual increase in flood risk (i.e.. 3-5 
times higher risk, and the actual likelihood of flooding increased from 3%-5%) 
rather than describe the recurrence interval. In addition, to capture how the 
floodplain was likely to expand with urbanisation, we determined the likely 
number of additional homes that would be flooded as a result of urbanisation, 
assuming no action were taken by‘ watershed management officials. 

- To convey likely improvements‘ in the ecological health of the system, it was 
determined that it was best to describe water c1arity,- presence of toxins in the 
water (without going into detail about how the toxins got there in the first place) 
which would make wading and swimming in the stream or river potentially 
unhealthy. and the variety of wildlife and fish around the river. 

5.4,_2~. The Problem of Embedding 
One of the potential problems with CV studies results when the magnitude of the WTP 
response is independent of the level or scope of tiinp'rove'men'ts being considered £20]. In 
the context of this study, the embedding issue is related to whether WTP for the good 
‘increases when both flood control and ecological improvements are being described, 
versus the situation where only flood control or only ecological quality is being valued, 

To invcsti gate this possibility. three different WTP questions were developed. The 
first type of question asks one set of respondents their WTP for flood risk only: the 
second asks another set of respondents their WTP for ecologicalimprovement, and the 
final question asks a third set of respondents their WTP for both flood risk and 
ecological improvement. If embedding is a problem, we would expect that WTP would 
be higher for the combined flood risk and ecological improvement than for questions 
-with one or the other goods, but not both.



5.5. RESULTS 

In all, 999 respondents were interviewed in the first wave, 303 (all from the Menomonee 
River watershed) were interviewed about their willingness to pay for a flood control 
project on that river (which we dubbed the “flood path” of questions), 459 (from both the 
Menomonee.River and Oak Creek watersheds) were interviewed about their WTP for an 
ecological restoration project in their respective watersheds (the "environmental path” 
of questions), and 237 (all from the Menomonee River watershed) were interviewed 
about their WTP for a c .mbined project that wc‘*ld hold the line on flooding as well as 
im; -ove ecologica' -.jus‘~it;~' of the watershed (the “combined path" of questions). Due to 
interviewing ti'...e limitations, only those respondents in the flood and environmental 
paths of questions were asked a full battery of questions based on the psychological and 
communication models. ‘

' 

Initial results indicate -that there are no statistically significant differences 
between paths in the maximum amounts individuals would be willing to pay for the 
projects (overall mean=$84), even though the combined project would deliver more 
benefits than either of the two individual projects (flood control and ecological 
improvement) (Figure 5). The non-significance remains when the results are adjusted 
for respondent income, education, race/ethnicity, gender, age, distance from the 
river/creek, and the number of inhabitan_ts of the dwelling. 'l‘h_is«s_uggests the possibility 
of the ernbedding problem identified by l_(a_h_ner_nan and Krtetsch [20] is present in these 
findings. Once the second wave of the survey is completed, a more complete assessment 
of this potential problem will be conducted. 

In addition, WTP for the flood control project and for the ecological restoration 
project is more strongly associated with the psychological predictors from the Theory of 
Planned Behaviour, especially with cognitive structure, than with income and the other 
sociodemographic predictors. As an example, we turn our attention to the individual 
variables associated with WTP for the flood control project, since that project includes 
an element of potential environmental enhancement which might contribute to WTP for 
the project. . 

The primary sociodemographic variables (respondent income, education, 
race/ethnicity, gender, age, dwelling location within the floodplain, and the number of 
inhabitants of the dwelling) bear weaker rela_t_ion_ships with WTP for the flood control 
project than do a set of variables based on the Theory of Planned Behaviour, speci_fic_ally, 
subjective norms (r=.29, p<.0Ol) and an overall index of cognitive structure (r=.40, 
p<.0Ol; r=.46, p<.00l, when the belief-evaluation compound items are also multiplied 
by a separate self-report measure of the importance of the outcome to the decision). 
Among the belief—evaluation compounds themselves. correlations with willingness to pay 
for the flood -control project are as follows (the second coefficient representing the 

. addition of the importance multiplier): 
P

. 

- Add significantly to my taxes (r=.03, ns; r=.,ll, p<.05); 
- Be personally expensive for me (r=.l5, p<;.0l; r=.2l, p<.00l); 
0 Make me feel like I am doing something for the environment (r~—-.28, p<.0Ol; 

r=.-34, p<.00l);
‘
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o Make me feel like I am doing something for the community (r=.34, p<.00l; 
=.45, p<.00l); " 

Probably help support a long term solution (r.=.36, p<.0Ol; r=.39, p<.00l); 
Probably help future generations (r=.32, p<.O_01; r.--.36. p<.00l); . 

Probably help to hold the line against flooding (r=.28, p<.O01; t=.33, p<.00l) ; 

Probably help people who live in the flood plain (=.l9, p<.00l; t=.28, p<.00l) 

A microscopic analysis of the responses indicates that about 73% of the 
respondents believe that the project would produce a bad outcome of helr ing people who 
live in the floodplain. Only about 4% see the project as helping peopl—=. rho live in the ' 

floodplain and put a positive value on that outcome, which suggests that a1trui_s_ti_c 
motives are certainly not strongly at work in the watershed population.

_ A microscopic analysis of responses concerning whether the project would make 
the i_nd_ivid_ual feel like he/she is doing something for the environment, one of the 
stronger variables in terms of correlation with WTP, illustrates that about 73% of the 
respondents believe that paying the amount they specified for the flood control project 
would provide this sense of environmental support as a good (positively valenced) 
outcome for themselves. However. almost 16% of the respondents also put this kind of 
positive value on feeling that they are doing something for the environment yet either 
believe that the project would-not deliver that outcome or are unsure as to whether it 
would or not. Presumably, if they were to change their beliefs about the project along 
this dimension, their support for it might increase to some extent-. Only a small portion 
of respondents (3%) feel negatively toward feeling that they are doing something for the 
environment and also believe that the project is unlikely to deliver that kind of support. 
An almost identical pattern of responses exists for beliefs and evalu_ations about having 

' 

a sense of doing something forthe community. Thus, if’p‘ublic education efforts were to 
help convince more members of the public that support for the project produces a sense 
of helping out the environment or the community, or raises the salience (importance) of 
those beliefs as decision factors in supporting a flood control project, the model would 
predict a net gain (albeit not huge) in support via WTP for the project. As noted 
previously, however, it should be assumedthat such beliefs are necessarily easy to affect. 

6. Coircl_us_i~.ms and Future Directions 

It is clear that traditional methods for assessing economic benefits from watershed 
management policy alternatives are inadequate, By focussing exclusively on the direct 
benefits from flood control (i.e., damage prevention) while ignoring more indirect 
benefits related to altruismand environmental improvement-, traditional approaches send 
false signals as to the societal benefits of different policy alternatives. The 
interdisciplinary approach outlined above draws upon recent advances in the natural 
sciences to accurately assess the risks associated with alternative flood control projects. 
Accurfate descriptions of risks are essential for efficient policy decisions. Technical risk 
estimates are then conveyedin lay tenns that watershed residents can comprehend, and 
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then the CV approach is used to determine the separate WTP for flood control and ecological restoration within urban watersheds. Preliminary empirical work reveals that both economic and psychological drivers appear to be important determinants of WTP 
for flood control and the ecological restoration of urban watersheds.

, The nextphase in this research will be to determine the relationship between the WTP response and the individual flood risk and ecological risk exposure so that total 
watershed benefits can be derived. in addition, a second wave of the survey will permit a more in-depth investigation of the stability of WTP responses. It is our belief that the use of this approach will lead to more informed policy debates and bett_er.decisions. 

7. Acknowledgment and Disclaimer 

The research.described in this paper was sponsored by the US Environmental Protection Agency's STAR watershed program. The sponsorship is greatly appreciated. The findings and conclusions of this paper are those of the authors and not of the funding 
agency. 

8. References 
s_. McCuen. R.H_. (1998) Hydralogic Ana{_\'si.t and Design, Prentice Hall. Upper Saddle River. NJ. "US EPA (1992) Framework for ecological risk assessment. Risk .A_s_se.ssment Forum. EPA 630/R-92100] . U.S. Environmentjzl Proiejction Agency. Washington, DC_. 
3. Parlthurst. B.R. Warren—.Hicks. W.. Cardwell. R.D.. Volosin.J.. Etchinson.T.. Butcher.J.B.. and Covington. SM. (1996) Aquatic ecological risks assessment: a multi-tiered approach. Report 9]-AER-l. Water Environznerit Research Foundation. Alexandria, VA. ‘ 

4. Novotn_\'. V . and Witte. .l.\V. (1997) Ascerta_in_i_ng aquatic ecological risks of urban storrnvvater discharges. Water Rrsearch 31(l0)-2573-2585. " 

5. Bartosot’-:5. A. (2000) Statistical considerations in aquatic ecological risk estimation, Technical Memorandum # I. institute for Urban Environmental Risk Management. Marquette University. Milwaukee, WI. 6. Barbour. M..T.’. Gerritsen. J.-. Snyder; B.D.. and Stribling. 1.3. (1997) Revision: to rapid bioassessment protocol for use in streams and rivers: peryphyton. bénthic macroinvertebrates. and fish EPA-841/D-97/002, U.S. Environmental Protection Agency. Washington. DC. 
7_. Randall. A.. lves. B.C., and Eastman, C. (1974) Bidding games for valuation of aesthetic environmental improvements. Jaurm_2I of Eiwirortnterilal Ecattontjgjs arid Management 1. 132-149.. 

[J 

8. Eastman. C.. Randall. A.. and Hofier. P_._( l 978) A socioeconomicanalysis of environmental concern: Case of the four corners ele_;tri_c power complex. Bulletin 62-, Agricultural Experiment Station. University of New Mexico. Albuquerque. 
9. Acton. J .P. ( 1 973) Evaluating p_u_blic programs to save lives: the case of heart attacks. Research Report R-73- 02. Santa Monica. Rand Corporation.

' l0. Hannetnan. M. (l9_"8) A methojd_ol,ogical and empirical study of the recreation benefits from water quality impro\'cn‘.enl. Ph.D. dissemtion. Harvard University. 
I 1, Binkley. C.S. and l-lannernan. WM. (1978) The recreation benefits of waterquality improvement: Analysis of day trips in an u.ban setting. Report to the U._S. Environmental Protection Agency Washington. DC. 12. "l hunber;,. EM. (1983) \\'il_lingness to pay for property and nonproperty flood hazard reduction benefits: An expcrime n_t_ using the contingent valuation su_rvey n1'etho'd,Ph.D..dissertation. Virginia Polytechnic lpnstitute and State Universit,': Ann Arbor, UMl Dissertation Serv_ices._ 
13. Shabman . L;. and Stephenson. K. (1996) Searching for the correct benefit estimate: evidence for an alternative 

, perspective. Lznd Econpnrics 72 (Nov). 433-.449.

/



20. 

. Johnsor . R.,J.. Swallow. S.K.r. and Weaver, '1 .F. (I999) Estimating will ingness to pay and resource tradeoffs 
with different paymemmecnanisms: an evaluation ofa funding guararnee for watershed management. Journal 
afEifiu'r‘a’nme'nraI Economics ar_1_d Maltagemenl 33. 97-1,20-l 

. Ajzen.l.(l988)Am'1ude.r, Perxamdiry. andBehaviar". Open University Press, Milton Keynes. UK. _ 

. Eagly. A.H..and Chaiken. S. (1993) 771; Psychology of A_r_n'n_4des, Harcourt Brace Iovanovich, Fon Worth. 

. Griffin. R..'o.. Dunwoody, S.. and Neuwirth, K. (1999) Proposed model of the rel_ationsh_ip of information 
seeking and processing to the development of preventive behaviors. Environmental Research 80: 8230-245. 

. Ajzen. l. and Sexton. J. (In press) Depth of processing. belief‘ congruence. and attitude behavior 
correspondence, in S. Chaiken and Y. Trope. Eds. Dual Process Theories in SocialPrycha1ogy. Guilford. 
New York. 

. R.J.. Neuwirth. K.. Giese. .l.. and Dunwoody. S. (1999 The Relationship of Risk lr-’orrnat.ion 
Processing to Consideration of Behavioral Belie.‘ , “resented to ti’ . .' :ience Co’: "'.n'u'nicjat_ion Int» ‘st Group. 
Association for Education in Journalism " ii M-s‘ Corr .u_nicat.on, annual CL vention. New Orleans LA. 
August, . 

Kahncman. D. and Knetsch. J. (1914) Valuing public goods: the purchase of moral satisfaction. Joumal of 
EnH'rdnnie'I'1Ia'I Ecayioniics and Management 22: 57-70. 

-

.

.

_ 

_. 

__ 

..I-

. 

ilv 

. 

V

.

. 

:—?— 

j——;



\ 

I 

STRATEGIES FOR MANAGEMENT OF T_’OLI_iU'I'ED STORMWATER FROM AN URBAN HIGHWAY IN GOTEBORG_, SWEDEN 

G. SVENSSON*, PiA. MA_LMQVIST"‘*, & S. AHLMAN* 
*Water Enw'ranme_m- Transport, Ch_q_Im_ers _Um'versiry of Technology,- 
S-412 96 Goteborg, Sweden 
**Urban Water, Chqlnrers University of Technology, 
S-412 96 Gb'teboi"g, Sweden 

1. Introduction 

Stormwater from urban highways contains high concentrations‘ of heavy metals, 
polycyclic aromatic hydrocarbons (PAHs) and other substances that are harmful to the environment; The choice of abatement strategies is not trivial. If the stormwater is brought to the mun_ic_ipal wastewater treatment plant (WWTP) in combined sewers, it 
will cause overflows at co_mbined sewer overflow (CSO) points, accumulation of 
contam_in;_a_t_e_d sludge that cannot be used as fertilisers on farmland, and sometimes 
disturbances of the operation of the WWTP. If the stormwater is di_s_charged to a 
receiving water it will carry all the pollutants directly to the water body, most often a small urban creek not .su_itable for such discharges. lf the storrnwater is allowed to 
i,nf,l_trate. the groundwater and in some cases the vegetation will be effected. In an action plan for the improvement of the stormwater handling all these issues have to be taken into account. Abatement of pollutants at the source is one very important 
strategy that shoulgl have first priority‘. ”I'h‘us, to improve the receiving water in a 
sustainable way the sources of the pollution have to be identified, quantified and 
reduced. 

A conceptual model for describing and quantifying the stormwater pollutant 
sources and for simulation of the effects of abatement measures has been developed 
and used for the planned area Hammarby Sjfistad in Stockholm [1]. It has also been verified against actual measurements for the Lake Trekanten catchment area [2]. A mat_h_er_natical model for describing and quantifying the stormwater pollutant sources and for simulation of the effects of abatement measures has been developed 
and used for the “Jarnb'i'-ott Catc-_l_t_m_ent" [3] and [4]. The model was considered useful for understanding the processes of generation and transportof the studied substances. The “Jambrott Catchment” has been monitored extensively, as reported elsewhere [5]. The model has been verified against measured data. Six substances are included in this
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2. Catchment area “Jilir‘nbrott”, Goteborg 

The catchment area "Jarnbrott" consists mainly of an urban highway and is located in 
the southern pans of the City of Goteborg. The urban runoff from the catchment is 
discharged to a wet pond that was constructed in 1996, The impervious catchment 
area was estimated at 160 ha by the municipality, but the observed unoff from the 
catchment corresponds to 220 ha (see TABLE 1). The pond has 1 w -.t' r surface area 
of 6200 m2 in dry weather. The depth of the pond varies bet“ .—en 0.5 m and 1.6 rn in 
dry weather. All stormwater from the area drains to the pond until the inflow exceeds 
about 700 1/5. When this occurs, the overflow starts diverting the excess part of the 
stormwater directly to the Stora An river. Maximum inflow to the pond is estimated as 
about 1100 1/5 when the total inflow to the overflow reaches the maximum of about 8 ‘ 

m3/s. Due to the overflow, about 80% of the annual stonnwater load is treated in the 
pond before reaching the river.

\ 

TABLE 1. Input data for the catchment area. 

Total impervious area 2,200,000 rn’ 

Roads 1.161.500 m’ 
Zinc surfaces by roads 5 %_ 

Roofs 4.23.600 m.’ 
Zinc roofs 25 % 

Copper roofs 20 % 
Other impervious area 614,900 m’ 

Total vehicle km ‘ 140,000 Itm/day 
Heavy vehicles 4 % 

The catchment runoff has been observed using automatic flow-proportional 
stonnwater samplers at the inlet and outlet. At the outlet the discharge was monitored 
by a pressure probe, measuring the pond level above the outlet weir. A raingauge was 
installed at the site. All field data were stored in the samplers by a built-in data logger 
from which data were."down_loaded“ after each stom) event by a laptop computer; 

Laboratory :-.nal;:sis of the storrnwatersamples included: suspended solids. total 
(TSS) and volatile (VSS), heavy metals (zinc, copper. lead and cadmium) and 
nutrients (total nitrogen and phosphate-phosphorus). Suspended solids concentrations 
in stormwater were determined according to a Swedish standard method (SS 02 81 
12). T88 were analysed by filtering the stormwater through a GF/C glass fibre filter. 
Heavy metals (zinc, copper, lead and cadmium) were determined by an atomic 
absorption spectrophotometer (SS 02 81 52-2 and SS 02 81 84-1). Nutrients (total 
nitrogen and phosphate phosphonts) were analysed by spectrophotometric methods, 
SS 02 81 31-1 and SS 02 81 26-2, respectively. . 

The stotmwater quality measurements included two periods. from August 1997 
until February 1998, and from April 1998 until July 1998. A summary of EMCS for 
the observed constituents are shown in TABLE 2. 

study: lead (Pb), cadmium (Cd), copper (Cu), zinc (Zn), phosphorus (P) and nitrogen



TABLE 2. Range of pollutant EMCs and long term removal efficijencies for"the pond and for the whole 
. system considering Lhe.overflow§_ 

Pol_lu_zan1 Inflow Outflow Removal efficiency 

, 1:1,’ 
‘ 

Range Mean . ., . /R_a_nge Mean ' 'Pond (,%)System 
'rss(mg,/1; 6.4- 320 55" ’ 60-33 17 7o . 41 
vss (mg/1) l.6 - 130 16 1.0- 11 6.5 60 39 
z‘1nc<11g/1) 42-520 120 9.0-180 ~81 31 

i 

24 
coppe-r(ug/1) 16-210 53 18-72 37 30 23

' 

Lead (112/1) 2.1.77 13 14-16 6.8 43 
I 

29 
Cn'drru'\)m(1,1g/I) 0.15 . 1.3 0.55 0.20 - 1.0 0.48 11 11 
Ni1r6gen(mg/I) 0.53-5.13 2.0 0.82-3.6 1.9 

' 

7 s 
PO.-P(1.1g/1) 20-560 70 16-89 42 40 27 

3. \Model layout and description 

A conceptual model, Figure I, was developed, based on models used in earlier studies - 

in Stockholm [1,2]. 
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Figure 1: Conceptual source model



The simulations were carried out with a model in the MATLAB/Simulink 
called SEWSYS. The model is derived from a diploma work at Chalmers University 
of Technology [4]. SEWSYS is a model for materials flow in sewer systems, in which 
both separate and combined systems can be simulated. The time step is variable, here 
5 and 15 minutes were used. 

For this study the stormwater module in SEWSYS was used, as shown in 
Figure 2. It includes a stormwater pollutant generator. runoff module and an optional 
pond for treatment. The pollutant generator was originally derived from a diploma 
work at the Uppsala University School of Engineering [3]. 

Storm Water Overflow 
_ _ 

Recel‘ .-J9 

Figure 2. sr-zwsvs — Storrnwaler module 

For each of the catchment types, total produced amounts of the studied 
substances and yearly mass fluxes are calculated. The model simulations are driven by 
the time-series of rainfall data provided for each simulation period. The model 
generates the constituent load from each source and calculates the load from each 

« catchment type. If the stonnwater is not diverted, the total pollution load is supposed 
to be conveyed to the receiving water. If local infiltration or local treatment is applied 
the pollution load will be reduced. The model has the capacity to display EMCS and 
total pollution load for the entire catchment and for the different catchment types. It is 
also possible to distinguish between different sources for the total load to the receiving 
water. ' 

4. ‘Verification of modelling results 

The MATLAB-model has been verified with measurements taken in the Jarnbrott area 
in the summer of 1998, by comparing observed copper, zinc, lead, cadmium, nitrogen 
and phosphorus with simulations. The studied period consisted of 17 rain events with 
a total precipitation of 108 mm -Figure 3 shows the chosen period with rain intensities 
in um/s distributed over 5 minutes.
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Figure 3. Jambrott rain series (Summer 1998)
V 

The results of the verification simulations showed an acceptable agreement 
with the measured pollution load (Figure 4). The largest differences were found for cadmium and phosphoru_s with errors of 81% and 73%, respectively. These high 
differences were presumed to be caused by the lack of data on the pollutant sources of 
these substances. 

A reason for the tendency that the measured values were higher than the 
simulated ones could be due to the fact that the Jarnbrott catchment area has a large 
amount of industrial land. Spills, etc. on industrial areas are not accounted for in the 
model. - 
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5. Alte'°native abatement alternatives 

Different altematives for improving the stormwater quality and decreasing the 
di=charges of polluted storniwater have been used for simulations, and combined into 

, 
four scenarios: ' 

Scenario 1 — Reduction of the construction material pollutant sources, e.g., the 
use of tile roofs instead of copper-plated or galvanised and painted steel sheets, 
painting of galvanised objects like lampposts and railings, and using concrete or 
natural paving stones in nd of asphalt paverr nts. Simulations of these measures 
indicated an 80% "..crease in copper and zinc surfaces. together with a 50% decrease 
in substances from asphalt. 

Scenario 2 - Reduction of the mobile pollutant sources, e.g. better tyres. change of 
materials in brake linings, change of materials in the catalysts. less oil spills. This was 
simulated with a 50% decrease in substances from tyres, zero copper from brake 
linings, zero discharge from catalysts, 50% decrease in oil spills,’ along with a 30% 
decrease in traffic load. 

Scenario 3 — Treatment by i_nl'tltration, involves measures taken within the 
stormwater system. i.e.. infiltration of stormwater in open ditches. In simulations, it 

was assumed that all stormwater from roofs and 50% of other areas could be 
infiltrated. No stormwater from road areas was infiltrated, 

Scenario ‘4 - Treatment in an open pond. Storrnwater was drained to a 
sedimentation basin. as done, for example in the Jarnbrott catchment. The particulate 
pollutants are reduced during the passage through the detention pond according to the 
EPA method [6]. The method takes into account dynamic settlings during wet weather 
and quiescent settling during dry weather. The EPA method i_s incorporated in the 
MATLAB model. 

The results from the simulated four scenarios are presented in Section 6, for 
copper, zinc and phosphorus. 

The long-term perspective is decisive for the choice of strategies. Therefore 
series of successive rain events were used in simulations. The rain series used for the 
scenario simulations was from 1926 and described well a normal hydrological year in 
Goteborg. 

The 1926 series gives a yearly precipitation of 685 mm. Figure 5 shows the 
rain series with intensities in um/s distributed over 30 minutes. 
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Figure 5. Rain series (1926) -' ._;.d for the :ce'nario.simulations 

6. Results and discussion 

By applying the MATLAB model to the conceptual model in Figure 1, the yearly mass flows for the six studied substances to the receiving water from a system with no 
measures have_been calculated (TABLE 3). The table also shows the results of the 
scenario s_imul_ations for:th'e four chosen scenarios. The results are explained in greater 
detail for copper, zinc and phosphorus. 

TABLE 3: Pollution load to receiving water [kg/year] 
No measures ' V" 

#l #2 ‘ M 
#3 #4 

Construction Mobile sources Infiltration Pond 
_ materials ,, . 

Copper 
W 

873 41 . 57 30 57 
Zinc 240 96 210 130 160 
Lead 1 1.3 - 10.6 10.9 7.5 7.6 Cadmium 0.20 0.19 0.19 0.l3 0.14 

Nitrogen l 800 l 800 l 800 l 200 I 200 Phosphorus 30 
_ 30 27 '_23 20 

' 

6.1 POLLUTANT SOURCES 
In Figi,-re 6 the main pollutant sources for the six studied substances in the present 
system are shown. 

The dominant Sources of copper are roofs (roof plates and fittings) and roads
i 

(brake linings). The dominant sources of zinc are roads (tyres) and roofs (roof plates, 
fittings, lamp posts etc.). The dominant sources of phosphorus are wet deposition and 
roads. 
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F igure 6: Disfibulion of pollutant sources in the system with no measures taken
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6.2 
V 

RESULTS OF THE SCENARIO SIMULATIONS 
The four scenarios described in Chapter 5 were simulated in a similar way as the 
present system. In TABLE 3 the results for six substances are shown, The results for 
the three selected substances are shown in Figures 7-9
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Figure 7: Copper mass flows to the receiving water in the four scenarios 
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Figure 9: Phosphorus mass flows to the receiving water in the four scenarios 

It may be conc-luded that 

7. 

Reducing the construction rr_ta_teri_al sources wouldaconsiderably decrease the 
discharges of copper (by 50%) and zinc (by 60%) 
Reducing the mobile sources (emissions from vehicles) would decrease the 
di'scharges of copper (by 32%), zinc (by 12%) and phosphorus (by 9%) 
Infiltration of the stormwater as a single measure would reduce the discharges to 
the receiving water of copper (by 64%), zinc (by 46%) and phosphorus (by 23%) 
Sedimentation in an open pond as a single measure would reduce the discharges 
to the receiving water of copper (by 31%), zinc (by 33%) and phosphorus (by 
33 %) . 

f n_1eas_uresfor the reduction of pollutant sources, as suggested in scenarios 1 and 
2, were combined with "end-of"-pipe" measures as suggested in scenarios -3 and 4. 
very high reductions of the discharges to the receiving water would be obtained. 

Discussion: Are the studied scenarios sustainable? 

Measures suggested in scenarios 1 and 2 imply reduction of the pollutant sources. 
thereby preventing the substances from entering the system. Such measures are by 
definition sustainable. A decreased use of metals and minerals from the crust of the 
earth will lead to a more sustainable society.



Measures used in scenarios 3 and 4 are “end-of-pipe” measures and do not 
reduce the total amount of substances, they merely place them somewhere else. In t.he 
irifiltratiott scenario, a considerable arnouhnt of the studied substances end up in the soil 
or in the groundwater. In the pond scenario, some of the studied substances end up in 
the sediments. These sediments must sooner or later be taken care of, and, regardless 
of method, will involve a potential environmental risk. 

In this study, non-structural methods like street sweeping have not been 
included. Although they may prove cost-effective and considerably reduce the 
discharges to the receiving water, they will also cause the same kind of problems as 
the sedir. Pnts from the pond. 

It is recommended that source control measures are made as a first choice and 
that stormwater treatment facilities are chosen only when the pollutant sources have 
been reduced as much as pract_ically possible. 
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RISK ASSESSMENT OF STORMWATER CONTAMINANTS FOLLOWING DISCHARGE TO SOIL, GROUNDWATER OR SURFACE WATER 

P.S. MIKKELSEN, A. BAUN & A_. LEDIN 
Environment & Resources DTU 
Technical ' 

1:‘ versity of Den_ma_rk, F tilding I 15, DK-2800 Kgs. Lyngby 

1. Introduction 

Storrnwater runoff from urban areas is significantly polluted with a wide range of 
substances of environmental concern, and-,» the environmental impacts associated with 
wet-weather discharges have received increased attention during recent years. As a 
result, there are increasing pressures from societyto handle stormwater runoff in ways 
that ertsure maximum pollution reduction. 

1.1. INTEGRATED URBAN STORMWATER MANAGEMENT 
In order to deal with the relevant pollution problems and at the same time come up 
with more sustainable solutions for stormwater disposal, it-is necessary to understand" 
and manage the whole storrnwater system in a holistic and integrated manner. Three 
subesystems can be distinguished to underline this viewpoint: 

o the technical sub-system, 
- the natural sub-system, and 
- the social sub-syste_m-. 

The te_clmicaI sub-system traditionally consists of sewer systems, detention 
basins and, for combined systems, wastewater treatment plants. More recently end of 
the pipe treatment of ‘runoff from separate storm sewer outfalls and combined sewer overflow structures have come into focus as well as decentralised ponds and wetlands 
integrated into the urban landscape, Finally source control, i.e. local detention, 
infiltration, and re-use of stonnwater has received increased attention over the past 
decades. The term (structural) Best Management Practices (BMPs) is commonly used 
in the Unites States for many of these constructive measures to handle stonnwater 
runoff, whereas the term Sustainable Urban Drainage Systems (SUDS) is 
predominantly used in the United Kingdom. Non’-structural BMPs are ways of managing stormwater pollution without building infrastructure, e.g. ban of products, 
coiitrol of building materials, and street sweeping aimed at reducing the source of 
pollutants that later enters the runoff water during rain.

'

M



The natural sub-system is usually conceived as the “receiving" part and 
traditionally contains the receiving waters and their sediments. However, when 
infiltration is concerned, urban soils and groundwater also need to be included. Some 
of the structural BMPs integrate local water bodies and soil and groundwater in 
managing stormwater “nature’s way" whereas others are based purely on constructed 
infrastructure. Thus-, there is not always a clear distinction betweentechnical and 
natural sub—systems. 

The social sub-system is composed of the stakeholders involved with and 
affected by stormwater management. Traditionally, the stakeholders include policy 
makers and legislators as well as planners, engineers an.‘ other technicians. Although 
legislation is commonly-imv"-.mr .1; :d on the institutional level by regional, national or 
provincial organisations practical projects are carried out on the local level and staff 
from municipalities and their consultants have major influence on decisions. Local 
citizens and Agenda 21 groups, however. also influence decisions as people become 
aware of the esthetical and ethical values of water and increasingly envisage the 
visibility of water, particularly rainwater, in and around urban settings as adding to the 
quality of life. 

1.2. RISK ASSESSMENT IN A LOCAL CONTEXT 
In some cases, water is an important can'ier of urban planning and source control of 
stormwater runoff is seen as a way to cut costs by reducing the loads of stormwater 
_d_ischarges through sewer networks and wastewater treatment plants. In other cases, 
stonnwater planning favours conventional centralised solutions because professionals 
cannot see realistic alternatives that fulfil the _same basic objectives (flood control, 
protection ofhuntan health and pollution reduction). It is not an easy task to decide on 
an action or a general stormwater management policy since different linterventions in 
the technical sub-system will influence difftrent stakeholders in the social sub-system 
and impact d_isch_arges to differennt pans of the natural sub-system, 

Ideally, pollutants in stormwater runoff can be dischargedto either part of the 
natural sub-system by changing the layout of the technical sub-system. There are no 
(technical) standard solutions that solve problems equally well at all locations. and it 
cannot be known in advance whether it is better from an environmental point of view 
"to discharge stormwater to surface water recipients or to the soil-groundwater system. 
For many reasons stormwater management decisions need to consider the local 
context, i.e. the local natural and technical preconditions, but also the local political 
and societal organisation. - 

Clearly, methodologies and tools are needed for assessing the environmental 
risks associated with discharge of stormwater pollutants to the environment. Such 
methodologies should acknowledge that stormwaterprojects cover a wide range of 
technologies and spatial scales, that they commonly have limited budgets, and that 
they are dealt with by non.-experts in envigronnftental risk assessment. This paper 
reviews some concepts used within risk assessment of chemical substances and seeks 
to make a course for further developments related to risk assessments of stormwater 
contaminants V’ '



2. Evidence of pollution with storrnwater contaminants 

Historically. there has been a lot of research on chemicals in storrnwater runoff. 
Currently in Denmark, there is increased focus on risk assessment related to discharge 
to surface waters. Groundwater quality is also sometimes considered - but soil 
contamination is never thought of. Examples based on Swiss conditions of pollution of 
the different environmental compartments are given below. Heavy metals and 
polyaromatic hydrocarbons, which are both well-known groups of stormwater 
contaminants, are used in these examples. 

Table I gives typical concentration levels in -ror I runoff of copper (Cu‘, zinc 
(Zn), cadmium (Cd) and lead (Pb) from a Swiss 1‘ ,ra't' re survey [1]. Also sho min are 
eco-toxic concentrations c_alculated by applyir, extrapolation factors to toxicity data 
and proposed Swiss river water quality criteria [2]. It appears that the concentrations 
of these heavy metals exceed the defined quality limits and ecological damage is 
therefore expected when discharging untreated road runoff to surface waters. This 
conclusion was recently confirmed by testing the toxicity of urban runoff directly [3]. 

TABLE 1. Co_nrparison of typical metal concentrations in road runoff with eco-toxic values. 
proposed Swiss river quality criteria and Swiss drin_l_<_ing water quality criteria. All concentrations 
are in ug/l. 

Concentration in 
' 

“Environmental quality limits 
. River water [2] Drinkin" water [4] mad mm“ In Eccrtoxicity Proposed std. _ Target 

g 
'l'hreshold 

Cu 40 — 330 0.05 - 2 2 ' 

50 1500 
zn 166 — 1950 0.5- 2 5 too 5000 
Cd 1.4 — 3.0 0.005 — 0.5 0.05 0.5 5 
Pb 100-980 

, 3_— 10 I l 50 

The Swiss drinking water criteria [4] are also shown in Table 1. The target 
values represent average concentration levels in groundwater uninfluenced by 
anthropogenic activity and the threshold values re'p‘r‘ese_nt the accepted quality of 
drinking water when it leaves the waterworks. The standard of reference depends 
strongly on the context, i.e. all four rnetals exceed the target values whereas only Cd 
and Pb seem to exceed the threshold values. 

Figure 1 shows results from a field investigation of infiltration shafts located in 
Basel, Switzerland" where road runoff‘ had infiltrated for more than thirty years [5]. A 
few -.,leci_rrjtet_~1'es of pebbles were found at the bottom of the shafts on top of the original 
coarse gravel deposits. Runoff materials (road sediment mixed with organic rnaterial 
from nearby trees and bushes) had accumulated above and between the pebbles and 
penetrated 70 cm into the gravel. The measured solid phase concentrations of Zn and PAH were closely connected with the sludge layer. Zn exceeded the Swiss soil quality 
standard of 200 mg Zn kg" [6] and EPA}-I (sum of 16 individual compounds defined 
by the US EPA) exceeded the A-value from the Dutch system of reference values for 
soil quality [7]. For comparison, the concentrations beneath the sludge layer and in a 
control profile not infiuegnced by infiltration were insignificant. 
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Figure 1. Depth distribution of zinc (Zn) and polyarornatic h’ydr'ocarbon's (ZPAH) through an 
infiltration shaft and into the underlying gravel. The dotted line shows concentrations in a control 
profile uninfluenced by. infiltration. 

As previously mentioned, contaminants in stormwater runoff can be discharged 
to either part of the natural sub-system (i.e. surface water/sediments, soils or 
groundwater) by changing the layout of the technical sub~system. As an example, 
Boller made mass balances for water-carried copper (Cu) in the Swiss town St. Gallen 
[8]. Copper is‘ available at high concentrations in stormwaterrunoff in Sw.tzerland due 
to the extensive use of copper for gutters and roof materials. Three idealised l_ayo_uts of 
the urban stonnwater drainage system were considered: combined sewers, separate 
wastewater and stormwater sewers, and separate wastewater sewers in combination 
with stormwater infiltration. About 2/3, of the total copper load originates from 
stormwater runoff. With a combined sewersystem, 71% accumulates in sewage sludge 
while 24% goes to receiving water and the remaining 5% classifies as urban diffuse 
pollution. Separation of the sewer system turns the picture around by leading 75% of 
the total copper load into the surface water recipient; only a small part thereof comes 
from illicit cross connections between wastewater and stormwater pipes. The copper 
mass flow that leads to well-known contamination of receiving waters and sediments 
is almost completely redirected into urban soil and groundwater when stormwater 
infiltration is used. 

Although the list of physical, chemical and biological constituents and 
parameters that have been observed in storrnwater runoff is extremely long, focus has 
mostly been on selected key-constituents such as settleable particles, chloride (from 
road salting). organic matter (BOD/COD), heavy metals, polyaromatic hydrocarbons 
(PAH), E-coli, etc. Pesticides and other organic chemicals related to the use of 
products and erosion of the built environment have only recently come into focus. Bio- ~/



accumulating compounds (as e.g. heavy metals and PAH in the examples above) have 
received the most attention because they end up in parts of the environment directly 
exposed to humans (i.e. sediments and surface‘ soils). The substances of‘ greatest 
environmental risks in relation to contamination surface water via direct discharge or 
groundwater via infiltration of stonnwater runoff (i.e. highly soluble compounds) are 
those that have been studied the least. In a recent Swiss investigation the pesticide 
Atrazine was found in roof runoff at median and maximum concentrations of 0.033 
pig/l and 0.903 pg/l respectively, which is quite close to, and above the drinking water 
quality limit of 0.] pg/l [9]. Furtheirnore, Atrazine penetrated through an infiltration 
system without seemingly being reduced due to degradation or sorption. 

The ‘traditional’ list of key—substances is not exhaustive; 215 ind’ ..dua. 
chemical stormwater constituents were identified in a brief literature reviev 110] that 
covered the following groups as well as some organic contaminants that did not fit into 
the groups: 
0 Heavy metals 
to Other inorg'a'n'ic compounds 
o PAH 
- Phenols and cresols 
- PCB and pesticides 
- Plasticisers. halogenated alifatics, monocyclic aromatics 

Society produces thousands of new chemicals every year, and most of them will 
find their way into stormwater runoff and eventually be identified as the analytical 
detection limits are continuously improved. The international literature reports on an 
_increasing number of investigations that focus on chemicals in stormwater runoff and 
their related toxicity. This development calls for proper risk assessments that take the 
properties of each compound into account when assessing the risk associated with 
their discharge to the surface wateresediment or the soil-—groundwater_ system. To make a step forward in this direction. it is worthwhile to review some of the generic 
concepts and principles established within environ_m_ental chemistry and eco- 
toxicology for risk assessment of chemicals. 

3. Risk assessment of chemical substances 

3.1. TERMINOLOGY AND PROCEDURES 
Figure 2 gives an overview of the terminology used i_n risk assessment of new and 
existing chemicals according to the technical guidance document (TGD) for risk 
5.3: sment of chemicals in the EU [1 1]. Risk assessment of chemicals is composed of 

four elements; hazard identification. hazard assessment, risk characterization and risk management. The cycle to the left illustrates‘ that risk assessment is not a linear process 
but that iterations in the four steps are necessary depending on the problem and the 
available data. 

Hazard idenr_z'fican'on serves to map the inherent properties of chemicals by
I collecting and" comparing relevant data on eg. physical state, volatility. mobility,
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degradability, bioaccumulation and toxicity. It is thus the basic step ot"prociv:r-ing data 
that is needed when proceeding with the following steps. ' 

Hazard identification 

I 
'\ 

V- mapping of chemicals’ properties & toxicity 
‘ Hazard assessment 

_ A} 
- effect & exposure assessment

I

I 

Fiisk characterization 
- est_i_rnati_ng probe of occurrence of effects 

V. 3 
Risk management . 

_ 
- controlct emission & exposure 

‘ - monitoring 8. reduction of risk 
I’ - communicat_ion

_ 

~ evaluation & prioritization of risk => decision making 

Figure 2. Terminology used in risk assessment of chemical subfstances [ll] 

Hazard assessment is divided between exposure assessment and effect 
assessment. Comprehensive model systems have been developed to assess the 
distribution of contaminants in the environment (soil, water, air) and in tissue (animals 
and humans). The EUSES model developed with support fromthe European Union is 
illustrated in Figure 3 as it is implemented in the TGD [1 1]. The complexity of this 
model is illustrated by the fact that input is entered via more than 100 menus and that 
it has almost 500 parameters of which about 40 need to be defined for each simulation. 
The output is given as predicted environmental concentrations (PECs) that are 
estimates of the exposure of the environment with individual chemical compounds. 

The eflecrs (both acute and chronic) associated with the presence of each 
substance in the environment and tissue needs to be assessed by assessing available 
data on toxicity to humans and ecosystems (i.e. dose-response relationships, EC50. 
LC-50 etc.). In this manner, predicted no-eflect concentrations (PNECS) can be 
calculated and compared with the predicted environmental concentrations (PECs). If 
the requirement shown inequation (1) is fulfilled, no environmental problem is said to 
be present-; however, if it is not, then there is a problem that should be dealt with 
somehow. - 

PEC 
PNEC <1 <=> PEC<PNEC (1)
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Figure 3. Outline of the exposure model EUSES [l l. 12] 

3.2. RISK AND UNCERTAIVNTY 
After PECs and PNECS are estimated the risk ,cIzaracteriza'tz'on takes place (see Figure 
2). The potential negative effects are evaluated and, if possible, the probability_of 
effects occurring is estimated. This conforms with the basic definition of risk being 
equal to the product of probability and consequence: 

Risk = probability >'< consequence ' 

(2) 

Tlieoretically, risk is only high if it is probable (or likely) that an effect with 
consequence occurs. A rare but severe effect may ideally have the same risk as a 
frequent but less severe effect, implying that different risks can be compared and 
evaluated.

- 

The PECs and PNECS estimated as described above are very uncertain, The 
uncertainty of PECs stems from the difficulty iwith identifying and describing the 
processes responsible for the distribution of each contantinnant and the inability to 
quantify the parameters controlling these processes. Even at complex model like



BUSES is essentially a rough simplification of reality. the simplifications both 
applying to the description of processes and the representation of the technical and 
natural sub-systerns. 

V
‘ 

Theiincertainty of PNECs can also be very large due to lack of toxicity data 
and difficulties with, foriexample, translating data from laboratory e_xperi_t_nents«in_to 
realistic field conditions. In practice, uncertainty is not considered as suggested in 
equation (2). instead, assessment factors are applied to toxicity data to account for the 
uncertainty [1]]. The environmental quality limits stated in Table 1 can thus not be 
"nterpreted directly as PNECs. , 

Risk assessmet: of chemical substances can be done in numerous ways, 
ernploying more or less detailed approaches for estimating PECS and PNECS. The 
principles described above are quite detailed and will not apply to some cases due to 
lack of data. Less detailed approaches are also available employing semi-er_np_iri,cal 
rules-of-thumb, see, for example, [13]. 

3.3. RISK MANAGEMENT 
Risk management involves a range of possible interventions, i.e. monitoring and 
reduction of risks by control of emissions and the exposure of sensitive environments. 
Risk management is perhaps the most important part of a risk assessment procedure 
and it is crucial that the methodologies used are well documented and transparent to 
ensure that the risk perceived by the public is as close to the estimated risk as possible. 

4. Discussion 

Ideally, the principles explained in the previous section can be used directly when 
assessing the risk associated with discharge of stonnwater cc;>_ntarni,na_nts._ However, 
there are a number of problems as discussed below. 

4.1. PROBLEMS WITH RISK ASSESSMENT OF STORMWATER 
CONTAMINANTS 

First, some problems exist in relation to hazard identification of storrnwater 
contaminants. Some of the most important problems are as follows. 
- The number of chemical compounds observed in stormwater runoff is very large 

and is incrca-sing as analytical methods are continuously improved and more field 
studies are conducted clue to increased attention from society. 

o The measured concentration levels vary over several orders of magnitude due to 
the intermittent character of the runoff process, the plenitude of pollutant sources 
and the fact that investigations tend to emphasize the extremes (high 
concentratio is). 

o Basic physical/cherrtical properties are available for only a few substances. and 
the toxicity of storrnwater runoff, a complex mixture of substances in the presence 
of particles and organic matter, has only been studied alittle (and very recently).



Effect assessment of stormwater contaminants can be conducted by 
comparisons with defined environmental quality limits for: 
o Soil — aimed at preserving soil organisms and fertility for plant production, and 

protecting children /from poisoning via soil ingestion. 
- o Groundwater -2 aimed at preserving raw water in a quality suitable for human 

consumption. 
a Surface water — aimed at preventing acute toxicity to aquatic organisms and 

plants. 
- Sediments —aimed at preventing chronic toxicity to benthic organisms and plants. 

However, such quality limits are available only fora few ‘classical’ contaminants. 
It is interesting to note that although wastewater treatment plants are 

represented in EUSES, stormwater systems’ are not represented at all in relation to risk 
assessment of chemicals in the EU. The methodology is directed towards assessment 
of i_nd_ustrial chemical products and only the major compart_me_nts and pathways are 
included. This means that the EUSES model cannot be used for exposure assessment 
in relation to risk assessment of stormwater contaminants. V 

Instead, models need to be, developed as a supplement to, or in parallel to, the 
EUSES system. These models should describ_e the physical stormwater systems in 
great enough detail to facilitate comparing different stomtwater BMPs; however the 
behaviour of individual compounds should be described using the same 
chemodynamic princ-iples that are used i_n EUSES. 

4.2. AN EXAMPLE OF HAZARD ASSESSMENT: STORMWATER 
INFILTRATION 

A simplified hazard assessment that applies to stormwater management is illustrated 
below. The example is about soil contamination with Zn due to stormwater i_n_fil_tration 
in a swale with 20 cm of organic soil with pl-l~7 at the top. Zn is rather strongly sorbed 
to the solid phase under these circumstances and it can be assumed that the Zn carried 
with the incoming water accumulates in the soil layer. Thus, the soil concentration 
(PE/C) can be calculated as - 

A MAR C:=C»-7?"?! (man) (3)
I 

where C,,. i_s the concentration of Zn in runoff water (mg/l), A,/A; is the ratio between 
the (im'per'meable) ru_no_f_f‘ area (-),, MAR is the mean annual rainfall (0.5 m/year), d is 
the thickness of the soil layer (0.2 m), p is the bulk density of the soi_l (kg/1) and I is the 
time elapsed (years).

' 

Mean runoff concentrations of Zn from different surface areas are used as input 
to the calculation as illustrated in Figure 4 [13]- The relatively narrow concentration 
limits (0.3-0.5 mg Zn/l) for separate storm sewers in mixed land-use areas is due to the 
large catchment scale [14]. This is reflected in distinct confidence areas for A,/Ar.-5 
and 25. The concentrations vary much more for s'm_aller catchment areas (highways or 
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roofs) making it more difficult to distinguish between soil _pollution loading for 
different values of A,/A,-. It may take anywhere between 10 years and several hundred 
years to reach soil concentrations of 200 mg Zn/kg soil, corresponding to the Swiss 
soil quality criter_ion_. Such calculations are naturally very approximate and apply only 
for substances that strongly accumulate in the surface layers. However. the 
calculations clearly demonstrate the uncertainty related to predicting the mass load in 
planning situations where no measurements of runoff quality are available. This large 
uncenainty implies that exposure models should not be too detailed. 

$°.P3"3‘°d "°.”" “W” Highway runotf Hoof runoff muted [and-use 
‘C, =.0,3-0,5 mg/I C, = 0,1-0,4 mgll C, = 0.1-1.0 mgll 

25

/ 

. 
-9‘ 

.. - . .5- 
___......_— 

100 
1 (years) 

Figure-4. Accumulation of Zn in the top 20 cm of an infiltration swale by a simple massbalance 
approach according to equation (3). The dotted line at C,=200 mg/kg illustrates the Swiss soil 
quality criterion for Zn [6]. 

4.3. OPTIONS FOR ACTION 

When discharging contaminated stormwater runoff there are (only) three options for 
action. 
o Contaminants can be removed at the source, e.g. by controlling the use of building 

materials giving rise to erosion and dissolution of contaminants, or by cleaning 
urban surfaces regularly (street sweeping). 

o Contaminants can be i_r_nni_obili_sed or degraded in stormwater BMPs designed for 
the specific purpose of pollution reduction. v’ 

- Contarriinants can be discharged in the least hamiful manner. 

To analyse these options, models are needed that describe the sources and 
‘fluxes of szormwater contaminants," including their fate duri_ng passage through 
stormwate: BMPs and final disposal in the environment. In addition, risk assessment 
methodologies are zieetied that facilitate comparing scenarios based on different 
BMPs. Model based risk assessment using a probabilistic approach based on equation 
(2) allows for combining risk assessment with traditional cost-benefit analyses [15]. It 
may even help analysing whether it is better from an environmental point of view to



~ discharge stonnwater contaminants to the soil-groundwater system or the surface 
water-sediment sy'sten_1. 

'1 

5._ Conclusions 

The basic challenge for future risk assessment of stormwater contaminants is to ensure 
that the methodologies used account for information about the local context and 
produce information that feeds into local decision making processes. It is essential that 
sound’ SCl*.lIlfi" knowledge about the chemodynanagcs and toxicity of chemical 
substances IS considered to ensure a minimum level of transparency, and learning from 
principles developed for risk assessment of chemical substances best ensures this. 

In the future we will need tools of varying complexity that can be applied on 
various spatial scales by acknowledging that stormwater projects are often small, have 
limited budgets and are dealt with by non-experts in chemical risk assessment. Some 
useful tools would be as follows: 
- an identification list of those stormwater constituents which can be specifically 

classified as contaminants following discharge to surface water, groundwater 
and/or soil;

_ 

o a database of physical/chemical properties of these cont_a_mi_nants, their 
environmerital fate and effects, their predicted no-effect concentrations. when 
available, and their treatability (possible removal in various BMPs); 

o a tool for est'i_mating concentrations of these stormwater contaminants in a site- 
specific context; and 

- a screening tool for identifying in a site—speeific context which storrnwater 
contaminants are critical (priority pollutants) following discharge to surface 
waters, groundwater and/or soils. 
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1. Introduction 

In the l998 National Water Quality Inventory report to Congress, the State of 
Colorado reported that eighty-nine percent of the State’s 171,000 river kilometres and 
ninety-one percent of the 59,000 lake hectares in the State have “good” water quality. 
fully supporting designated uses [1]. Maintenance of this high level of water quality is 
important from th_e standpoints of water supply, protection of aquatic ecosystems, and 
sus_tet_ian_ce of industries that rely on the pristine tenvironntental conditions for which 
Colorado is known. Primary sources of non-point source (NPS) pollution in Colorado 
include agri:ulture, mining, rconstr_uctio_n. and urban runoff, with much of the lake 
iI'npai_r_rn§n_t in the State attributable to the latter two sources [1]. NPS pollutant 
sources from construction and urban runoff have the potential to increase dramatically 
in coming years due to population growth and associated urbanisation; population is 
projected to be nearly two times 1990 levels by 2025 for the Denver metropolitan area 
and for the State as a whole [2]. 

While non-point source discharges are regulated on the Federal level through 
the National Pollutant Discharge Elimination System (NPDES) of the Clean Water Act 
(CWA) and- on the State l_evel through the Colorado Discharge Permit System (CDPS), 
local agencies are taking responsibility for water quality protection through local 
initiat_ives, ordinances, and development requ_i_rements. These local controls typically 
address many issues in :1uding: 

Wetlands protection. 
Preset'*vati'on ofundisturbed buffertzones adjacent to waterbodies and wetlands. 
Stream habitat preservation and restoration. 
Stormwater quality management. 
Land use and zoning restrictions, including the creation of “overlay” districts. 
Source water protection requirements, often related to public water supplies. 
Limitations on the amount of imperviousness created in a Watershed. 
Special erosion and sediment control requirements. 
Threatened, endangered, rare, and sensitive species. 
Preservation of groundwater supplies. 
Minimum streamflow. 
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This paper presents :25: studies of "local initiatives. both in the Denver 
metropolitan area and in the mountain region, to illustrate strategies for controlling 
sources of NP$ pollutants in the rapidly growing urban areas of Colorado as well as 
for minimising impacts from development in sensitive areas. Case studiesinclude 
local ordinances addressing water quality and wetlands protection as‘ well as an 
agreement imposing specific water quality requirements. including nu‘m‘eric limits, on 
storrnwater discharges from residential development. Case studies of local ordinances 
include: 
0 Cherry Creek Reservoir Watershed Stom)" 'a_ter Qual,ityiModel Ordinance [3]. 
0 Town of Silverthome Waterbody, Wetla .; and Riparian Protec .-r Regulations 

l4]- 

In addition to these case studies, the Grant Ranch storrnwater quality 
managementand monitoring program [5] is presented as a case study of a project- 
specific agreement for stcrmwater management and source control to illustrate strict 
water quality protection requirements driven by local concern. 

2, Source Control Ordinances 

2.l CHERRY CREEK RESERVOIR WATERSHED STORMWATER QUALITY 
MODEL ORDINANCE 

. _

. 

The Cherry~C_reel; Reservoir i_s located in the southeastern portion of the Denver 
metropolitan area in Arapahoe County. The reservoir has a surface area of 
approximately 340 hectares and a drainage basin of approximately 1000 square 
ltilometres. The drainage basin is l_argely composed of rapidly urbanising portions of 
Arapahoe and Douglas counties and contains a relatively small portion of El Paso 
County at the headwaters of the creek. Land uses in the drainage basin include 
considerable areas of commercial development, numerous large office parks, and the 
communities of Parker and Franktown. The Cherry Creek Basin is shown in Figure l. 
The mean depth of the reservoir is approximately 3 metres with a maximum depth of 60 
metres "in the vicinity of the outlet works. The Cherry Creek Reservoir is owned and 
operated by the U.S. Army Corps of Engineers and is surrounded by Cherry Creek 
State Park, an approximately 1500 hectare multi-use recreational area. Originally, the 
Cherry Creel: Reservoir was constructed for floodcontrol purposes in 1950; however, 
once the reservoir was filled, the potential for multiple uses became evident [6]. 

Classified uses of the reservoir include [7]-: 
o Aquatic Life 1 - Warm waters that (I) currently are capable of sustaining a wide 

variety of warm water biota, including sensitive species, or (2) could sustain such 
biota but for correctable water quality conditions. Waters shall be considered 
capable of sustaining such biota where physical habitat. water flows or levels, and 
water quality conditions result in no substantial impairment of the abundance and 
diversity of specifies [8]; '



0 Recreation 1 - waters that are suitable or intended to become suitable for 
recreational activities in or on the water when the ingestion of small quantities of 
water is likely to occur. Such waters include but are not limited to those used for 
swimming, rafting, kayaking and water-skiing [8]. 

0 Agriculture - waters that are suitable or intended to become suitable for irrigation 
of crops usually" grown in Colorado and which are not hazardous as drinking 
water for livestock [8]. 

0 Water" Supply - waters that are suitable or intended to become suitable for potable 
water supplies. A let ’r'ece_'iving standard treatment (defined as coagulation, 
floccu_l_at_ion, ..;di‘ zeutation, kfiltration, and disinfection \ 'i_th chlorine or its 
equivalent‘ these waters will. meet Colorado dn'nki' g water regulations and any 
revisions, amendments, or supplements thereto [8’,. 

The 1982 Clean Lakes Study identified potential for negative impacts to the 
reservoir’s beneficial uses from eutrophication. Assessments of the reservoir’s trophic 
state from 1992 through 1996 using‘Carlson's Trophic State Index (TS!) based on 
mean values of Secchi depth, ch_lorophyll a, and total phosphorus from April through 
October indicated that the reservoir was eutropliic [6]. As a result, phosphorus is a 
pollutant of primary concern in the Cherry Creek Basin. 

The Cherry Creek Basin Water Quality Authority (“Authority"), a quasi~ 
munichipal corporation and political sub-division of the State established under the 
statutory authority of the state, is responsible for water quality in the Cherry Creek 
Basin. The Cherry Creek Reservoir Watershed Storrnwater Quality Model Ordinance 
(“Model Ordinance") was developed in 1999 by the Authority for the following stated 

_ 

purpose: 
To provide substantive req't(ii'e'meitts to control the quality of stonnwater 
runofi’ III the Cherry Creek Basin from private and public property and to 
reduce the loads of C0lllUl_7l_I.lGl‘llS reaching Cherry Creek and the Cherry 
Creek Reservoir in furtherance of health, safety, and general welfare in the 
Cherry Creek Basin. This mod/el ordinance applies to both construction 
and post.-constructiotz development. The recominendedstormwater quality 
Best Ma’n‘age’ntent Practice (BMP) requirements set forth in this model 
ordinance...are necessary to reduce and maintain non-point source 
plzospltorus loads below their load allocation, in accorda,n_ce with Total 
Maximum Daily Load ( "TMDL") set forth in the Cherry Creek Control 
Regulati_on...and the water quality requirements delitteated in the Cherry 
Creek Basin Water Qualihty Master Plan...
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The Model Ozdinance seeks to control NPS pollution in_ the basirr through 
regulation of land disturbing activities and requires that municipalities, counties, and 
other goxvernmental entities with jurisdiction over land use in the basin adopt the BMPs and policies set forth in the -Model Ordinance. The Model ordinance requires 
adoption of temporary (construction) and permanent BMPs for land disturbances ' 

including grading, cutting and filling, b,uildi'ng, paving, and other anthropogenic 
activities that change the natural cover or topography of the land surface. Under the 
Model Ordinance, the owner of a development project is required to submit an 
application and receive approval for ,2‘ .y land disturbing activities. The owner must 
prepare a site-specific plan for stc-~.r :water quality cont: ll, meeting the BMP 
requirements specified in the Ztlodel Ordinance. The Model Ordinance specifies 
requirements for construction BMPs and pennanent BMPs and additionally cont2".ts 
specific re_qu_ire,ments for industrial and agricultural activities and land disturbances 
occurring in stream preservation areas, Stream preservation areas include the 
reservoir. Cherry Creek State Park. drainage and discharge to the park within 30 
metres of the park boundairy, lands within the 100-year flood plain of Cherry Creek. 
and land overlying the Cherry Creek alluvium, 

Individual home construction is exempted from the application and approval 
requirements of the Model Ordinance provided that the land disturbance is less than 
0.4 hectares. the home is not a pan of a larger development by the same owner, and 
sediment entrapment BMPs including silt fence, filter strips, sediment bas_in_s, and/or 
straw bale barriers are implemented on-site. 

A major component of the ordinance is the requirement of a Construction BMP 
(CBMP) Plan. The CBMP Plan must include: 
0 A narrative description of the construction project. 
0 Construction schedule, including implementation of BMPs. 
0 Detailed descriptions and locations of BMPs and justification that planned BMPs 

will satisfy Model Ordinance.criteria. 
0 Site map and drawings showing the area of disturbance; existing and proposed 

topography; areas of excavation, grading. and fill; and locations of proposed 
BMPs. 

0 Charaztcrisation of site geology and soils. 
0 Inspection and maintenance procedures, including access consi_dera_t_ion_s and site- 

specific inspection log. Inspection is required after installation of any 
construction BMPs, after any runoff event causing erosion, and at least once a 
month. Inspections must be documented, and inspection logs must be rnaintained 
on-site. 

Land disturbing activities are to be accomplished in a way that satisfies 
requirements of six categories of pre- and during-construction BMPs specified in the 
Model Ortiinance-.; Pre-construction BMPs must be implemented before any land 
disturbing activities begin, while during-construction BMPs for disturbed areas must 
be intplemsnted within 14 days of soil disturbance; Categories of BMPs that must be 
included in the CBMP Plan include:

8§



Category 1: Phasing of Construction (pre-constructior-\ - construction activities 
must be scheduled to minimise the amount of soil that is exposed at a given time, 
and areas of disturbance larger than 40 acres may not remain exposed for longer 
than 30 days. 
Category 2: Reduction of Runoff Flows to Non"-erosive Velocities (pre- 
construction) - runoff flows up-gradient of disturbed areas must be diverted 
around disturbed areas, and runoff velocities across disturbed areas must be 
limited to less than 0.6 metres per second (non-erosive velocity) over bare areas. 
BMPs include swales, diversion dikes, terracing and contouring, slope drains, 
and/or check dams. . 

Category 3: Protection of Drainageways from Erosion and Set‘ .uent Damages 
(pre-construction) ~ to prevent sediment from disturbed a;.-as from entering 
drainageways and to keep runoff flows from eroding drainageways, BMPs 
including waterway crossing protection, inlet protection. outlet protection, and/or 
temporary diversions rnustbe applied. 
Category 4: On-site Retention of Sediment (pre-construction) - sediment 
entrapment measures including silt fence, filter strips, sediment basins, and/or 
straw bale barriers are required to prevent accelerated soil erosion. impede 
sediment movement, and reduce off—site transport of sediment. Vehicle tracking 
control must also be provided, including plans for daily maintenance. 
Category 5: Stabilisation of Exposed Soils (during-construction) - ‘areas that will 
remain exposed and/or inactive for more than fourteen days must be stabilised by 
mulching; seeding; tackifer application; use of erosion control mats, blankets, and 
nets; and/or surface toughening, 
Category 6: Revegetation of Disturbed Areas (during-con_s_tru_ct_ion) - temporary 
and permanent revegetation of disturbed areas are required within 14 days of 
temporary or permanent cessation of construction. Temporary revegetation is 

required for areas that will be exposed during any growing season prior to 
completion of construction, and pennanent revegetation is required for disturbed 
areas that will be exposed for two-or more years or indefinitely. 

In addition to a CBMP Plan, the Model Ordinance requires the development of 
a Permanent BMP (PBMP) Plan to be submitted in two phases: (1) a prelirninagy 
phase defining the nature of the development and proposed Permanent BMPs and (2) a 
final phase providing more in-depth discussion of concepts identified in the 
preliminary PBMP Plan and design details for BMPs. Requirements of the PBMP 
Plan include: 

Narrative description of development project and map showing location of 
proposed development.

K 

Map showing drainage area; area of disturbance; existing and. proposed 
' 

topography; areas of excavation, grading, and fill; and locations of proposed 
BMPs. 
Chara-ttcrisaticn of site geology and soils. 
Discussion of relationship to regional and basin drainage and stormwater quality 

. plans.



9 Detailed description, design c’ri§‘en'a, location, and operation and maintenance 
requirements for BMPs including description of how BMPs satisfy water quality 
capture volume (WQCV), pollutant removal, and maintenance requirements of the 

_ 
Model Ordinance. . 

Schematics of proposed BMPs (preliminary PBMP Plan). 
0 - Maintenance and inspection protocols for BMPs and commitments for 

maintenance from responsible agencies/owners, including dedication of any 
necessary easements for rnaint_enance access. 

0 Detailed design drawings including size,- location, specifications, and technical 
details for all permanent BMPs (final PBMP Plan‘, ' 

0 Schedule for construction and operation of ‘.MPs (final PBMP Plan). 
Pcnnanent BMPs are required to provide a WQCV designed to capture and 

treat the 80"‘ percentile runoff event in accordance with the Denver Urban Dra_i_nage 
and'Flood Control District’s Drainage Criteria Manual, Volume III [9]. BMPs in the 
model ordinance consist of detention measures including:

_ 0 Extended dry ponds - 40-hour drain time for WQCV with additional 20% of WQCV provided for sedime_nt accumulation. 
Wet ponds - 12-hour drain time for WQCV. 
Constructed wetlands basins - 24-hour drain time for WQCV. 
Porous pavement detention - 6-hour drain time for WQCV plus 2-inch surcharge 
storage volume for WQCV from adjacent areas. 

0 Porous landscape detention - 12-hour drain time for WQCV with additional 20% 
of WQCV provided for sediment accumulation. 

0 Sand filer detention - 40-hour drain time for WQCV. 
The use of BMPs in combination is encouraged, as is the use of regional 

facilities serving multiple development projects. Recom'me;.:led combinations of BMPs include the use of detention measures (described above) in conjunction with 
wetla_n_d channels and grass swales. Design depth requirements for channels are 
dictated by the iW0—.yCal' runoff event and the degree of detention provided by the 
channel varies from 6- to 12-hours depending on the detention provided up-gradient of 
the channel. 

.\ 

liile the Model Ordinance contains provisions that are, in many respects, 
congruous with requiremeiits for a vstonnwater discharge permit under the State’s CDPS system, the Cherry Creek Basin Model Ordinance provides a more refined level 
of regulation for several reasons. The Model Ordinance regulates a wider spectrum of 
development projects by excepting only individual home construction projects 
disturbing less than 0.4 hectares. CDPS stormwater perrrtits are currently required for 
land disturbin g activities disturbing 2 or more hectares (under Phase II of NPDES, this 
threshold w-All be lowered to 0.4 hectares, but development projects‘ below this 
threshold will not require a permit). In addition, the Model Ordinance provides a 
greater degree of regulation by requiring review of CBMP Plans. A CDPS stonnwater 
permit requires development and implementation of a Stormwater Management Plan 
(SWMP); however, there is no proces_s for review. Finally, the Model Ordinance 
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provides a greater level of detail than regulations on the State level by specifying 
design criteria for BMPs_. 

2.2 TOWN OF SILVERTHORNE WATERBODY. WETLAND AND RIPARIAN 
PROTECT ION REGULATIONS 

The Town of Silverthome is located in Summit County, Colorado at an altitude of 
approximately 9,000 feet. The Town is experiencing rapid growth—population has 
nearly doubled since 1990, and the prevalence of second homes and vacation rentals in 
this resort community results in considerable construction activity in the Town. There 
are many wetlands and streams within Town boundaries, including “gold me ” tro". 
water‘(the Blue River) running through the centre of the Town. 

g _ b 

Although Section 404 of‘ the CWA regulates dredging and filling of waters of 
the United States, including wetlands, the Town Council concluded that the Federal 
wetland permitting program did not provide adequate protection for local wetlands, 
lakes, and streams, primarily because the Section 404 regulations did not directly 
address the need for buffer zones-—-setbacks from the edges of wetlands and 
waterbodjes. As a result of the local desire for a high_er level of wetland and 
waterbody protection and provision of buffer zones, the Town of Silverthorne enacted 

_ 

Waterbody, Wetland and Riparian Protection Regulations, Ordinance 1999-1 [4] in 
l999.

, 

The intent of these regulations is: 
to protect tlte vital beneficial fitnctions and values of wetlands and water 

areas within Silt-erthorne. This- is to be accomplished by requiring that a 
permit be obtained for development activities in wetlands and water areas, 
and a_ssocia_ted buffer areas, a_n_d that, as a part of this pennitting process, 
the Town will re-.-‘iew disturbance permits and mitigation plans. A critical 
element of this process is the determination of the buffer area boundary, 
which will 1'ar_vfrom 25 feet /7.6 metres] to 125 feet [38 metres] depending 
upon the presence of site-specific features-and the use of best management 
practices. It is intended that the buffer width will equal what is necessary to 
protect the wetlands and water areas front significant adverse impact" 
arising forin activities within the -bufler and that applicants will be 
encouraged to reduce the width of the buffer through appropriate best 
managcmeirt prrtcttces. It is anticipated that where an applicant includes 
best mnnagentent praaices, the width of the b'ufi"e'r will be decreased below 
the r7ta.\‘_lmlt_l7t;. and that where these practices will fully mitigate the impact 
of development within the ma.\'imum bufler upon the wetlands or water area, 
the bufler will be reduced to the minimum of 25 feet (7.6 metres]. 

Since the Silverthonte regulations specify a buffer between areas of 
development and wetlands, waterbodies, and riparian areas that can vary in width from 
7.6‘ metres to 38 metres, determining the required width of the outer buffer zone for a 
specific development project is critical. To accomplish this, the Silverthorne 
regulations identify twelve criteria for detertnination of the width of the variable-width 
buffer zone. These criteria account for well-documented functions of 
wetland/waterbody buffer zones including redu_ction of sediment and other pollutant
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loads to wetlands and waterbodies, attenuation of ruaoff rates and volumes, provision 
of wildlife habitat and diversity of vegetation, groundwater recharge, and soil 
stabilisation. Where BMPs are utilised, the width of the outer buffer may be reduced. 
To determine the width of the outer buffer zone,- the following twelvecriteria are 
applied [411 

0 Riparian Area Boundaries - the outer buffer zone must be coincident with the 
outermost boundary of riparian areas. 

0 Threatened and Endangered Species - the outer buffer zone will '>e established at 
least 7.6 metres to 30 metres from the outemtost boundary of oci ;r>ied functional- 

. _ ,.habitat for plant and animal species listed by the State or uederal government as 
threatened or endangered. 

0 Wildlife Mitigation Corridor — in areas where there is a demonstrated wildlife 
migration corridor (as identified by the Colorado Division of Wildlife) an‘ outer 
buffer zone of 7.6 metres to 30 metres will be required, 
Fens -where fens are present, an outer buffer of 30 metres will be required. 

0 I00-year Flood Plain - the outer buffer boundary must be coincident with the 
outermost boundary of the 100-year flood plain. ' 

6 Steep Slopes « where there is a slope of 20 percent or more within 38 metres of 
and draining to wetlands or waterbodies, an outer buffer width of 30 metres will 
be required, where there is a slope of 30 percent or more with a vertical height 
that exceeds 3 metres within 38 ‘metres of and draining to wetlands or 
waterbodies, an outer buffer width will be coincident with the area of the slope 
within 38 metres of the wetland or waterbody. ' 

0 Erodible Soil_s - where there are soils with a Natural Resource Conservation 
Service (NRCS) “k" factor of 0.25 or greater, the outer buffer zone must be 
coincident with the area of such soils wi_t_h_in'38 metres of the wetland or water 
body. - 

- Un_stabl_e Stream Banks - the outer buffer zone must be at least 7.6 metres when 
horizontal or vertical degradation of stream banks exceeds natural levels. 

0 Hazardous Mat_en‘_als — a minimum outer buffer’ of 30 metres is required when 
proposed use of property presents a special hazard to water quality resulting from 
storage, handling. or use of hazardous or toxic materials, chemical fertilisers, or 
pesticides (residential uses are excepted). 

0 Stormwater Penfnit‘ - when the proposed land use of the property requires a 
commercial or industrial CDPS per'rr_ti_t-, a minimum outer buffer of 30 metres is 
required,

V 

0 impervious Area - an outer buffer of 30 metres is required when any one-acre area 
within the potential buffer area will have an imperviousness of 40 percent or 
more. 

0 Poor "Vegetative Cover - an outer buffer of 15 metres is required if vegetative 
* cover is less than 30 percent for any O.5—ac're.area within 38 metres of a waterbody 

or wetland area. 

These twelve criteria provide a sound technical basis for the ordinance and are 
fundamental to its success. Another strength of the ordinance is the fact that the Town



solicited, considered. and integrated comments from the development community in 
developing the" ordinance. 

From a practical standpoint, the ordinance has had a significant impact on 
planning of development projects, the design and review process, and construction 
pra_ct_ices in the Town. The 3-Peaks Golf Course/single family residential 
development project in the Town serves as a good example of application of the 
ordinance. The 235—hectare development consists of an 18-hole championship golf 
course, clubhouse, and associa_ted‘cou_rse maintenance facilities and 397 residential 
units. There are many "/etlands on the site located as pockets spread over the 
dt v. lopment parcel. Development of the parcel is further constrai_ned by steep slopes 
"in many aseas. To-date, the developer has prepared three detailed Disturbance Permit 
Applications (DPAs) to demonstrate compliance of project phases with Ordinance 
I999-1;. These DPAs have included lot-by-lot assessments of potential adverse 
impacts to buffer zones and adjacent wetlands and waterbodies and have provided 
detailed mitigation measures and BMPs to reduce the width of the variable outer 
buffer. Planned individual building pads, driveways, roads, and other lot and 
infrastructure features have been moved or otherwise altered to protect buffer zones 
and/or compensate for impacted buffer zone functions. Through careful planning, the 
total area of wetland disturbance for the 235-hectare site is less than 0.25 hectares,

' 

which will be compensated for by mitigation at a 2:1 ratio. The developer has 
frequently met with Town staff in the field to discuss compatibility of the proposed 
development with the requ'ireme‘nt's of the ordinance. 

3. Grant Ranch Stormwater Agreement 

The Grant Ranch development is a large si_ngle—family residential development in the 
westem Denver metropolitan area in Littleton, Colorado. A portion of the Grant 
Ranch development falls within the watershed of the "Bow Mar Reservoir. The Bow 
Mar Reservoir is owned by the community of Bow Mar, a relatively affluent 
municipality of approximately 900, which utilises the reservoir for swimming, fishing, 
boating, and other beneficial uses. Classified uses of the reservoir include [7]: 
' Aquatic Life 1, Warm 
' Recreation 1 
I Agriculture 

The portion of the Grant Ranch development proposed within the Bow Mar 
Reservoir watershed included approximately 200 homes. This proposal raised 
concerns among the residents of Bow Mar as to the potential for adverse impacts to 
Bow Mar Reservoir from runoff from the residential development. These concerns 
were addressed in negotiations between the developer and the'Bow Mar Homeowners, 
which culminated in a March 1997 Stormwater Agreement [5]. The Stoxmwater 
Agreement required the developer and the metropolitan district serving the Grant 
Ranch to maintain advanced erosion and sediment controls during con_struction and to 
implement permanent structural and non-structural BMPs following the completion of 
constructicn. -
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Numeric criteria were established to gauge compliance with the terms of the 
agreement» for both construction and post-construction, phases of the development. 
During construction, the developer was required to meet a total settleable solids 
discharge limit of 2.5 mg/I./hr. Post-‘construction discharge limitations were more 
extensive, addressing parameters including: 

Phosphorus - Total Phosphorus and Dissolved Orthophosphate 
Nitrogen — Total Nitrogen, Nitrate, and Nitrite

' 

Chemical Oxygen Demand 
Total Sus_pe_nded Solids 
Fecal Colifor. ' 

Chloride 
Total Recoverable Cadmium, Chromium VI, Copper, Lead, Manganese, and Zinc 
Oil and Grease 
Ethyl Benzene 
Toluene 
Glyphosate 
Malathion 

Numeric criteria were set based on atnumber of factors including established 
State and Federal water quality standards [7,8,lO], performance studies of similar 
treatment systems in the Denver metropolitan area [1 1]. and values from the national 
literature. Where existing technical guidance was not sufficient for establishment of 
numeric criteria for a parameter, the agreement provided for establishment of criteria 
based on water quality data collected during the initial years of monitoring of the 
system. - 

The criteria for these parameters are required to be met under both dry and wet 
weather conditions, and compliance is assessed based on a total of eight sampling 
events, two wet events and two dry events during the periods of March to May and 
June to September, respectively. Wet weather events that are used to gauge 
compliance with the agreement correspond to the more frequently occurring, runoff 
producing stonns with rainfall between 2.5 and l2.7 millimetres. Fully automated 
sampling stations, equipped with modems, raingauges, and automatic sample 
collection and flow measurement equipment, have been established at the site to 
collect the samples necessary to assure compliance with the agreement. 

To meet the during-construction discharge limitation of 2.5 mg/L/hr for 
settleable solids, the developer utilised BMPs including: 
0 Three large sedimentation basins. 
0 Conventional erosion and sediment control measures including straw bales, silt 

fence, and inlet protection. 
0 Source control construction practices including "Good Housekeeping’’ measures. 

A_n innovatix"e system by which treated runoff from the sedimentation basins was pumped to the top cf a meadow and released to flow as sheet flow through the 
meadow. This treatment system provided treatment through infiltration of 
stormwater and filtration of sediments as the sheet flow passed through the meadow.

.

\ 
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The perfafmance of the treatment system during construction’ was excellent, 

with only one incident of non-compliance with the numeric limit, which corresponded 
to a storm event with a frequency of approx»ima_tely one in twenty"-five years. The 
constructian phase of the project ended in the fall of 1999. 

To meet the strict criteria for post-development conditions, the developer 
utilised a combination of structural and non-structural BMPs. The developer and 
design engineer opted to utilise BMPs in series, with initial treatment provided by 
three extended dry detention ponds followed by secondary treatinent in a 
wetland/water quality pond. A 5 if n view of this treatnvnt system is shown in Figure 
2. A design storm COl'l’P.3JO[lC-ling to the 80"’ percentile annual event was used to 
deterrninne the WQCV. Extended dry detention basins were designed to drain the 
WQCV over a 40-hour period and the wetland/water quality pond had a design 
residence time of 24 hours. resulting in a 64-hour residence time for the system for the 
WQCV. The Storrnwater Agreement included a commitment from the metropolitan 
district serving Grant Ranch and the Grant Ranch Homeowners to maintain these 
BMPs. Nonstructural BMPs specified i_n the agreement include collection and 
disposal of lawn clippings; restrictions on the use, storage, and disposal of h'erbicide‘s 
and pesticides; limits on the use of sand, salt, and other dc-icing agents for snow and 
ice control in the winter: and vegetation management practices,

~ l‘°.’.{° 
3:V.VtET'-ANDNVFTEB. 
OUAUTV POND 

Figure 2. Permanent BMP Treatment System for Grant Ranch



4. Conclusion 

Local regulations and agreements for protection of water quality and control of NPS 
pnllution are becoming increasingly common. These ordinances and agreements are, 
i_n effect, forms of non-structural BMPs designed to prevent and ‘reduce pollution and 
protect water quality through creation of processes for ‘planning and review, 
establishment of requirements for structural and non-stnictural BMPS, and provision of 
mechanisms for assuring compliance. 
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GIS-SUPPORTED STORMWATER s_ouRcE coNT_ItoL , IMPLEMENTATION AND URBAN FLOOD RISK MITIGATION 

C. MAKROPOULOS, D. BUTLER &' C. MAKSIMOVIC 
Impe‘r'iaI College of Science, Technology & Medicine, 
Department of Civil & En'vt'r'onmemaI Ertgineering, 
London, SW7 ZBU, UK. 

1. Introduction 

The natural response of a catchment, characterised by infi:ltr'ation_, evaporation, 
attenuation, surface storage and reduced runoff [1], is altered by the urbanisation 
process. The construction of buildings, roads, and pavements increases the 
impermeability of the catchment and thus the volume of water leaked into the subsoil 
is significantly reduced. Furthermore, the changes in land use involve loss of 
vegeta_tior_i, which consequently blocks the evapotranspiration mechanism of 
storm‘w‘ater' reduction. The cl_a_ssic “end-of-pipe" approach to these problems, which is 
characterised by im‘p'r'o\'eme'n‘t in the capacities of streams and drainage ditches. 
actually increases the velocity of flow. This reduction of the catchment response time 
consequently increases the maximum rate of ‘flow discharging to the drainage system 
and finally increases the frequency of significant floods [2]. An alternative to this 
approach is source control promoti_ng storrnwater reuse and application (waste 
minimisation, reuse, recycle). Researchers dealing with stormwater drainage and flood 

- risk management have been increasingly interested in source control [1, -3, 4], being in 
accordance with the basic concepts of sustainable, drainage as described by Butler and 
Parkinson [5]-, aiming at rn_i_nim_ising the amount of runoff by infiltration for aquifer 
recharge, utilising the natural (or already existing) pathways of the catchment for 
stormwater drainage and reducing risk of flooding using non structural means where 
possible as the latter hate proved to be at best partial solutions. This can be achieved 
by a reduction in rainfall runoff volume (infiltration techniques) as well as by an 
increase of time to peak (grass swales, which slow down runoff). 

In the mrilti-criteria problem of source control application, the need for 
efficicnt tools, which can facilitate the process of taking into account an ever- 
i’nc'rea.’sing; amount of i_nfor_mation, understanding the proce'ss‘es involved and 
quantifying the results of the analysi_s, is crucial. Geographical Information Systems 
(GIS) and Advanced Simulation Models can be of great help in this aspect, not only 
with their ability .0 handle a large amount of information for a given area, but also by 
predicting the possible effect of various mitigation schemes as well as presenting the 
results in a readable form. This in turn allows the establishment of a “common 
language of cornrnunication” between municipal authorities, professionals and water



user associations [6]. The fact that experience shows that there is no general way of 
implementing such solutions‘ and therefore a site-specific implementation is needed, 
makes the role of GIS and Simulation Models all the more cruci_al. Although source 
control application can have a significant sirnpact on flood risk, the effect is neither 
easily quantifiable, nor easily observed in its true, spatially distributed nature. The 
actual problem Planners and Local Authorities have to solve is be able to quantify the 
effect of a site specific implementation of a source control scheme with its spatial 
variability and identify improvement or deterioration in each part of the application 
area. This study illustrates a method to solve this problem, using GIS (IDRISI-GIS) to 
identify application areas, a drainage model (MOUSE 4.0) to predict changes of flow 
in the drainage system and GIS again as a result presentation tool. 

2. IDRISI - GIS 

IDRISI version 2 for Windows, which was used as the principal GIS software in this 
study, is a user—fn'endly. easy to use, raster—based system, which provides the user with 
a variety of tools for presentation. data analysis and decision support. IDRISI includes 
a number of built-in functions for the rn_anipu_|ation of spatial information, a detailed 
description of which can be found in IDRISI User’s Guide [7]. A number of these’ 
functions (modules) was utilized in this study, ranging from simple ones like/ - 

ASSIGN. EXTRACT , RECLASS, to more complex ones like the Image‘ Calculator 
and the FUZZY and Mult_i-Criteria Evaluation (MCE) modules. 

3. MOUSE Drainage Simulation Model 
MOUSE divides the dra_inage system in two parts: the catchment and the network [8, ' 

9, 10]. As input, MOUSE requires data of the physical properties of the system and of 
the boundary conditions. The modelled area is divided into a number of sub- 
catchments and each sub-catchment is attached to a node of the network. The physical 
and hydrological properties of each sub—catchment are entered according to the 
particular runoff model used. Two surface models are available for runoff simulation: 
the time area method‘ and the kinematic wave method. The kinematic wave method. 
which was used for this study, uses Manning's equation and calculates losses due to 
evaporation, wetting-, storage, and in_fi,1tr_at;ion (Horton’s equatiovn). The pipe flow 
model can simulate unsteady flow with both free surfaceyand pressurized flow 
conditions. It is based on a finite difference numerical solution of the one dimensional, 
free surface flow equations (Saint-Venant). Vertically homogeneous flow conditions 
are assum_er_i_ and the network is solved for open channels as well as pipes._ Flow 
features such as backwater effects and surcharges can also be simulated, Pre_s_s_urized 
pipes are calculated as free surface using a narrow (Preisstnan) slot as a vertical 
extension to the7 pipe cross section. It is to be noted that MOUSE 4.0 hasda serious 
disadvantage when dealing with open channels instead of buried pipes. The simulation 
part as well as the tools developed for buried pipes (i.e. flood computation) cannot 
really cope with the (more complex) problems of open pipes and a number of
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interventions from the user have to be made in order to arrive at acceptable resul_ts_ (i_.e. 
raising the height of the channels that flood, to take into account the additi_onal cross- 
section of the street). In addition. source control application is not incorporated in this 
version of the model and must be applied by changing the pervious/impervious ratio 
and the infiltration properties of the catchment. which is a simplification of the n_atu_r_a_l 
phenomenon. ' 

4. Description of the Case Study Area 

Novi Sad is a medium sized city to the north of Belgrade and is characterized, as many 
other central European _cit_i_e_s by non-uniforrn urban development, evidence of 
different phases of construction. Th_e river Danube separates the old city from the new 
city and on the outskirts of the new city exists a large peri-urban area, characterized by 
uncontrolled urbanization and industrial "activities. The catchment has one of the 
oldest drainage networks in the Balkans. Most of the area underwent uncontrolled 
urbanization without proper infrastructure development, which resulted in increased 
runoff. flooding and inconvenience to the inhabitants. This has resulted in calls for 
rehabilitation of the network, with the public pressing for installation of buried pipes 
as this option is considered more modern and efficient. However, the buried pipes 
option is both expensive and increases peak flows and decreases tirne to peak, thus 
overloading the local receiving water bodies. The current study, as well as previous 
ones [1 1], shows that the sustainable drainage option would be to rehabilitate the 
existing drai_na_ge ditches by imposing detention in the channels, increasing 
infiltration (source control) and enhancing stormwater quality with the use of 
constructed wetlands. Due to insuft'iciency of actual data. infonnation that was not 
known for the case study catchment" (groundwater level, soil characteristics, 
connectivity and income) was hypothesized and used for further assessment. 

5. Application 

5.1. PRE-PROCESSING 

Field data were introduced into the geographical database; these include groundwater 
depth, topsoil type, slope, vegetation, land use, distance from outlet and inhabitants 
income. Fuzzy logic provided a standardisation procedure through the application of 
appropriate nternburship functions. The standardised output of the initial step in GIS 
layers was introduced in the IDRISI multi-criteria analysis module (MCA) and the 
output suitability map was obtained using an ordered weighted average technique (OWA) [7. I2]. Mapping of source control suitability is discussed in more detail 
elsewhere [I3]. A specific se_t of source control methods, known as “infiltration 
techniques", including infi_ltra_t_ion, percolation beds and grass swales [14], was 
selected, as an example, to further investigate the impact of the proposed source 
control application on the catchment by means of simulation. W 
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To identify the exact sub-catchments where source control (in this case 
infiltration techniques) would be more applicable, the infiltration technique suitability 
map (Figure 1) was used together with the sub-catchments layer. The EXTRACT 
module was applied to compute a mean suitability value for each sub-catchment‘, The 
outcome was a value file that was then ASSIGNED to the sub-catchment layer, The 
new layer was thresholded (accepted areas for application had suitability ratings over 
2301255) and the RECLASS .function was utilized to create a Boolean image 

. identifying the application zone. The result obtained can be seen in Figure 2. The area 
for the application was calculated to be 159.2 ha (total catchment area 644.] ha) or 
z. ,out 25% of the catchment. The Boolean image containing the application map was 
then convened from GIS image format to bitmap format and the resulting file 

imported to MOUSE. It was used as a background image to the network using the 
correct co-ordinates and the sub-catchments in question were selected using the 
polygon selection facility provided in MOUSE 4.0. 

Figure 1. Infiltration techniques suitability map and Figure 2. Final area of infiltration techniques’ 
de‘ineat'ed st:h—catchm:nts. application (shaded). over the digital elevation 

model. 

‘ The suitability maps were derived as a continuum. thus each pixel had its own suitability value_.__'l'o be able 
to select one nalue per sub-catchment. a summary statistic (mean. median etc) had to be used. lDRlSl GIS 
enables such an agg_rega_t_ion analysis to be pe_rfor_med_._ 
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5.2. INPUT TO MOUSE 
The next step was to alter the sub-catchment characteristics to take ihto account source 
control application and in particular infiltration techniques. At this stage, four possible 
methods were identified (taking into account the capabilities of the model). 
1. Change the impervious areas of the selected sub-catchments to perviousz. 

~2. Subtract a pre-calculated _arn_oun_t of rainfall (to take infiltration and surface 
storage into account) and then apply the rest on the selected sub-catchrnentsa, 
while applying all of the rainfall to the rest of the catchment. 

3. Exclude the selected catchments from the simulation altogether‘. 
4. lncreas'e the value of infiltration parameters (i.e. Horton's f), to take into account 

the increase in infiltration capabilities of a soil when structures s_uch as infiltration 
blankets etc. are used. 

For the purposes of this particiular study, it was decided that the change of the 
impervious areas of the selected catchments to pervious would take into account the 
effect of infiltration techniques (i.e. disconnection of roofs and redirect_io_n of runoff 
from impervious areas onto pervious). The fact that, in reality, the total pervious area 

' remains the same, i.e. r'a’infa1_l should be applied to the whole sub-catchment while 
infiltration should occur only to the originally pervious part, can to some extent be 
balanced by the fact that infiltration techniques would actually improve the infiltration 
capabilities of the soil, a factor that is not taken into account here. The fact remains 
that the results shown here should be viewed as somewhat optimistic and a modelling 
approach better incorporating source control would cenainly be of interest for future 
research. 

5.3. THE RAINFALL DATABASE 
The rainfall database was created based on statistical a_n_a_lysi_s of‘ a historical rainfall 
for the specific catchment. The charts were obtained from previous research [11] on 
the case-study area, and can be seen in Figures 3 and 4. 

2 The physicanl meaning of such an approach can. for instance. be the disconnection of roof downpipes, 
allowing the water to pass over a pervious area and be partially infiltrated. Even though the roof is still 
impenious. as far as runoff is concerned it then behaves as pervious. 

’ The sub-catchments where source control is to be implemented 
‘ The physical meaning of such an approach is that all rainfall is considered to have ir_tfiltrated_. This 

presupposes that there is enough storage capacity in the infiltration or detention structures not to allow 
any*runof_f.

it
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Two rainfall events were applied to the catchment with and without infiltration 
techniques, thus creating four groups of results. The first rainfall had a 2-year return 
period and the second 10 years. In both cases, the duration was, as an example, 30 min 
and the shape hyetograph probability was 90%.

’ 

6. Network 

The catchment itself consists of 953 sub-catchments and an equal number of nodes 
plus two outlets, which are linked together with 957 conduits. The majority of the - 

conduits are open channels, but there/are also a number of buried pipes wherever the 
channels are crossed over by the traffic network. The channels are trapezoidal with 
dimensions5 ranging from 10 cm X 10 cm to 150 cm X 150 cm. Diameters for the 
pipes range from 300 mm to lO00 mm. The large variety of materials and types of 
"channels used, the design of the network subject to changes and additions over the 
years, as well as the changes in slopes, result in complex hydraulic phenomena 
(backwater effects and differences in patterns between maximum water levels, times 
to peak and discharges). The analysis of these phenomena — although interesting from 
an engineering point of view — is beyond the scope of the present study but has been 
studied in detail in [11] without source control simulation. There were, however, 
hydraulic phenomena that had to be dealt with in the course of the siintilation: 
MOUSE 4.0 (and all the previous versions) cannot cope with overflowing channels 
and negative slopes. In order to overcome this difficulty the original network was 
slightly modified in two ways. 

The sidewalls of channels that overflowed (typically those upstream with 
dimensions of 10 X 10 or 30 X 30 cm) were artificially raised to the necessary height. 
This takes into account the fact that the cross-section has been reduced over the years 
from its original size due to soil deposits. This also takes into account the additional 
cross section (the road) used if the channel floods. Even if ‘the sidewalls of the channel 
are overtopped this doesn't automatically imply that a flood occurs. Only if ground 
level is reached will the flood occur. It is thus difficult to identify the areas that are 

5 Their original size was sigrtiticantly l_ai:ger‘bu_t the channels were silted due to lack of proper 
maintenance.
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flooded aftei the simulation ends, because version 4.0 of the model does not provide 
such a function. 

To obtain simpler behaviour of the system from a hydraulics point of view. an 
outlet was added to the system where an older outlet (now out of use) was previously 
situated. The reasons‘ leading to the closing of the outlet in practice were relevant to 
urban planning decisions in the area and had nothing to do with the methodology for 
source control application created here, -

\ 

7. Fimulatiori 

Each rainfall event selected for simulation was applied to the catchment with and 
without source control application resulting in four sets of data. Two simulation 
models ‘were’ used to derive each set. The runoff model (kinematics flow 
approximation). was initially used to produce hydrographs, which in turn acted as 
input to the nodes for the network flow model. The simulation time for the runoff 
model was l h and for the pip_e flow model 2 h. MOUSE 4.0, with _the help of two 
additional programs, MOUSE‘ View and MOUSE Print, facilitates the presentation of 
results of a single simulation. In order to visualise the spatial change in maximum 
water levels and discharge after the application of source control, the output water 
levels in channels and discharges were imported to EXCEL. An indicator of change 
was calculated for ma'xin1um_ water level (I-lmax_) in the particular channel: 

H‘ maxnn_source_controlf- max‘ 
H max n_o_sou_r_ce-control 

and another for maximum discharge (Qmax): 

_no_.murrr_ranmzI 
_ Q max :auir'r_tib}tiraI 

A 

Q max no _ .raurre_conrroI 

The results were then exported to IDRISI as value files and the INTERPOL 
module used to calculate a surface indicating the reduction in the risk of flooding in 
the area due to source control application. The results of the simulation can be seen in 
Figures 7-10 indicating reduction in maximum discharge and maximum water level 
for rainfall events ‘with 2 and 10 year return periods. 

Figure 11 shows a typical hydrograph of runoff from the catchment to the 
drainage network, both before and after implementation of‘ source control. 

lDl 

A 
sou'rc<_c6ntrol (1)_
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Figure 7. Reduction in maximum w'a1erlgvel for 2 year Figure 8. Reduction in maximum water level for 
rainfall. 10 year rainfall. 
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Figure 9. Reduction in maximum water discharge for‘2 Figure 10. Reduction in maximum water 
year rainfall. discharge for 10 year" rainfall.
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Figure I]. Typical hydrographs pre- and post-source control irnplemen_tation. 

8. Discussion of Results 

The results on inflow volume from the catchment to the drainage system indicate a 
s‘ignifi_cant re'cluct_ion due to applic_ation of infiltration techniques. In the case of the 10 
year storm, the reduction in volur_ne is of the order of 7% while in the case of the 2 
year storm the reduction is of the order of 12.5%. To the extent that the model is 
accurate, the results clearly indicate that the effect. of infiltration techniques is more 
significant in rainfalls of short return period. This was to be expected as infiltration 
structures (trenches etc.) have a given volume of storage and a given rate of 
infiltration that can be attained. lnfiltrathn structures are normally designed for a 
specific return period and pan of the rainfall will become runoff if the return period is 
exceeded or. if the rainfall is repeated and the structure is already part full. A balance 
between the cost of constructing more storage capacityfor the infiltration structures 
and constructing :1 larger drainage network (with all its implications) has to be 
achieved, wherever such techniques are to be irnplernented [15, 16, 17]. 

The fact that source control seems more effective in rainfalls of shorter return 
periods is all the more evident in the IDRISI maps (Figures 7-10). The upper part of 

_ 

the catchment experiences the most significant reduction both in H max and Q max. 
The net effect ranges between a maximum of 40% to 76% in reduction of water levels 
for 10 and 2 year return periods respectively and 60% to 80% in reduction of 
discharges for 10 and 2- year return periods. Because only one method of source 
control was simulated in this study, it would be particularly interesting to see the 
results from the simulation of a’pp.lic'atio'n of other methods in different pans of the 
catchment (in accordance with the relevant suitability maps) that have already been 
calculated during this research), which should result in more pronounced reductions in 
both outlets and particularly the lower one (i.e. application of porous pavements in 

V central areas). 
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The graphs of the inflow hydrographs (e.g. Figure 11) show a considerable 
delay, after source control implementation. in the beginning of runoff and attenuation 
in the peak flow rate. in addition to a reduction in volume,

" 

Decreases in both maximum water -levels and discharges can be viewed as 
indicators of reduction in flood risk for the catchment area. It is evident that there is 
a considerable reduction in flood risk in the parts of the system where source control 
was applied and the parts that are in hydraulic connection with them, The results 
show, as was to be expected. a more pronounced effect of infiltration techniques 
application in urban areas with high original imperviousness as the net effect from the 
change (impervious to pervious) is mu :1 mo‘ ; pronounced tlr n in the cases where 
source control v .. in;-oeuced in ..eas .'ha'. were originally pervious. There seems to 
be a slight nr-_.ative impact in : specific sub—catchment in the middle of the study area. 
It is not possible to explain this without detailed hydraulic analysis of the specific part 
of the network. It can be considered however as an irregularity of the network at this 
particular point rather than an effect of sou_rce control application. This further 
illustrates the point that the GIS-based methodology developed in this study takes into 
account the specific characteristics of the target area, thus serving as a support tool for 
site-specific source control implementation, as well as an assessment of effect that can 
be understood by specialists and non-specialists alike. The fact that a number of 
people that would be involved in a source control implementation and flood risk 
reduction scheme would be non-specialists (i.e. Local Authority workers) makes this 
aspectall the more significant. 

The site—specific source control planning process illustrated above can be used 
funhe/‘r. to take into account quality issues recently associated with source control. 
making efficient use of additional data such as traffic load, roof material etc. to 
support the choice of the proper source control strategy for each part of the system 
[18]. This would help to ensure that infiltration and storage is optimum both from a 
quality and a quantity perspective. 
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PROTOCOLS AND METHODS FOR EVALUATING THE PERFORMANCE OF STORl\ IWATER SOURCE CONTROLS 
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1. Introduction 

Logic suggests that source controls, (defined in this paper as any practice that prevents 
the introduction of pollutants into stormwater runoff), can, in many cases, achieve 
significant improvements in water quality and be more cost-effective than downstream 
treatment of runoff. For example, the detection and elimination of illicit connections 
to a storm drainage system would be expected to result in reduced pollutant discharges 
and would likely be significantly more effective and less costly than downstream 

V 

treatment. 
Assessments of programs and practices that target prevention of‘ the 

introduction of pollutants to storrnwater runoff are of increasingly utility to stormwater 
system managers. Valid and uniform measures of the effectiveness of source control 
measures can provide a key tool for documenting and reporting that stormwater 
programs are achieving or not achieving ‘performance metrics and perhaps provide a 
basis for selecting, configuring, and prioritising amongst the many options for source 
controls as well as treatment controls. These measures can convey useful infomiation 
to inst_i_t_utional managers, regulators, and interest groups. This paper examines 
approaches that have been used by investigators primarily for the assessment of the 
effectiveness of treatment based controls from a water quality perspective, and 
recommendgs approaches for modifying and utilising these approaches for source 
controls, while examining the differences that may limit their utility. 

2. Goal Attainment and the Definition of Effectiveness 

There are a number of goals that are typically targeted by source control assessment 
efforts. Tht. t_\ pical major goals of ’ source control programs, along with 
recommendations for methods applicable for evaluation of source control 
effectiveness. are provided in Table 1. As Table 1 indicates, the attainment of some of 
these goals coulc‘ potentially be measured directly through rnonitorinng of downstream 
water quality (i.e., outfall or receiving water quality) or biological and physical 
habitat_. They can also be usessed through indirect means such as monitoring upstream 
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water quality (e.g., water quality at ti 2 source), total prevented pollution at the source 
(i.e., quantity prevented from not entering runoff), or other surrogate measures of 
program effectiveness (e.g.. number of illicit connections removed, public 
surveys/user perception, or independent observation of the number of instances that a 
particular practice was followed). Alternately. some goals can be assessed through the 
reporting of programmatic measures of effectiveness such as the number of meetings 
held or expenditures on control practices. 

An example best illustrates the difference between direct, surrogate. and 
programmatic measures of effectiveness. The vacuum removal of standing puddles in 
imperviou.‘ source areas’ during inter-storrn periods l 1} been considered as ' source 
control measure by some municipalities for cf.—ntroi or’ human pathogen indicating 
_bacteria (coliforms) [1]. A variety of me ,_sur_’es are available for determining the 
effectiveness of this type of practice. If the goal of an effectiveness assessment is to 
document that the pra_cti_ce removes meaningful quantities of a particular pollutant 
from wet weather discharges, monitoring of water quality of wet weather runoff may 
be a potential approach. However, given all other watershed sources, other- BVMPs, and 
downstream processes that may influence downstream water quality, it may be 
difficult to collect enough samples to statistically observe that a change had occurred 
due to this one practice alone. Depending on the requirements of the program, 
documentation of the _nu_mber of puddles vacuumed or the volume of water removed 
may provide a valid metric for the evaluation of the potential program along with 
water quality analyses of samples of the water removed. Using this alternate 
approach. a surrogate parameter (number of puddles or volume of water removed) can 
provide a cost effective means for rnon'itoi-«iiig the source control practice. Estimates of 
the abi_l_ity of a practice to remove a particular pollutant could potentially be modelled 
from surrogate measures of effectiveness, particularly where a model can be calibrated 
using field-collected samples (e.g.. a pilot scale study on a small catchment). 

Programmatic measures of effectiveness can be useful, particularly where 
multiple goals, in addition to water quality improvements, are targeted. In many cases, 
a program can document attainment of goals (e.g., building community awareness) 
through programmatic measures of effectiveness such as numbers of meetings held or 
pamphlets distributed. However, using programmatic measures typically does not 
provide a means of assessing the degree to which water quality goals for a program 
have been met unless a pilot scale study has been co_n_duct_ed that is statistically valid 
for modelling the relationship between programmatic effectiveness and changes, in 
runoff water quality or aquatic biological health.
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TABLE 1. Goals of ' source control programs and practices and the ability of specific types of effectiveness 
studies to provide useful infonnat,ion on assessment of how these goals are met. 

Ability to 
Evaluate 

Goalsof Source Control Programs and Practices - ' Pmmana 
Citégory or

- 

Go_£l , s, 

Toxicity 0 Reduce acute to: "city of runoff D. S 
. 9 Reduce chronic >1} gity of runoff _ 

‘ 

D. S Reg" tory 0 Meet lo. :11. §IaT.."m federal requirementsfor BMP implementation D. S. P 
I Cor pnance with NPDES p_eritii_t, ,_ D, S. P 
0 Meet local. state. or federal waterqualitx criteria 

' 

D. 8 
Implementation 0 Source c'ontrol's ability to function within management and 

_ P Feasibility oversight §_t_ructure 
‘ 

,, . 

,_ 
_C_0S!. 0 Capital. operation. and maintenance costs. . P 
Aesthetic - improve appearance of site 

' 

S, P 
Maintenance -' Operate withinmaintenance. and repair schedule and requirements 8. P 

, _ 0 Ability of control measureto be modified or'ex_ptlnded , S. P 
Long'evity I Long term effectiveness. understand temporal changes in D ‘S P . effectiveness 

, 

' ' 

"Resources I Improve dow_ns_trea_t_n aquatic environmentlérosion control D. S 
0 Improve wildlife habitat , _ S 

Safety. Riskand 0 Implemented without significant risk or liability P Liability
. 

‘Public 0 lnfqrr_nat_ion is available to clarify public understanding ofrunoff D S P .E¢f¢9Pii°n qualitv. nuantity and impacts on receivingwaters ' ' 

D - can be evaluated through direct monitoring of water quality and flow or biological and habitat assessments S - can be e'\'.t_l_uated through surrogate measures of source control i_r_nple_t_r_te_n_tation and/or effectiveness P - can be evaluated through programmatictmeasures of source control implementation and/or effectiveness (e.g.. 
costs for rmplementation, number of times practice was conducted)

l 

3. ‘Approaches for Quantitative A_sse_ssment 

Qua'ntitati\'e assessmenths of sourc_e control effectiveness are useful as direct measures 
of effectiveness. Two main approaches, that are applicable to quantitative assessment 
of" source controls, have been used by‘ researchers studying the effectiveness of 
primarily treatment based best management practices: reference watershed studies, 
also known as paired watershed studies, and temporal variation (before and after) 
studies. 

Each of these metshods has advantages and disadvantages resulting from 
tradeoffs between control of static (factors that remain constant with time) and state 
variables (those that. change with time). Reference watersheds allow for the same 
condit_ion_s for state variables (c.g., weather conditions) during a given monitoring 
period and require less time than temporal variation studies. However, reference 
watershed studies require careful site selections to ensure that the two watersheds 
observed have similar characteristics (e.g., watershed and source area size, similar 
quantity and type of sources, as well as similar drainage systems and processes). Where reference watersheds can be well matched and water quality can be measured

4
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t—«4=! clirectly, paired statistical tests can be used in place of non-paired tests to demonstrate 
differences in the observed water quality between -catchments, thus increasing the 
power of the statistical methods used. Recommended tests for analysis of paired data 
are provided in Table 2. Further information on paired watershed studies can be found 
in Clausen and Spooner [2]. 

TABLE 2. Statistical methods to use with‘ paired watershed studies. 

> Test Ngme Type Benefits Drawbaclrr/Assumptions ~ T H ¥ . 

0 Does none _aire underlying _ husk Swwqulan ' 
V- '-. 

. - 
‘ 

trib 
' 

V 
‘ 

. . . 

s P 
n':‘m:)::;l: 

ma nu E 
distributional characteristics 

0 Does not require assumption of Wilcoxon _ . . . 0 Requires the underlying 
Signed Rank trjaigmetfic 0 gzslmrltgtltler wer than Sign- d'i'su'i’bu'fi°n to be symmwic 
Test 4 

- 

Rankghs‘ 
Po 0 Has less power than 

parametric tests 
0 Where assumptions are valid, 

Paired rTest Parametric provides greater power than non- 
parametric 'tes"tsV H 

o Assumes differences follow 
a norirtal distribution 

Temporal variation studies follow a study design that helps ensure that static 
variables (e.g., watershed size. number of households, miles of road, structure of‘ 

drainage system) are similar between periods with or without source control practices 
in place. This study design. however, does not fully account for differences in state 
variables (e.g. weathereand/or pollution source patterns). It is also important to 
determine if the static variables are well addressedby the study design. For example. 
if the watershed has development or re-development occurring and/or the 
implementation of other BlvlPs, than these variables may ntfi be static. In addition, 
temporal variation studies require longer monitoring periods. Recommended 
statistical methods for comparisons of measures of effectiveness in temporal variation 
studies are provided in Table 3. * 

Ideally, the two approaches to study design can be u_sed in concert. If 
apparently well—paired catchments can be found, it is best to establish that the 

A 

watersheds are in fact useful for a paired watershed approach by monitoring the 
measure of effectiveness in both catchments prior to instituting the source control_ 
program or practice.- This period must be long enough to establish statistically that the 
observed measure of effectiveness is sirrtilar or that the differences in static variables 
can be taken into account prior to source control implementation. For some types of 
source controls, the control and test watershed can be alternated to improve the 
robustness of the study results. 

0" Is not toleranivof non-detects



TABLE3. Statistical methods to use with temporal variation studies. 

Test Name Type Benefits Drawbacks/Assumptions 

Ra_n_lt-Sum Test . . 

(Wilcoxon"ran- ° 13°“ "0: require undeglymg 
_ 

I Has less power than sum test or Non’. dlsmbumml 355‘ W W“ me_thods that assume some 
Mann-Whitney Paramcmc ' 

Efigflsrflgegsgg 
"°' affected by distributional characteristics 

test) 
* 

-- 
. . ,. .. . - 

. 0 Less powerful where data 
Two-Sample I Pmmeuic 

' 
vglfigcfsufgfgofisfg Lid‘ are skewed or non-normal. 

Test :3 —k_Sn.g ‘Si 
9‘ ‘ 

. .anlt—Sr it may be more 
B’ 

______ _ owerful in these situations. 

3 r can b‘ used where more than two 
Analysis of data sets are available (extension 

° Less p°w;rm when dam 
. . are skewed or non-normal. Variance Parametric. of the t Test) Rank_Sum may bemorc (ANOVA) 0 Can test for the effect of ‘more ' " ' 

' werful in these situations. than one factor Po 

4. Detecting Water Quality Changes Resulting from Source Control 
Implementation « 

In many cases a particular source control ‘measure assessed individually may have a 
small impac_t on water quality. The smaller the impact, the more difficult it becomes 
_to observe the effect of the program or practice individually. This is due to statistical 
constraints on the number of sample observations required to estimate central tendency 
and variability in a population. If the goal of an effectiveness assessment program is 
to detennine if a -single control practice significantly decreases the load or 
concentration ofa constituent reaching a receiving water during wet weather flows and 
it has been determined that water quality sampling will be required to achieve project 
goals, then enough samples must be collected to support a hypothesis that the measure 
of effectiveness (e.g., "mean or median event mean concentration) from a catchment 
where the source control has been implemented is significantly different from —a 
catchment where the source control is absent. Given that the measure of effectiveness 
can be assumed to be normally distributed and that the coefficient of variation 
(standard deviation/mean) for the parameter observed is similar for both the treatment 
and the non-treatment catchments, a nomograph can be‘ generated to provide an 
estimate of the number of sample observations required to observe a given percent 
difference between the mean values of the two samples (see Figure 1). A similar 
approach can be used for 1o',<_:-normal data [3]. In general, equation 1 can be used to 
determine the number of samples required for situations where the coefficient of 
variation of the rneasure of effectiveness is not equal at the treatment and the non- 
treatment catchments. 

[ll



n = [Z 
(c W, +cov, —cov,x%4yference) (1) 

‘Z 
, %dzjfi‘erence 

where, 
. n: number of samples required 
2: area under nomial distribution 
at; significance level (confidence level equals l00’!‘(l - 00%); ct = 0.05 indicates 

a 95 percent confidence level 
COV,:coeffi'cient of variation ofrneasure of effectiveness for catchment 1 or period 1

4 

COVg:coefficient of variation of measure of eff_c :tiveness for catchment 1 or period 2‘ 

This equation was derived by l‘ etting‘ the lower limit of the 95% eonfidence 
interval of the observed measure of eftectivenessin the non-treatment catchment equal 
to the upper limit of the 95 % confidence interval of the observed measure of 
effectiveness for the treatment catchment (i.e., level of significance of 95% and power’ 
of 95%); 2)substituting the coefficient of variation multiplied by the mean for the 
standard deviation; 3)furt_her substituting the difference between the means, for the 
mean, at the treatment catchment; and 4)rearranging the equation to solve for the 
number of samples.

' 

Estimates for the coefficient of va_r_iat_i_on for water quality parameters can be 
obtained from a variety of sources including other monitoring work conducted on-site 
or at similar locations or from studies conducted by others [4,5]. 

Given t_h_e constraints on the ability to measure the effects of source controls 
due to the often small improvements resulting from any single practice, it is 
recommended that quantitati\'e assessments of effectiveness. particularly pilot studies, 
should atternpt to combine a number of practices that together have the potential to 
'dramatically‘ reduce pollutants introduced into runoff. The better a source control 
program that includes a number of controls._fu‘nct_ions to prevent pollutants from 
entering runoff, the more likely an assessment program will be able to identify or 
provide a statistically valid estimate of measurable changes in runoff water quality. In a 

many cases, the costs of determining if some iyndividual practices are effective are such 
that if in reality only 4 of 6 practices employed were truly effective. it may cost 
si_gnificant_ly more to determine this than to just utilise all 6 measures and consider 
th'em'effec-tive as a program.



A 

1.75 / / / 

//t / / / /°' /" 
s 

-/ ,» _ ///////:7 
t ////////////

\ \ \ \ \t$ \ 
COV 

(coefficient 

0! 

variation)

0 of 

—A 

‘\
\ \ ®
\ 

// 
1 0 - ‘ 

. T ' 
. . ,. . . 

. 

0% 20% 40-°/o 60% 80% 100% 
A 

Percent Diiterence (Decrease) 

Figure 1. Required number of observations for detecting a statistically significant percent difference-as a 
function of the coefficient of variation (95% confidence). 

5. Analysing and Reporting Indirect Measures of Source Control Elfectiverr ass 

indirect or surrogate measures of source control effectiveness can be used effectively 
to document downstream runoff or receiving water quality improvements. This 
approach trades cost savings from not collecting large numbers of field samples for 
increased expenditure on veri_fying relationships between surrogate pararneters and 
downstream water quality. Typically, relationships between surrogate measures of 
water quality and actual changes in water quality are estimated from models of the 
physical reIation_sh_ip between the two or extrapolated from pilot scale studies. In 
either case, valid measures of the uncertainly in each variable used in either a model or 
an extrapolation procedure should be documented and a sensitivity analysis should be 
conducted. This approach provides the only quantitative means of comparing the 
results of one such study to another of‘ similar type on a uniform basis. 

Where a source control assessment study is limited to collecting surrogate 
measures of effectiveness that may not be able to be related to water quality, for 
example edu:ation programs, it is highly recommended that prior to implementation of 
the source control and assessment program, (e.g., for example a survey of users),

' 

technical and public relations personnel work closely together to ensure that the 
measure of effectiveness will be a statistically valid assessment of the effects of the 
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source control program. Where possible, standard polling techniques, with which :he 
e'n'vi_ronr_ne_nt_al engineering community is often not familiar, should be incorporated 
into assessment efforts. Several authors have written works that may be useful in 
establishing statistically valid surveys of participants, resource users, and stakeholders: 
Bierner er al. [6}; Dillman [7]; Groves [8]; Lockhart [9]; Rosenberg [I0]; Rossi [ll]; 
Turner [I2]; Warwick [I3]; and Sudman [14]. 

6. Data Reporting to Facilitate Transferabllity 

Source control monitoring data gathered at a particular site should not r“ !y ' e useful 
for that site, but also need to be useful for comparing the effectivene: .. of similar and 
different types of source controls at other locations, In order to help ensure 
information that is collected from individual source control studies is comparable to 
other locations, it is recommended that the parameters identified in Table 4 be 
collected and reported in quantitative assessment studies, particularly those including 
direct or surrogate rnonitoting of water quality. These recommendations are based on ‘ 

Urbonas [15], which are the basis for the ASCE/EPA National Stormwater Best 
Management Practices Database. 
TA_BLE 4. Parameters to report with quantitative assessments of source control effectiveness. 

Parameter Type 
’ 

Parameter
i 

Tributary watershed area. average slope. average runoff coefficient. length. soil types. 
"€8€!3.l.I0!.1. .!)fP¢5 

Tvtilgtletrs Cd Total tributary watershed irnpervious percentage and percent hydraulically connected 
Details about gutter, sewer, swale. ditches. parking. roads in watershed 
Land use typjes (res.. comm., ind., open! etc.) and acreage 
Date and start/stop times for storms occufiing during monitoring period 
Runoff volumes for storms occut_'n'_ng during monitored period 

General . 

. _ _ _ _ . _ Hydmtogy Peak 1-hrtntenstty for storms during momtonng period 
Average annual values for number of stonns, precipitation, snowfall. min./max. temp., from appropriate weather stationis) 
Measured or modelled event mean concentrations for targeted pollutants 
(see Streclter H61) 

water Quamy 
Al_l_t,ali_nity. hardness and pH for each monitored storrn, as appropriate 
Sediment settling velocity distribution. when available. and as appropriate 

G. _ 

a] 
Type and frequency of maintenance in watershed ener 

_ _ 
Types and locations of monitofing instruments 

Other frestrtent Relationship to other BM_Ps (struct,u’ral and non-structural. and other source controls) 

Based on Uri; cnas [15].



Water quality information that is collected directly can be collected in a 
standard forma_t. The protocols established by the ASCE/EPA databasefulfil this need 
well. New protocols need to be established for the storage of modelling results that ‘ 

include information about the inherent uncertainty in estimated values. This might 
include explicit documentation of the probable range of model results stemming from 
a sensitivity analysis. 

Standard data re‘port_ing protocols for specific source control program types 
need to be established. In developing the ASCE/EPA National Stormwater Best 
Management Practices Database, it was found that for each practice type a separate 
standard data reporting format needed to be developed to accurately doct:.-mnt the 
infonnation that was" most applicable to assessing that practice "_-pe. Potential 
protocols for street sweeping and public e_du.cation are provided in Table 5. 

TABLE 5. Potential information reporting protocols resulting from street sweeping and education of 
landscape contractors. 

Generic Pararneters for All 
Practices - 

Source Control 
;' 

Information to Report. _, 

Street Sweeping Street surface area swept. lane miles. length of curb 
Total street surface area. total lane miles. total length of curb. and 
schedule/frequency of sweeping 
Amount (volumeand mass) and particle size fractions of material and litter 
rernoved 
Pollutants associated withsize fraction by weight 
Street surface types (AC, PCC, etc.). extent of cracking. age 
Inlet types and configuration (spacing. deep sump. standard design) 
Type/modevaction of sweeper(s) 
Amount (volume and mass) of material left behind at curb. particle size 

n 
Flushing utilised in tandem with sweeping 

Eg;:al:;:f 
Landscape Landscaping practices addressed 

Survey of contractors prior to and after training regarding practices 
Estimate of total number of contractors and contractors trained 
Survey of amount of fertilisers. pesticides, and herbicides utilised in area 
before and after training 

Estimate of amount of areas re-landscaped or landscaped per unitanea 

Estimate of the area that is maintained by professional landscaping 
contractors versus that maintained by individuals 

Types of activities and sources addressed 

Eritent of these activities and sources (areas) 
Evaluation of pre- and post changes in activities and sources 
Nuinber and frequency of applied measure (e.g.. number of people tr-ained 
and amount of time spent in training and re-training 2 _
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7. Summary and Recommendations 

There is a great need to have consistency with the constituents and methods util_i_sed 
for assessing source control effectiveness. It is recommended that researchers who 
undertake source control effectivengesjs studies consider the recommendations 
suggested here and other recommendations developed based upon further analysis of 
this subject, . 

Regulatory programs such as the United States Department of Environmental 
Protection's National Pollutant Discharge Elimination System have been confronted 
with the prospect of issuing and overseeing the implementation of permits for large 
numbers of separate storm sewer systems where source controls will be one of the 
primary management practices implemented. Without mandated water ‘quality 
monitoring requirements (the Phase II NPDES program does not require water quality 
monitoring) and specified and consistent “measurable goals” for the evaluation of 
cornpliance with pennit requirements. it will be difficult to assess sou_rce control 
effects on receiving water quality and for stormwater managers to make fully informed 
decisions about the costs and benefits of source control program implementation. It is 
the authors’ opinion that local, state and federal agencies should proactively move 
toward improving the number and quality of source control assessments by funding 
initiatives to examine the effects of these practices, which utilise standard methods 
simil_ar to those suggested here, together with guidance on study design, data 
collection, analysis, and methods to improve data transferability. 
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VARIABILITY OF RAINWATER INFI'LTRATl0N THROUGH DIFFERENT 
URBAN SURFACES: F ram wateipfooftop layer: to reservoir structures 

' G. RAIMBAULT 
Lqboratoire Central des Ponts et Chaussées (L. C.P.C;). 
B.P. 4129, 44341 Bouguengis FR NCE 

1. Introduction 

Control techniques applied to urban runoff sources often rely upon infiltration. The 
benefit of such approaches is apparent when recognising the resulting reduction or 
even elimination of runoff and the concomitant retention of certain pollutants. 

Nonetheless, the in_f1lt_ration of rainwatervin urban areas is not necessarily 
limited to special structures. Various types of urban roadways and surfaces allow. in 
some instances unintentionally. a portion of runoff to infiltrate. Conventional roadway 
layers used to pave streets and parking lots are not always as impermeable as road 
builders would like. The impact of urbanisation creates heterogeneity of an urban 
area's soil composition, which may lead to flow paths different from those encountered 
in rural areas. The presence of preferred flow paths can modify the infiltration 
conditions for reservoir structures (designed to limit urban runoff), thereby 
‘intentionally allowing rainwater to infiltrate. 

This paper aims to draw a comparison between the hydrological operations of 
conventional catchments, including standard roadways, and catchments drained by 
means of special water retention, or reservoir stru_c_tures. The purpose herein is to 
provide city managers and public works officials new insights into the relative 
differences between these two modes of stonnwater drainage. 

2. Uncontrolled Infiltration in Urbanized Areas 

2.]. INFILTRATION AND RUNOFF IN AN URBAN AREA‘
_ 

An initial approach to examining infiltration in an urban setting has been provided 
through analysing the spatial and temporal variabilities in water volumes discharged 
during a storm period, In the following, a flow coefficient will be used to represent 
the ratio of runoff volume, during a given rainfall event, to the total volume of 
rainwater flowing into the catchment basin. 
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2.1.1 Ternpornl Variability of the Flow Coefiicient 
Many studies have shown that this flow coefficient varies to a great extent within the 
same catchment basin and from one rainfall event to the next. An illustration of this 
finding is provided in Figure 1. 
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F igurt I. How coefficient (under the Batany basin in the Bordeaux area; coefficierit of iniperviousness: 
0.63). [4]. 

The histograms of flow c'oeffieie'nts observed for two smaller catchments 
(surface areas 4.7 and 13.4 ha. coefficients of irnperviousness 0.37 and 0.39) located at 
‘the outskirts of the Nantes metropolitan area show a sizable and similar variability in 
the flow coefficients, which remain almost always lower than the coefficient of 
imperviousness and may at times drop to values near 0. 

A Search for explanatory variables has been performed at the Rezé basin sites 
[I] using multiple linear regression t_e_ch_n,i_ques. Nearly all of the variability explained 
from such an approach, albeit relatively limited (32% and 38%, respectively), stems 
from two variables, which in the order of importance are the depth of precipitation 

. during the rainfall event, and the length of the dry period preceding the event. The 
latter variable serves to characterise catchment wetness.» 

According to this analysis. the surface areas considered impermeable aPPear to 
allow a certain amount of rainwater to infiltrate, which explains, at least in part, the 
extremely low values of the flow coefficients. Moreover, when the so-called 
permeable surface areas become saturated with water, they can cause runoff, thereby 
explaining the occurrence of values higher than the coefficient of imperviousness in 
some instances. 

2.1.2. Spa.‘."a.’- rar‘:'arr'oi: afrwzcfl ‘ 

The leading cause of spatial variation in runoff is the variability in characteristics of 
the contrilmting land parcels, A quick inspection of the various types of roofs has 
helped draw the distinction between steeply sloped roofs and flat roofs. As for the 
fomrer, average annual runoff lies in therange of 90% of total rainfall in the more 
temperate climate zones. For flat roofs, the volume of water retained after drainage 
can represent in the orderof 3% of the volume of gravel placed on such roofs, with

\,



this water disappearing primarily through evaporation. The ‘volume of evaporated 
water therefore is much greatef than in the case of steeper roofs. The contribution of 
steeper-sloped roofs to total catchment runoff depends largely upon the presence of 
rain gutters; if such is not the case, the majority of precipitation during a rainfall event 
infiltrates into the ground along the periphery of buildings. 

The impermeability of paved roadway - surfaces is not always assured. 
Penneability depends upon the state of the surfacing material and can be roughly 
estimated using the data in Table l, [1 1]: 

TABLE 1..Perrnea_bility orgtgfacing materia_l_s 
‘sane onhe surfacing» Good Sligl1tly"deterio'rated or lacking 

‘ H‘ 5 y‘ 
material adequatedensity. deteriorated 

Permeability (mls) 10'' to" 
' 

to" 
(mm/h) 0.036 0.36 36 

‘Locally specific infiltration can occur along the vertical walls of trench cuts, since the 
joints between the surface of these cuts and the old surface are rarely watertight. The 
same often applies to the road pavement and its curbs. Runoff from unpaved urban 
areas depends primarily upon the degree of compaction of the surface layer and the 
presence or absence of a "crust". Those zones in which the ground may be saturated 
potentially contribute, on a temporary basis, runoff; 

Role of the geometrical configuration and topography of u‘rba)'t areas. Urban spaces 
comprise a. number of classifications: streets, squares, pedestrian areas, parking lots, 
building c_ourtyards, school courtyards, parking garage access ramps, etc. Some of 
these components lie within the public domain, while others are managed privately. 
Some are laid out in a, compact pattern, while others extend in a linear fashion; some 
are closed, others more open. The conditions for draining off rainwater from these 
spaces vary from one situation to the next, as do the actual volumes of runoff. 

The presence of depressions may lead to a temporary accumulation of water, 
which leads to partial infiltration. The same type- of situation can be encountered in

' 

enclosed courtyards. Buildings may serve as obstacles to prevent the drainage of 
runoff appearing on surfaces located opposite the urban roadways or space. Streets 
parallel to relief contours impede flow and enhance infiltration. , 

Streets perpendicular to the contours (with highest slopes) accelerate drainage, 
thus reducing the potential for infiltration. Both the layout of the urban space and its 
topography therefore exert an impact on the amount of runoff. 

Coimeczion to urban sronrnmuter collection systems. Another factor influencing the 
drainage rates of urban runoff is the extent of the connection of impervious surfaces to 
the stonnwater collection network. '

‘ 

With respect to residential land uses for example, impervious terraces may 
discharge runoff onto adjacent lawns. Generally speaking, the water reaching these 
pervious surfaces infiltrates; however, once saturation has been attained, in the cases 
with a yard gully or water trap, a portion of the water drained by the network is in fact 
due to runoff from pervious surfaces. 
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To conclude this section, the causes of spatial variability in runoff within urban 
areas are indeed numerous: variability in the component materials of roofs or street I 
urban space surfaces, effects of topography and the layout of urban spaces, and the 
extent of direct connection to the sewer collection network. 

2.2. PREFERliED FLOW PATHS IN URBAN SOIL SYSTEMS 
The previous section has demonstrated that all of‘-the rainwater falling onto a paved 
area does not necessarily contribute to runoff. This section will discuss what happens 
to water infiltrating into urban roadways, trench cuts for laying utility lines, and thr 
vicinity of "structural foundations. It will serve to specify therole of soil heteroy' .a'eit;,. 

2.2.1. Infiltration into roadways 
Studies focused on better understanding of the wetness state of materials composing 
roadways and their supporting soil foundation have shown variations in water 
contents,‘wh'ich are directly related to rainfall conditions and the appearance of "small 
perched aquifers" at the interfaces between" material layers with different levels of 
penneabiljty [8],[9]. From measurements of water content over a 3-year period, it 
appears that a fast wetting period distinctly appears during rainfall events followed by 
relatively slow periods of drainage. The rolling course, which is in good condition, 
proves representataive of many conventional roads throughout France. Statistical 
analyses have indicated that the most pertinent explanatory variables for the water 
quantity present in roadways are: the duration of total rainfall during the month 
preceding the measurements, and the level of evapotranspiration over the same period. 
The volume of infiltrated water is in essence limited by both the permeability of the 
surfacing. material and the length of r'ainfall ‘events, An exarnination of these results 
shows that annual infiltration through the roadway surface amounts to between 25% 
and 30% of total rain_fall. The infiltration rate ‘into the overlay is in the order of 
l0'7m/s. The temporary existence of a saturated water level at the interface between 
the subgrade layer and embankment has been revealed by wet weather flow data from 
drains installed at this level. These results taken as a whole provide a perspective for 
the notion of impermeability within the urban environment. 

Another impact exerted by the so-called "i_r_npermeable" layers‘ is worthy of 
mention: they suppress or even eliminate the evaporation of water from underlying 
soil layers. Waterproctfing tests were carried out on material storage areas using a 
bituminous surface dressing spread over unsurfaced ground. The ensuing water 
COncentrat~i0n measurements showed that the surface dressing was ‘not at all 
impermeable and moreover that during the rainy season, the wetness of the underlayer 
increased_. During dry periods. the wetness of the ground only dropped very slightly 
and under al.’ circumstances considerably less than with an unsurfaced ground layer. 
Urban surfafing rnaterlals therefore allow a portion of rainwater to penetrate,’yet 
prevent just about all evaporation. 

, 
A method was proposed by Van Ganse [13] to estimate the uniforrn or localised 

infiltration within the body of a roadway. His application to pluviometric data for the 
City of Brussels during the month of ‘November yielded the following results for the 
same states of surfacing i_ndic_ated in Section 2.1.2.



TABLE 2. Infiltration within roadways ‘ 

State of the surfacing material Good Slightly det_e_r_i_orat_ed or lacking Highly 
adeguate density deteriorated 

Percentage of rainwater 
' ' 

infiltrating 5% 48% 
g 

100% 
(Brusseljs in November) 

This table demonstrates that as soon as a surfacing material becomes slightly 
deteriorated, nearly half of the rainwater falling on the surface is able to infiltrate. 

This method assumes that the bottom layers of a roadway structure can absorb 
the in_t_'tltra_ted water volumes. In many instances, permeability contrasts between 
layers actually cause a localised saturation of the top layer;-»When this situation arises, 
the roadway sags may concentrate water circulating longitudinally within the body of 
the roadway structure, which in the long run can lead to the structural deterioration. 

2.2.2. Role of trench cuts with respect to preferred flow patterns within urban soil 
'-systems - 

The role of surface trench cuts for laying utility lines has been highlighted in studies of 
parasitic waters infiltrating into these networks [2],[6],[5]; this phenomenon is 
particularly significant for sewer pipes. The additional inflow of water overloads the 

. intake at wastewater treatment plants and is either discharged as untreated effluent or 
channeled inside the plant for treatment. In the latter case, this additional inflow 
cannot always be accepted without upsetting the plant operation. The variation in flow 
rates recorded during the rainy season may be quite large.

n 

An in-depth study of this parasitic water inflow has enabled separating two 
components (see Figure 2): groundwater drainage (baseflows exhibiting slow 
variations), and the faster surface drainage flows (occurring over the several days 
following a rainfall event). The latter component often suggests illicit connections of 
the stormwater drainage system to the sewer network; in reali_ty, rapid infiltration is 
apparent when temporary subsurface aquifers are located near the ground surface. 

In general, such networks, when not impenneable, function like agricultural 
drains. Since trenches are often cut below the level of the roadway surface, they may 
collect water circulating within the body of the road structure, as indicated above, 
thereby serving as a preferred flow path leading to the eventual outfall (waterproofing 
fault in the collector system or elsewhere). Different types of trench cuts may 
intersect, thus creating a situation which complicates any prediction of actual flow 
patterns. The flooding of cellars in older buildings could be tied to nearby trench 
excavation for laying new utility lines. 
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Figure 2. Flow rates of pa_ra_sitic clean water within a sewer network’: Comparison using rainfall data and 
simulation results 

It seems that the phenomenon associated with trench’ excavations for utility 
lines can be broadened and applies to all building foundation excavations as well, 
provided that an outlet has been designed into such work. This likelihood is even 
stronger for longer and more continuous pipe segments. The author is not aware of 
any in-depth studies conducted for the case of shallow building foundations. 
.However, such studies for larger and linearly laid out civil engineering projects (e.g. 
trenches for railroad lines, deeply-embedded trunk sewer lines) have noted a sizable 
lowering of the groundwater table [12]. 

These results. along with those obtained within the body of roadway structures, 
demonstrate that the mo\-'ernen_t of water in urban undersoil layers is not’ limited to 
vertical flows occurring in unsaturated parcels. During the rainy season on many 
relat_ively impermeable elements, the trench bottom provides a preferred horizontal 
flow path within saturated materials, as does the bottom of certain roadway layers. 
23. MODE_LLii\'G THE INHLTRATION OF RAINWATER AT THE GROUND- ATMOSPHERE INTERFACE IN SUBURBAN AREAS 
The ix-eakest'fe:_i;*.1re of urban hydrological models pertains to the generation of runoff. 
In reality, such models have often been designed for sizing a stonnwater drainage 
network and thus implicitly consider that the contribution of a catchment basin 
depends primarily on the level of imperviousness. The response of a given catchment 
is related to the state of saturation of both the surface cover and the undersoil, as well 
as to the nature of the undersoil. A third dimension (vertical mechanism) is in fact 
required in this type of models and that is one of the objectives of‘ the work described 
below.



Th_is section describes the simulation of the infiltration occurring in a vertical 
plane perpendicular to the road network representative of a suburban residential 
environment [1]. The ground has been modelled using a finite element‘ computation 
code developed for either saturated or unsaturated media. At the interface between the 
atmosphere and the various elements (building, unsurfaced ground, roadway), 
reservoirs representing the interception of runoff have been placed. This modelling 
technique assumes a certain knowledge of the hydrodynamic properties of both the 
ground and the roadway. The roof of the building is assumed to be irnpermeable, yet 
it allows for a small amount of runoff interception. The permeability used for the 
surface of the roadway corresponds, for the given scenario, to a surfacing material that 
is slightly deteriorated or of low density.f'”' T 

Analysis of the findings from 7 consecutive years of observation in "the west of
’ 

France for the various types of urban surfaces has led to the results presented in Figure 
3, which indicate the percentages.of evaporation, runoff and infiltration with respect to 
the quantity of rainfall. Over a .surface area situated between the building and the 
=.roa_ds/urban spaces, the percentage of evapotranspiration above 100% is due to water 
transfer taking place beneath the roadway and the neighbouring building. A 
comparison of the results obtained displays a variance in hydrological behaviour. 
Special attention should be paid to the high level of infiltration in the roadway, which 
providessuppon for the estimations proposed by Van Ganse (see Section 2.1.1). 

B: 11% 
R: 35% 
1:; 54% 

E = Evapo-transpiration, R = Runoff, I = Infiltration 

F igure 3. Estimation of the t-.\'apotr'ans’pira'tion, runoff and infiltration for four types of suburban road 
surfaces (percentages with respect to the quantity of rainfall). 

An analysis of the infiltration on an unpaved (or "natural") parcel of land 
located between the building and roadway, for a winter rain event (during the wet 
season), has led to the following results; At the beginning of the event, infiltration is 
equal to the amount of precipitat_ion.- but afterwards infiltration becomes very stnall. 
This evolution is tied to developments of the saturated ground surfaces. Moreover, it



can be observed that the building and roadway both exert an influence on this 
developn_ient_. Underneath these structural elements, which are impermeable or at least 
less perm:-able than the surface of the ground, the soil remains unsaturated and can 
still store additional water.

A 

3. Reservoir Structureand Controlled Infiltration 

3.1. INTRODUCTION 

3 e higher quantity of 2 noff in urban areas is largely due to continual increases in the 
surface area occupied by urban roadways. From the premise of using these areas to 
mitigate runoff and its consequences in terms of pollutants discharged into the 
receiving waters. the concept of the reservoir structure has been derived. The storage 
of a relatively low water depth over large surface areas provides for a sizable water 
retention volume and can facilitate infiltration into the soil layers- The term "reservoir 
structure" reflects the two functions performed by the component porous materials, 
i.e.: a mechanical function (associated with the word ‘'structure''). which pertains to 
hearing variable loads, from pedestrian ‘traffic in pedestrian areas to autornobile traffic 
on roadway's; and a hydraulic fu_nct_i,on (associated with the word "reservoir"), which 
is performed through the porosity of the component materials and enables temporary 
retention of water prior to its disposal, if possible by means of infiltration into the 
supporting soil structure. 

Reservoir structures perform three di_sti_n__c:t fu_r_iction_s2 collection of rainwater, 
temporary retention of this rainwater, and disposal. The type of reservoir structure 
selected depends upon the mode of execution chosen for each of these functions. 

Rainwater infiltration into the soil can only occur in two cases. As a 
precondition, the infiltrated water must have crossed either the coarsest porous 
ntaterija_l sr*rvi_ng as a reservoir, or this material is preceded by a permeable surfacing 
material containing small-size pores. 

In the following section, the effects of reservoir structures in terms of 
infi_ltr’a"t_ion into u_n_d_erlying soils will be discussed both quantitatively‘ and qualitatively. 
Furthermore, it will be stipulated that these effects can only be obtained provided that 
the designhas been adapted toslocal topography and that minimal maintenance is 
ensured. 

3.2. INFILTRATION RESERVOIR STRUCTURES AND URBAN I-IYDROLOGY 
3.2. l . Reservoir structures and urban layout 
Temporary retention of water requires that the bottorfn of reservoir structures is 
relatively flat. If such were not the case, water would accumulate in the lower part and 
the subsequent rise in water height could cause overflows. Whenever the sequence of 
planned structural elements extends linearly (e'.g., along a street), it is preferable to lay 
out such elements parall-:1 to contour lines. In this way, the city can be decomposed 
into runoff zones separated at regular intervals by infiltration structures. When such 
an arrangement is impossible, a decomposition into a series of successive retention 

/ basins, using waterproof separating walls, is required.



This perspective helps convey the idea that in order to facilitate infiltration in 
urban areas through reservoir structures or other techniques. such an objective must be 
firmly incorporated into the hydrological design at the time of adoption of the initial 
layout. The various partners in the urban facilities project rnust therefore be kept 
infomted about and involved in the intended design approach. 

Moreover. a succession of runoff and infiltration zones can be arranged in the 
same way as encountered in natural settings (e.g. in Niger's bush, a natural ecosystem 
is organized into strips along contour lines, alternating surface runoff areas -and highly- 
infiltrating dense forestlantl). In examining the downstream contributions of a 
r it hment treated in _this manner, the observation can be drawn that the "contributing 
zones" remain limi_ted and quite distinct from the "active "zones" over which runoff is 
generated. V 

3.2.2. Hydrological operations of infiltration reservoir structures 
‘ 

‘The monitoring of a roadway equipped with a reservoir structure built on relatively 
impermeable soils has shown that even in this case it is possible for a very high 
percentage of r_ai_nwater to infiltrate (see Table 3). This experiment was in fact 
unfavourable to cause infiltration, since no mechanism had been set up to limit flows 
at the outfall, located at the base of the structure on ground level_. Such a mechanism 
could have served to retain the water from majorrainfall events for longer periods and 
to increase infiltration.

/ 

TABLE 3. Values. expressed in terms of per-rainfall event infiltration 
Infiltration/rainfall Infiltratiiin/water 

Events duration retention period % infiltrated 
(mm/hr) (l0'7m/s) , 

- with lateral discharge Minimum . 0.5 0.5 
‘ 

'87 
(at thebase of the structure) Maximum 3.6 16.9 > 87 
- without lateral discharge Maximum ~ 5.8 __ _l9.8 _ 100 
(in this table. i_nfi_l_tration is assumed to equal the difference between the" quantity of rainfall and the amount 
of now discharged at the base of the roadway. The effect of evaporation is presumed to be weak). 

After an initial assessment, it would appear that the infiltration flow rate "varies 
co_n_siderz_t_bly from one rainfall event to the next as a result of Variations in soil wetness 

conditions. Simulating this infiltration is possible through the use of flow-based 
computation codes for unsaturated media. Nonetheless. the coupling taking place 
between the reservoir structure and the soil tends to be complicated by both the 
potential discharge occurring at the base of the roadway and any heterogeneities 
existing in the soil (e.g. trench cuts for laying utility li_nes). 

3.2.3. Im'pro‘vemem in the quality of infiltration waterethrough reservoir structures 
The evolution in water quality can be analyzed from two perspectives: inside the 
reservoir structure itself, and in the underlying soil. Table 4 presents the level of 
pollution reduction taking place within the structure atvarious sites in France. 
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Table 4. Pollution reduction by infiltration in_to a roadway equigd with a reservoir structure 
Pollution re.d.u.¢;ti9n (% con_ée.n.tmio.n) 

Site v Characteristics TSS COD Pb Zn BOD 
Reaé drainage overlay + porous 61 81 67 
(Nantes) untreated gravel 

_
_ 

Pare Caillou drainage overlay + porous 36 79 86 
(Bordeaux) 

' 

concrete 

ZONE! drainage overlay + porous 81 63 _76 35 45 
Verneuil —(Paris) . untreated gravel 

ZONE Il conventional "overlay + , .irous* 
' 

68 48 77 45 39 
Vemeuil gParis) untreated gravel 

ZONE lll H group of various reservoir 1 14 
_ 

SD 16 7 
Vemeuil —(Paris) structures - 

With the exception of the results from Verneuil in Zone III, which seem to have 
been influenced by a public works project carried out on the site, this table indicates 
that drainage of runoff into reservoir st_ructu_res serves to improve water quality, 

. regardless of the pemteability of the suifacing nzaterial. However, the presence of a 
- drainage-enirancing cover strengthens this effect. 

Pollutants are primarily trapped in the upper part of the surface layer in the case 
of a permeable cover material. The way in which these pollutants are then handled 
depends upon the maintenance effort aimed at avoiding clogging (see below). The 
evolution in both water and soil quality underneath the reservoir structure could be 
assessed from a number of _soil samples and numerical s_irriulations_. Soil a_nalysi_s 
conducted at the Reze’ site, 4 and 8 years after construction, has not revealed any 
significant evolution [3]. The comparison of concentrations of heavy metalscontained 
in the soil under conventional roadways (without reservoir structures) in the Bordeaux 
region has not highlighted any major discrepancies either.

‘ 

In order to estimate the concentration of micro-pollutants in the soil and the 
long-term infiltration water, a simulation was run “with the "LEACHM" model for a 
50-year period, assuming that the water at the base of the reservoir structure could be 
more heavily polluted than the values observed (initial values: Pb: 35 pg/1, Cu): 22 
ug/1, Cd: 3.5 ugll, and Zn»: 340 tlg/l). When inputting a particularly unfavourable data 
set, thesimulations indicated that the concentrations of lead diminish rather quickly as 
a function of depth, whereas those of cadmium decrease less quickly due to the soil's 
lower retention rate for this metal. The concen_tra_tion_s become low as of a depth of 30 
cm, The risk of groundwater contamination of deeper aquifers is therefore rather 
remote [7].

' 

3.21.4. Clo-zgin g and maintenance 
The operations of reservoir s‘t‘ru_ctu_res with a penneable surfacing material depend 
upon the ability to preserve this permeability over time. Recent studies [10] have 
shown that clogging materials can be divided into two components: a sandy prirnary 
sealant and a sinall quantity of a finer secondary sealant (clay content accounts for < 
2% of total mass). The evolution of this clogging seems tied to the succession of 
wetting-drying cycles corresponding to the alternation of rainy and dry weather



periods; A study conducted with a model simulatigng the sandy fraction of the clogging 
material has made it possible to analyze the bonds formed by clay in between the 
larger grains. This study revealed thepresence of “veils” capable of obstructing pores 
with a small quantity of clay. The most prudent method for preventing the surfacing 
material from clogging is to regularly draw off the primary sealant before the clay 
adds too much cohesion to the surfacing material. 

Sealants play an important role in trapping micro-pollutants. The concentration 
of heavy metals turns out to be high only within.the first few centimetres of drainage- 
enhancing ‘road covers. Maintenance techniques using suction or high-pressure 
scrubbing 4- suction (should prev ntive cleaning be insufficient) do generate polluted 
pro!’ .-ts. 2.1 or ‘er to reduce the quantity of such’waste' products.‘studies are being 
randucted on methods for separating the coarser, relatiively unpolluted material from 
the finer, more heavily-polluted material. ‘ ' 

4. Conclusion 

While the infiltration of rainwater in an urban setting is less significant than thatin 
rural areas, it proves to be highly variable both spatially and temporally. Some urban

_ 

roads and surfaces may allow up to 50% of the total annual rainfall received to 
infiltrate. The subsequent flow course of this infiltrated water is not well known; the 
flow pattern is complex, particularly due to the variability in types of soil surfaces, 
urban layout and heterogeneity of the under'soil as a result of the manipulations taking 
place at this layer. It is commonly necessary to account for the horizontal subsurface 
flows in urban soils. Infiltration therefore is not simply a vertical flow in an 
unsaturated soil. Unintended drainage systems are often present as well. At this stage, 
further understanding of the ultimate course of infiltration water in urban areas would 
be most helpful. infiltrated water influences not only the mechanical behaviour of 
foundation soils of buildings and-other structures, but also the potential replenishment 
of groundwater sources. It can upset successful operations of such public works as 
sewer collection and treatment systems. A system for draining stormwater at the source, which enhances infiltration by -

' 

such infrastructures as reservoir structure-equipped roadways, enables to control 
infiltration. Such a system i_ncorporates-infiltration into the design of urban public 
works projects and identifies the means for achieving optimal infiltration. It causes a 
sizable reduction ir., if not the entire elimination of, urban runoff, while avoiding the 
discharge of pollutants at the outfall during stems and stimulates the replenishment of 
groundwater sources. This approach to urban stormwater drainage does necessitate 
however a preliminvtry in-depth assessment of rainwater infiltration and its control. 
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- 1. Introduction 

Nowadays, the natural water cycle is fundamentally influenced by anthropogenic 
factors. In recent years, increasing urban settlement in drainage areas has led to 
intensified surface paving and consequently to an enormous increase in the water to be 
collected and t_ra_n_sported from urban areas. Therefore, current approaches to 
wastewater collection have caused different economic and environmental problems in 
urban hydrology. The main problems are: 

. 
- ' overloading of sewage treatment plants, 
- increasing number of flood events, 
- reduced groundwater recharge, 

_

. 

- adverse impacts on the quality of‘ receiving water by, e.g., combined sewer 
overflows, and

_ 

- increasing investment and operating costs for sewage treatment facil_ities. 
For these reasons. water engineers have been searching for an alternative to the 

current approach to urban drainage systems via separate and combined sewers. A 
possible solution is the management of stonnwater runofi‘ as an alternative to 
conventional drainage 5) stems. This management proced_ure uses the main principles 

_ 
of drainage, retention and infiltration, both separate and in various combinations. 
depending on the porosity‘ of the soi_l and the availability of open land. In many cases 
the infiltration of stormwgter runoff is already practised. This kind of infiltration 
management increases the input of water per infiltration area unit (m2) as well as the 
volume and the spectrum of substances. With the aim of achieving soil an_d water 
protection, it is therefore necessary to question whether, and in which cases, 
stormwater infiltration is sustainable and environmentally sound. 

The Institute for Water Research has done extensive investigations into the 
impact of storrnwater infiltration on the quality of soil and seepage water. In several 
research projects at different locations, the effect on environmental components was 
monitored over a period of 2 to 5 years. This paper presents selected results of‘ 
invest_igations at different infiltration troughs. 
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2. Potential Pollution of Stormwater Runoff 

In passing through the atmosphere. precipitation accumulates many chemical 
substances. The spectrum of polluting and dangerous substances normally increases 
during the flowpath from the catchment area to the drainage system. The pollution of 
precipitation and stoimwater runoff is a result of the ubiquitous distribution of 
pollutants in "the environment and the deposition of pollutants on all elements of the ’ 

drainage area.
V For more than 30 years many resea: ;l. projects have inves_t';ated the quality 

of precipitation and the different tv.'~.:s of. surface runoff (e.g. roof runoff, street 
_runoff). The extensive results give evidence for varying pollution depending both on 
the local conditions and on the analytical conditions of the specific investigation. 
Therefore, these isolated cases are not universally applicable and cannot betransferred 
to other types of catchment areas.

_ 

At the moment, the different types of surface runoff components can be 
classified only with simplistic approaches. The draft of the new German A 138 
Standard of the Abwassenechnische Vereinigung (ATV) [1] arranges in a decision- 
matrix some typical surfaces in quality categories according to their expected potential 
degree of ‘pollution and the possible infiltration systems (Table l). 

The granting of permission to infiltrate depends on the quality of the 
stormwater runoff and the kind of treatment facilities. Unpollutegl and less polluted 
water can be reintroduced immediately into the natural water cycle, if some 
requirements related to the location, the structure and the operation of the infiltration 
system are fulfilled [1, 2, 3, 4]. _ 

"For example, as a rule the runoff from su‘rface.ty’pes l and 2 in Table 1 can be 
infiltrated with all systems. infiltration systems which do not use p'ass'age through the 
topsoil are permissible only in special cases (e.-g. lack of open ground) for runoff from 
surface types 1 to 7 if the connected surfaces are outside of areas with high 
atmospheric em.iss_ion_s. For runoff from surface types 3 to ll, only decentral and 
central infiltration systems with the passage through the topsoil are allowed. 
Depending on the pollution level for some types of runoff, treatment steps before 
infiltration are -required. In general - with only a few exceptions - surface runoff from 
surface types l2 and 13 is not allowed to be infiltrated. 

The investigations which have been carried out to date have identified many 
chemical s_’u.bsft_ances in storrnwater runoff. The following micropollutants deserve 
particular attention, due to their toxicity, persistence and accumulation in biological 
systems: 

I organic inicropollutants (e.g. polycyclic aromatic hydrocarbons, PAHs). and 
- ‘inorganic micropollutants (e.g. heavy metals). 

PA}-is and some heavy metals are transported predorrtinantly through their association 
with suspended solids. An assessment of the quality of stormwater runoff is difficult 
because there are no special quality standards. 

During infiltration, different. processes cause a significant reduction in some 
pollutants. However, physical or chemical adsorption and biological processes lead to 
increased concentrations of pollutants in the soil of such infiltration systems.

\.



Biological degradation of some kinds of pollutants (e.g. heavy metals) in natural 
systems is negligible or does not occur at all. Therefore, an accuinulation of chemical 
substances in the topsoil can exhaust the buffer and filtration ability of the soil, The 
next section presents some results of investigations concerning this aspect. 

TABLE 1. Stormwater infiltration in consideration of the characteristics of the ninoff producing stirfaces 
(A 138 [_1]. rev_isi_on_: state of discussion A'ii'gi‘ts'U2000). 
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3. Investigations at Different Infiltration Sites 

For monitoring the development of theiwater‘ quality of the precipitation and the runoff 
percolating through the topsoil of the trough and the trench, meastirernent networks for 
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water samples were installed at two study sites, in Dortmund and Gelsenkirchen. 
Water samples were collected there over a period of 2 to 5 years. 

For estimating potential accumulation effects of chemical substances in 
alternative drainage systems, it was necessary to observe the topsoil in several 
infiltration troughs. Ano_th_er significant research aspect was whether long-term 
operation of the trough-trench system could exhaust the buffer and filtration capacity 
of ‘the soil. 

For these reasons, different drainage systems in Germany have been 
investigated wit." respect to the quality of soil. Soil s'am1: at were taken from t‘ e 
infiltration troug.._s at several depths after different len,_,u'ts 0; time. At new infiltration 
sites, these samples were compared with a '.;n_trol sample taken during the 
construction work. At older infiltration sites, soil samples‘ next to the infiltration areas 
were taken to estimate the accumulation effects. 

3.1. STUDY SITES AND BACKGROUND INFORMATION 
The first investigation site is located in the grounds of a daycare centre in the urban 
area of Dortmund in North-Rhine-‘Wes_tph_al_ia. In 1993 the owner of the building, the 
Dortmunder Stadtwerkc AG. chose a trough-trench system as the stormwater drainage 
method for the bu_i_ldi_ng. An approach such as this allows for the decentralised 
retention of stormwater and the infiltration of sto_rmwate_r through a system of 
infiltration troughs with a trench underneath. The outdoor grounds, including the 
tr‘ough—trench system, were fin_i_s'hed in autumn 1994. The drainage design consists of 
three grass-surfaced troughs and a trench below filled with lava rock. The groundwater 
level can be found at about 15 m below the trench. The trough-trench system receives 

. runoff mainly from the roofs, the terraces and a small car park. In total, nearly 1,030 m2 of drainage surface are connected to the drainage system [5]. For ‘Ste investigated 
infiltration trough, the ratio between the connected impervious surfaces (A33) and the 
infiltration area (As) is 5.5 to 1 (Am,/A5). 

The second investigation site is located in the urban settlement of 
Gelsenkirchen—Schtlngelberg in North—R_h_ine-Westphalia. There are also several 
trough-trench systems used as the stormwater drainage method for the runoff of roofs 
and terraces. The systems were built between 1992 and 1996. For the investigated 
infiltration troughs, the ratio between the connected impervious surfaces (An...) and the 
infiltration area (As) is 6 to 1 (A_,,§[A5). 

Another investigation site is loc_ated in the suburb of Frohnau in the city of 
Berlin. There is an old infiltration trough for stormwater runoff with an estimated 
operation time of 50 years at Fiirstendarnrn Street. Because the time of the last sludge 
clearance is uncertain. a maximum of 50 years time in operation is assumed. This 
cen_t_ra_l trough receives merunoff mainly from road areas with a low traffic frequency. 
The in'W:s'tigated infil_tration trough has a ratio between the connected injtpervious 
surfaces a:1:.itl*.e i.'.'"1ltr:.zion area of 6.7 to l (Am,/Ag).



3.2. INVESTIGATIC-N METHODS 

At the investigation sites in Dortmund and Gelsenkirchen, water samples were taken 
after precipitation and runoff events at special monitoring networks. The monitoring 
stations were: 

(a) precipitation 
(b) roof ninoff ( =-input into the infiltration systems) 
(c) seepage water after -30 cm topsoil passage 
(d) discharge of the trench belc v the trough 
The soil samples were col?-ectv J near t- he influx aI'\‘3 of tit’ .troughs at the 

followinghdepths: 0 - 5 cm, 5 - it) cm;l" .+.2(_l+:r_n and 20 - 30 cm. The soil samples at 
~the~troughs were collected and inv..'stigated*after different timesof operation. To 
compare the results, control samples were collected during the construction of the 
systems or at the older systems in ‘Berlin outside of the infiltration area. 

In order to determine the total amount of substances (e.g. heavy metals) and 
their leachability by changing pl-l—conditions, different examination methods were 
used: ‘ 

(a) detennination of the acid soluble portion of metals (DIN 38414]? S7)[6], 
(b) detennination of leachability by water (DIN 38414/4 S4)[7], and

V 

(c) detemtination of leachability by water with pH 4 (pH,m leaching test) [8]. 
Whereas the S4 procedure (b) only represents the starting conditions of the 

leaching processes in nature, the pH,.a, - procedure (c) takes greater consideration of 
the long-term development of the pH-value in nature; The pH,.,, - procedure also gives 
information about the neutralisation buffer capacity of the soi_l for acids and bases. 
These chara_cteri_stic magnitudes that describe the long-terrn leaching behaviour, in 
connection with data about th_e respective soil (coefficient of hydraulic conductivity. 
stratum thickness), yield conclusions about the probability of the worst case of 
leaching occurring. . 

T

T 

3.3. SELECTED RESULTS 

The mean concentrations (sampling period of 2.5 years) of selected substances in 
Table 2 illustrate the quality development ranging from the precipitation and the roof 
runoff to the discharge of the trench beneath the troughs at the infiltration sites in 
Dortmund and Gelsenkirehen. The atmospheric inputs of heavy metals and PAHS are 
comparable in Dortmund and Gelsenkirchen. The roof runoff absorbs especially a lot 
of zinc from the materials of the roof drainage system, so that the concentrations of 
zinc often reach high values. The zinc concentrations of the roof runoff in 
Gelseitl-tirchen are much higher than in Dortmund because at this site the first flush of 
the roof runoff was sampled and th_e materials of the roof drainage system are much 
older (higher corrosion effects). The low z-inc concentrations of the seepage water after 
the topsoil passage show the good treatment effect of the topsoil. There are no 
significant differences between the concentrations of the seepage water and the trench 

. water. The concentrations of the heavy metals in the seepage water and the trench 
water were always significantly below the audit values of the German federal soil 
protection decree [9].



TABLE 4.. Mean concentrations of selected substances in water samples (precipitation. roof runoff. seepage 
water after topsoil passage. trench water) at stomtwater infiltration sites in Dortmund and Gelsenkirchen. 

Seepage water Audi: value 
Precipitation Roof runoff after 30 "cm Trench water BBodSchV 

p 
topsoil passage ‘ [9] 

substance 
Dort- Gelsen- Don- Gelsen- Dort- Ge_lsen- Dort'- Ge!sen- 
rnun: kirchen mignd l_tir_ch_en rntind kitchen mund kircha _ - 

Cadmium" 
‘ 

‘(pg/n 2: 0.6 0.4 0: 0.1 n. s. 0.2 3.2 5 

Copper" [pg/I] 10 3 24 to s n. s. 19 12 , so 

Lead“ [pg/l] 9.6 5 ' 

1,4 2 1.2 n. s. 2.9 {.2 
i 

25 

E-Zinc’* [ugll] 59 73 571 4266 18 ’n._s. 13 "43 i 

FLA lng/l] 35 109 as 24 30 n. s. 23 “:3” Z 

n. i. 

NAP l-[rig/vl] 41 
A 

'74 
i 

so 23 19 n. s. 23 18 2000 

me [ng/l] 79 90 as 23 14 n. s. 15 9 n, i_. 

PYR '[ng/l] 61 72 so is 
' 

24 n. s. 20 15 n. i. 

‘ = result track soil - groundwater. ""‘7= f ltrated. rt. 5. = no sample. n, i. ’= no inforrnation FLA = Fluoranthene. NAP‘: N_aphthal'cne. PHE = Phenanthrene, PYR = Pyrene 

The concentrations of PAHs fluoranthene, naphthalene, phenanthrene and 
pyrene in the seepage water or treich water were compared with the precipitation and 
the roof runoff, and showed the same good treatment effect resulting from percolation 
through the topsoil (Table 2). In Gelsenkirchen, there is already a reduction of the 
concentrations in the _roof runoff because the high amount of organic material from 
nearby trees and plants in the roof drainage system intensifies sorption processes. 

Figures 1 and 2 show, for the sites in Gelsenltirchen and Berlin, the acid 
soluble amount of zinc and the proportion of zinc which can be mobilised by the pH;,§. 
leaching test with pH 4 in the topsoil of the infiltration troughs after 39 months and 50 
years ot operation. The pl-lm. leaching test with pH 4 describes the worst case of 
-leaching because this low pH probably facilitates the release of most soluble heavy 
metals from a soil. In addition, a sample comparison is presented. between the topsoil 
of the trough and the control sample that was taken in Gelsenkirchen during the 
construction work. For the system in Berlin, zinc concentrations from soil samples 
taken outside the trough are given as reference samples.
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Figure 1. Acid soluble and rr1obi_l_ised amount of zinc in the soil of an infiltration trough with 39 month 
operation time in Gelsenkirchen. 
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Figure 2. Acid soluble and mobilised amount of zinc in the soil of an infiltration trough with 50 years 
operation time in Berlin. 

The investigations with both methods for Gelsenkirchen showed, in 
comparison with the control sample, a high accumulation of zinc in the top 2 cm. This 
can be explained by the met that zinc is a major part of the materials that were used for 
the gutter and roof drain pipes. The results also showed a slight decrease of the pH- 
value and the neutralisatioh buffer capacity of_ the soil for acids with time. 

Figure 2 shows the results for zinc in the topsoil of the old infiltration trough
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_in Berlinl In contrast to the results for the system in Gelsenkirchen, the acid soluble 
amount and the mobilised proportions of" zinc are increasing with depth at a higher 
rate. At this site, the first immobilised zinc in the topsoil is apparently moving deeper 
towards the groundwater. The almost exhausted neutralisation buffer capacity for acids 
and the very low pH of the soil (between 4.2 and 4.8) make long-term irnmobilisation 
in the upper centimetres of the topsoil impossible. 

3.4. ESTIMATION OF LOADS 

For the long term operation of infiltration sy°'..ins, ttnowledge of the transport a'..1 

especially the whereabouts of the pollutants is very important. For one part or’ an 
investigated trough trench system in Gelsenkirchen with measured data over 2 to 5 
years. an estimation of loads was carried out. For selected precipitation events, the 
following data were used for a load balance: 

- precipitation in mm (measured), 
- volume of precipitation of the infiltration area A, (calculated), 
- trough input over the connected impervious surfaces Am (simulwated), and 
- volume of the throttle outlet (measured). 
The simulation of‘ the trough input was done with the hydrological storage 

"model MURITEST by the lnstitut fur Wasserwi_rt_scl_t_aft-, I-lydrologie und 
l_a_ndwirt_schaftlichen Wasserbau of the University of Hannover. For selected events. 
the measured‘ unfiltered metal concentrations of the precipitation, the roof runoff and 
the trench water (throttle outlet) were used for the load calculation. These sample 
resu_lts are only spot samples‘ of the substances and their concentrations, and therefore 
the load calculation must be seen as an estimation. 

Po‘ the calculation of the v‘o1um'es, it was assumed that the trough volume input 
passes the topsoil without loss into the trench and is then divided into the throttle 
discharge and the part which infiltrates into the underground. The difference between 
the calculated input of substances by the precipitation and the roof runoff and the 
output of substances by the infiltration’ and the throttle outlet is defined as the 
substance detention in the trough soil. 

I-"ig.u‘re 3 shows the calculated percentage variations of the system input and 
output forzinc. The whole input in this balance caused by precipitation and roof runoff 
is set as ‘:00 percent. The losses of zinc out of the system by infiltration into the 
ground and through the throttle outlet are very low, because over 95 percent of the 
zinc input is kept back in the trough soil. The volume of the throttle outlet and 
consequently the outflow of substances out of" the system is different for each 
precipitation event. The start, the duration and the volume of an overflow event 
depend or. many conditions (e.g. precipitation depth and intensity, water level in the 
trench). ' ‘

_ 

The results of the corresponding inve_s‘t_i_g_at_ior_is of the zinc content in the topsoil 
of‘ the trough confirmed the loud estimation and the high detention of zinc in the 
trough. Therefore, at this infiltration site, an average accumulation of about 34 mg 
zinc/kg topsoil per year is estim;a'ted.;

' i
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Figure 3. Percentage variations of the in— and output components of zinc in_ an investigated part of a trough- 
trench-‘system in Gelsenkirchen. 

4. Conclusions 

Experiences with the planning and constructionof several storrnwater infiltration 
facilitgies and the soil i_nvest_iga_tjons at some infiltration sites with shorter“ and longer 
times of operation showed that it is absolutely necessary to define specific criteria for 
storrnwater runoff infiltration as a form of storrnwater management. For long-term 
protection of soil and groundwater, it is important to follow specific guidelines for the 
planning, construction and operation of stormwater infiltration sites. 

The risk of groundwater pollution can be minimised by using infiltration 
systems with low hydraulic surcharge, in which the stormwater runoff percolates 
through the topsoil. An ecologically tenable stormwater runoff infiltration system can 
be achieved only by exploitation of the treatment and adsorption potential of existing 
and developing infiltration technologies and their combinations. This will only 
function if, in addition, the requirements for the location, structure and operation are 
fulfilled. 

Funhermore, there is a need to develop and use suitable instruments to 
monitor the long-term effectiveness of the infiltration systems. After long periods in 
operation, proper cleaning and disposal methods for the substances accumulated in the 
topsoil of infiltration systems must be used. 
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CONSIDERATIONS FOR THE FIRST APPLICA HON OF SOURCE CONTROL MEASURES FOR STORMWATER RUNOFF IN THE ATHENS 
METROPOLITAN AREA 

‘E. XFTIAS 
Nl '1 ‘ml Technical Unive wiry of Athens 
5, Heroon Polytelmiou Str.. 15 7 80 Athens, Greece 

'1. Athens Hydrographic Network 

The Greater Athens area consists of two main catchments, the catchments of the rivers 
Kifisos and Ilisos, which before the urbanisation, occu_rring during the last 50 years, 
possessed dense hydrographic networks. Botluivers drain to the Saronic gulf and their 
estuaries are only 1.5 km from each other. The main reach of the Kifisos has a_ total 
length of 21 km, draining an area of 390 km’. The urban part of the catchment is 
con_tinuous_ly increasing, currently amounting to 60% of the total area. It is also 
important to point out that during recent years, extensive summer fires have drastically 
changed the behaviour of the non-urban part of the catchment. Over a length of 8 km ' 

upstream from its outlet. the Kifisos river is flowing in a closed section, with a 
capacity of 1.400 m3/s corresponding to a 50-year flow. Upstream from this section, the 
Kifisos has a variable open cross-section of structural concrete, with dimensions 
corresponding to various IL vels of flow‘, with some levels as low as 5 years. 

Along the river. a’ number of illicit connections continue to disch_a_rge industrial 
and domestic sewage into the river. During dry weather periods, baseflow and sewage 
are diverted 5 km upstream of the outlet to an adjacent sewage collector, which 
conveys them to the sewage treatment plant of Psitalia. During storm events, the river 
transports to the sea an important pollution load from domestic and industrial illicit 
connections already mentioned, but above all, from the wash-off of streets and the rest 
of u’rt-an surfaces drained-. Taking into account the pertinent climatic conditions 
characterised by a long dry s'umrn_er period, the first significant autumn rains have a 
shock effect on the sea_environment. 

Next to the Kifisos, the Ilisos drains the east and northeast areas with a 
catchment of 52 km’, mostly urban. The length of the main reach is 15 km. The most 
downstream 4 km of this river channel is an open cross-section, formed with structural 
concrete, possessing a capacity of 270 m’/s, which corresponds to a return period of 20 
years. Upstream of this section, the river is completely covered, to make space fora 
major traffic arter). Like in other_ similar cases, the decision to cover the Ilisos was 
taken immediately after the second world war, when economic constraints and rapid 
urban expansion pressed for quick solutions, ignoring flood risks as well as

Ml



environmental and cultural considerations. Like the Kifisos, the Ilisos also transports 
high pollution loads to the sea. 

2.0 Stormwater Drainage Network 

The storm sewer protection network of Athens is about 1200 km long. It is estimated 
that the area needs a network of a total length of 3000 km. Natural streams flowing 
through the area have a total length of 120 km. Stormwater collectors are made of 
concrete,» with a 40 cm minimum internal diameter for circular pipes and a 90 x 60 cm 
size for egg-shaped pipes. Common problems include obstructions and illicit 
conne_ctions of sewage. - 

3.0 Wastewater System 

The wastewater sewer network of Athens extends over 3000 km. Sewage is treated in 
two treatment plants. The Metamorfosi's treatment plant treats biologically 8000 
m3/day of septic tank effluents and 13000 tn’/day of‘ urban wastewater. 

The Psitalia treatment plant is designed with a maximum capacity of l 000 000 
m3/day of dry weather flow. It provides primary treatment, while the biological stage, 
plus phosphorus and nitrogen removal is under cons'tructi_on, A 2000 m outfall 
di_sc_harges treated effluents into the sea at. a depth of 65 m. Dewatered sludge is 
disposed at a solid waste landfill-. 

4.0 Adaptation of the Wallingford Procedure to the Greek Conditions 

The rapid expansion of Athens during the last four decades and the inadequacy of the 
stormwater drainage planning h_as led the Division of Water Resources of the National 
Technical University of Athens to examine the conditions for the adaptation and 
appli_cat_io_n of a model in Greek urban drainage networks, This could permit an 
optimal design of diameters and gradients of’ new pipe systems. analysis of the 
performance of existingssyrstems, and the evaluation of alternative drainage systems. 
The model that was applied was the Wallingford procedure, initially developed for the 
United Kingdom [l1. This method of drainage design and analysis uses a 
mathematical modelling tool that can deal with combined and separate drainage 
sys't_e_ms, and models flow as well as water quality parameters. 

For this purpose, the Argyroupolis pilot area, situated in the SE section of the 
greater Athens, has been selected and equipped with rain and flow recording gauges. 
The mathematical model has been set up taking into account the catchment 
characteristics and the data of the existing separate storm sewer network belonging to_ 
the A_thens Water and_Wastewater Company (EYDAP). The calibration of the model 
has been based on field measurements. Its verification has been tested by means of 
subsequent rain events. The above research has been realised in the frame of the 
European Sprint project, with the Greek participation covered by EYDAP.



An overall good agreement has been noted for simulated and recorded flow 
values, with respect to the peaks and the total volume of the storm events. 

5.0 De’tenti_on Systems 

As pointed out earlier, the constructed and operated storm sewer network extends to 
1200 km, out of the 3000 km estimated as needed [2-]. An immediate approach to the 
problem could be to proceed with planning the cornpletion of the e:_'t'isti_ng network, 
and construction of the 1800 km of rriissingmllectors. However, t‘.is approach is 
unrealistic for the following reasons: 
0 ' Traffic conditions in Athens rmstitute a serious daily pioblem that can hardly 

tolerate additional obstructions from open excavation construction of sewage 
collectors. V 

Extensive no-dig construction of collectors is beyond the budget capacity. 
Since the existing network and specifically the main collectors and natural 
streams consist of closed sections of limited capacity, exceptionally exceeding 
a return period of 10 years, an eventual completion of the secondary and 
tertiary pan of the network would inevitably lead to the surcharging of the . 

network and to serious flooding along the downstream flat area of the city. 

Consequently, we have to consider: ’ 

0 application of storage facilities, and 
0 source-control systems 

5.] THE ANO LIOSIA PROJECT
/ 

Ano Liosia is situated in the northwest periphery of Athens [3]. Before, urbanisation, 
the area was drained by a network of seasonal streams that drained to a natural 
seasonal lake. Urbanisation took place in this area, ignoring natural streams and the 
receiving lake. As a result, severe flooding caused extensive property damage and life 
hazards. Recently. the municipality has proceeded to construct a small reservoir of 
32000 rn3, mainly for recreational purposes. 

Downstream of this reservoir, a main collector formed by a trapezoidal channel 
with an area of 16 m’ and a capacity of 50 m’/s connects Ano Liosia to the network of 
the greater area. The 50-year flow at this point amounts to 14] m3/s. 

In the frame of a research project, "we considered the design of a detention 
storage facility that would be able tocontrol downstream discharge up to a desired 
return period. For this purpose, the following tasks were done: 
i. i-t-T relations were established on the basis of local meteorological data. 
ii.. Typical hyetographs were tested using the Huff's method (1, 2, 3 quartiles) and 

the method of alternative blocks. 
iii. Hydro-graphs iorthe extemai catchments have been developed using the theory 

of the instantaneous unit hydrograph and the assumption of a linear reservoir (n = 1, 3). ’



‘E11; 

iv. Flow in the urban area has been simulated using the l-lydroworks model of the 
Wallingford Procedure. Parameters of the model have been selected on the

_ 

basis of the results of the Argirupolis pilot described earlier, 
v. ‘ Modelling served to route input flows and produce a final hydrograph at the 

entrance to the designed storage facility. 
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Figure 1,!-'in_al :hydro'gr,aph and results of. modelling inflows 

vi. Reservoir routing has been applied to estimate the storage volume 
corresponding to several outlet flows (T = 20, 50 years). The obtained storage 
volumes have been compared to the results obtained with a inodified rational 
method. a Japanese method and the approximate method proposed by A. 
Paoleti. 

For the total catchment, including 700 ha of ’ non-urban and 300 ha of urban 
land, a storage facility of 500 000 1113 has been found necessary to obtain an outflow 
discharge with a return period of T = 10 years for an inflow with T = 50 years._ The 
above corresponds to a storage facility in the order of‘ 500 m3/ha of the whole 
catchment, or 12-5 n_12__/ht: of the urban catchment for an assumed depth of 4 m. The 
land cost in the study area amounts to l M Euro/ha and is on the low side of prices, 
which vary from 1 -— 4 M Euro/ha for the city suburbs- On this basis, land acquisition 
for the construction of a storage facility at Ano Liosia imposes a total cost of 12.5 M 
Euro. 

Including the construction expenses, the Ano Liosia installation will cost about 
25 M Euro, or 83,300 Euro/ha of urban area, or 2,500 Eurolinhabitant. 
5.2. SOURCE CONTRCL§ 

The above presentation of the situation in the Greater Athens area leads to the 
conclusion that violation of the natural drainage network, construction of covered



creek sections with high traffic overhead, and the extensive urbanisation serving the 
needs of more than 4 000 000 people, the detention storage facility needed represents 
an extremely high investment without guaranteed availability of the land needed. 

Consequently, the possibility of introducing source controls for stormwater 
runoff should be seriously examined. 

In the case of Athens, the factors favouring the implementation of source 
controls are the following: 

Availability of land. Urban planning regulations for town suburbs correspond to 
coefficients of coverage between 40 — 60%. 
Soil penneability. Geological formations pertaining to the area c- rsist of 
altered schists and allow medium to high rates of permeability. 
Vegetation. Actual cultural and esthetic considerations favor. the development 
of large grass-covered areas, enhancing the soil infiltration capacity. 
Ground water level. The year-round groundwater level is particularly deep, 
without significant seasonal variations. 

Among the adverse factors, one can state the following: 
Centralized Stormwaler management. EYDAP, a central agency. is responsible 
for the stormwater management in the entire area. It is understandable that 
EYDAP is inclined to consider major central plant projects for water 
management, rather than individual decentralised source controls. 
Public acceptance. The public opinion already formed in accord with a 
ce_ntra_lised -stormwater control agency is not prepared to consider individual 
fragmented initiatives. 
Legal frame. The legal frame to enforce applicatigongs of source controls on 
private property is lacking. ' 

Technological experience. Source controls represent a new technology in 
Greece. 

Operational development of source control installations has the following 
prerequisites: 

0000000 

Transfer of technology 
Research of local conditions 
Drafting specifications 
Standardisation 
Formation of specialised construction companies 
Standardisation of the maintenance practice 
Regulations forsupervision and operation control. 

In this context, the support from other countries that have already records of 
application and operation of source control systems constitutes a fundamental 
condition for the introduction of this technology in the country. 
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THE USE OF CONTINUOUS LONG TERM SIMULATIONS FOR THE DESIGN AND IMPACT ASSESSMENT OF SOURCE CONTROI. MEASURES 

G. VAES and J. BERLAMONT 
Hydraulics Laboratory, University ofl._equven 
de Croylaan 2, B—300] Heverlee, Belgium 

1. Inti-‘oduction 

Since the new Flemish guidelines for urban drainage were introduced in 1996 [1]. 
more emphasis has been put on source control measures in order to reduce the peak 
runoff from urban areas during wet weather conditions. The keyword is 
‘disconnecting’ impervious areas from the combined sewer system. This involves the 
construction of upstream storage and infiltration facilities, rain-water tanks for reuse in 
households and the revaluation of ditches [2,3]. However, one must realise that the 
runoff discharges from the ‘disconnected’ areas still have to be taken into account, 
because during heavy rain_fall periods not all rain-water can be stored locally. 
Therefore, urban runoff plans with respect to extreme events and flooding risks are 
very important.

\ 

This source control policy brings along different modellinbg requirements. The 
attitude changes from ‘runoff transport as fast as possible’ to ‘runoff transport as slow 

' 

as possible‘. Because of the long emptying times of source control facilities, a long 
antecedent period of rainfall influences the design. Moreover, these facilities most 
often have an outflow wh_ich_ does not vary linearly with the storage. This non- 
linearity between the state and flow pararneters leads to the situation where storage 
capacity is less dependent on the peak flows. but more on the complete variability of 
the rainfall input during a long antecedent period. Therefore, the frequency of the 
system outflow is not equal to the frequency of the system inflow. It is useless to 
predict the magnitude of effects (i.e. water level, discharge, etc.) when no accurate 
probability (i.e. frequency or return period) can be assigned to this effect, Because of 
the high variability of the rainfall, the required storage volumes can be assessed well 
only if continuous simulations with long rainfall series are performed. 

2; Impact of Source Control 

Urban storrriwzter runoff through combined sewer systems, as it is commonly applied 
in Flanders, creates large problems. The fast runoff through the pipe systems creates 
flooding problems‘ downstream and leads to lower groundwater tables upstream. 
Furthemtore, the use of combined sewer systems leads to diluted waste water at 
treatment plants and pollutant emissions into the receiving waters at combined sewer 

l‘—!‘9\-



overflows. Source control measures are powerful tools and are able to tackle these 
problems if they are applied on a large scale. Source control measures not only have 
an impact on the low flows, but are also capable of reducing the frequency of extreme 
events. The disconnection from the combined, sewer system of a relatively small part 
of the ‘impervious area can lead to a sigriificjaijit reduction ‘of’ the frequency of extreme 
events. on the other hand, an underestimation of the contributing area will lead to a 
sign_ific'ant underesti_m_ation of the return periods of extreme events (Figure l) [4]. 

retum period '1‘ (years)
-O 

T =10 years 

o._.Nw.:.-t.no-.)oo\O 

O 60 120 
n 

180 240 300 360 
- storm duration (min) 

Figure 1. Reduction of relum period in the case of 10 % und_ere;sti_rn_atipn_ of the water input 
(irnpervious area. rainfall intensit'y..los'ses. ...) into the combined sewer system 

(for design storms with return period of 2. 5 and 10 years). 

3. Rain-water Storage Tanks 

Using a simple reservoir model and performing continuous long term simulations, the 
optimal design volumes were determined for rain-water storage tanks as a function of 
the effective connected roof area and as a function of the reu_se consumption in the 
household (Figure 2) [5,6,7]. The effective connected area is‘ the horizontal roof area 
multiplied by a number of correction coefficients. Corrections are necessary to take 
into account the slope and orientation of the roof (Table 1), the losses on the roof as 
afuncticn of the roof type (Table 2) and eventually the losses in the filter. Self- 
cleansing filters use a small part of the water to discharge the solids, which leads to 
reduction coefficients between 0.95 and 0.90 (5 to 10 % losses).
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Figure 2. Design chart to determine the percen_t_age»of ti_rr_te that the r_ain-water tank is empty. 
the necessary volume of "a rain-water tank or the possible rain-water use 

(all parameters are rel_ali\'e to the effective contributing area), 

TABLE 1. Correction coefficients for Flanders on the effective contribut_i_r_tg‘a_rea 
as a function of the roof slope and orientation [8]. 
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' TABLE —2. Reduction coefficients for initial losses [.9]. 

iloof 
V. 

K. 7 

Reduction coefficient 
W 

'tcrrace roof with gravel 
' 

0.6 

terrace roof with bitumen 0.7 to 0.8 

sloped roof with slates and tiles 0.75 to 0.9 

sloped roof with glazed slates 0.9 to 0.95 

sloped roof with bitumen - 0.8 to 0.95 

The effect of storage in rain-water tanks on the combined sewer overflow 
emissions was ‘investigated using reservoir models [5,6.7]. Figure 3 illustrates the 
conceptual model used. Figure 4 shows the effect of rain-water tanks on the necessary 
storage in the combined sewer system in order to obtain the same overflow frequency 
(the overflow frequency is the main criterion for the emissions at combined sewer 
overflows in Flanders). The required storage in rain-water tanks is about 7 times 
higher than in the case of in-line storage, but in-line storage is more expensive. Figure 
5 shows that extra benefit can be obtained in flattening the peak overflow discharges 
when using rain-water tanks as compared with in-line storage in the cornbined sewer 
system, when the same overflow frequency is imposed.

. 

Based on the positive effect of rain-.w_a_t_er t,an_k_s that was found, the minimum 
storage capacity for the rain-water tanks is set to 5000 litres per 100 m2 roof area and a 
rninir'n'unt reuse connection of one toilet or" one washing machine is imposed [2]. 
Asmaller tank size could fulfil the reuse requirements, but the extra storage is 
imposed to maximise the retention. It is very irnportant that the tank size is coupled to 
the size of the impervious area (and not a fixed tank size per house).
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on the overflow emissions. 
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,Rain-water tanks can also have an effect on the more extreme events that are 
used for the design of combined sewer s‘y’ste_ms._ A conceptual model was set up to 
incorporate the effect of rain-water tanks on the flattening of the inflow hydrographs 
for the downstream drainage system (Figure 6). For this, a software tool was 
developed (named ‘Rewaput’) that performs a long term simulation for a range of rain- 
water taunlts and converts the output into design hydrographs [10,] L12], In Figure 7, 
the influence of the application of rain-watertanks is shown on the Flemish design 
storm with a return period of 5 years in the case where 30 % of the impervious areaslis 
connected to the rain-water tanks. In this example, the peak intensity is reduced from 
areturn period of 5 years to a return period of about L5 years. Both the original 
design storms and the ntodified design storms, which take into account the effect of 
the rain-water tanks, are based on intensity/duration/frequency relationships [10]. The 
effect of rain-water tanks on the inflow into the combhined sewer system cannot. be 
determined by using a single design storm and routing it through the rain-water tank 
model, because the corresponding initial conc_l_iti_on is not obvious and the first rainfall 
will fill the tank, so that the peak intensities might not be ihnfluenced. The reason is the 
non—line'ar behaviour of the rai_n.-water tank system, which leads to a large influence of 
the time variability of the rainfall. There is no straight relationship between input (i.e. 
rainfall) and output (i.e. rain—water reuse consumption + tank overflow discharge). 
Th’erefore, an accurate estimation of the effect can only be made based on long term 

. simulations with a statistical analysis of the tank outflow discharge.
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4. Store, ,3 and Infiltration Facilities ., 

Analogous to the design of rai_n.-water tanks. i_t is important to design storage_and 
infiltration facilities based on long tenn simulations. The long ‘memory’ of the 
storage _faci_li_ties requires the use of the complete time variability of the rainfall. Based 
on long tenn simulations using a conceptual model. a design table was produced 
which gives the required storage volumes as a function of the ietum period of the 
overflow and the outflow discharge (Table 3). This outflow discharge can be either 
infiltration, throttled outflow, evaporation, etc. The storage volumes in Table 3 are 
based on the assumption of a constant outflow and are rounded off for practical use. 
ln_case of a more linear outflow relationship (e.g. throttle pipe with free outflow) the 
requirt 1 storage Volumes are s tghtly underestimated. Tlierefore, a specific modelling 
1'» adnsed for large storage basins (contributing area >10 ha). When the antecedent 
rainfall (or initial storage) is not taken into account and the storage facility is designed 
based on single design storms, it is found that the frequency of the overflow can be 
down to 50% of the frequency found with continuous simulation. 

TABLE 3. Storage voluntes (re_l_at_ive to the contributing impervio1'1s area; in three different dimensions) as 
a function of the outflow (relative to the contributing impervious area; in three different dimensions) and as 

a f _unc_t_ion of the return period of the emergency overflow. 

return period (overflow) 

‘/2 year 1 year 2 years 5 years 

10 l/s/ha 7s n13/ha 5100 m3_/ha 1_5_o ms/_11a_ zoo tn3/ha 
3.6 mrn/l'_1 

‘ 
7.5 mm 10 mm 15 mm 20 mm 

3601/h/l00r1i' 0.75 m-‘/100m’ 1 m-‘/loom‘ 1.5 m’/mom’ 2 m’/ioom’ 
. _ 

. 5 l/s/ha 100 m3/ha‘ 
‘ 

iso manta zoo m3/ha 275 m3/ha 
‘:.‘.".‘°“ r .°!'“" 1.3 mm/h 10 mm 15 mm 1 20 mm 27.5 mm 

3' ‘““‘"“T'°”' 180 1/11/1oom= 1 m’/lO0m' 1.5 m-‘noom’ 2 m-‘/toom’ 2.75 m’/tooml 
anedlifffiggfed 2 l/s/ha 

‘ " 
150 m3/ha 200 m_3/ha 275 m3/ha 350 m3/ha 

h" M , l_.72 mm/h 15 mm 20 mm 27.5 mm 35 mm 
' '°"g 

‘ 
°“ 

. 7.2.1/11/1oom= 1.5 m-‘/mom? 2 m"ll0Omz 2;75 m’/ioom’ 3.5 m’/mom’ 
1 l/s/ha 

' ‘ 

zoo m3/ha 275 m3/ha -350 ms/11a 450 m3/ha 
0.36 rnm/ha 20 mm 27.5 mm 35 mm 45 nnn 
361/h/100m‘ 2 m-‘/mom? 2.75 m-‘/toom’ 3.5 tn’/100m’ . 4.5 m‘-‘/room’ 

5.. Flow Attenuation 

The Flemish guidelines prescribe that for new large impervious areas (starting from 
O.-l ha), the downstream flow must be limited to 10 litres/s/ha for a return period which 
is a function of the sensitivity of the receiving water [1]. The corresponding storage 
volumes for this can be found in Table 3. For sensitive receiving waters this 
throughflow limitation can be further decreased. 

However, limiting the throughflow to 10 1/s/ha for a small return period does 
not always lead to the optimal flow attenuation, It is more important to use a high 
return period for the overflow of the storage facility, than to l_irnit the throughflow.



Figure 8 shows an at tample of the runoff to storage basins with a throughflow limits of , 

10 and 20 l/s/ha respectively with the same storage capacity. The throughflow limit of 
' l0 l/s/ha gives a return period of 2 years for the overflow, while the throughflow limit 
of 201/s/ha gives a return period of 9 years. The latter case leads to a better 
attenuation of the peak flows, despite the larger throughflow limit. This shows that the 
throughflow limit only is not sufficient to optimise the attenuation of the downstream 
flow and that a case. specific long term simulation can have a large benefit. 

. For ‘sensitive receiving waters. it is thus better to increase the return period of the 
emergency overflow t_h_an to further l_irnit the throughflow. 
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Figure 8. Distribution of peak dis_cha_rges for the runoff of a catchment 
withoutia storage facility as compared with two scenarios with storage facilities 

‘(both 15 mm of storage and respectively 10 and 20 1/s/ha throtighflow).
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6. Design of Ditches 

The evaluation of ditches is one of the main topics in the source control policy in 
Flanders [1,3]. The main function of the ditches shifts from runoff to storage and 
infiltration. but the runoff function at peak flows must be assured without flooding. 
Therefore, for the design of ditches, a two step approach is proposed [3]. First, the 
storage volume in the ditch must be large enough to store and infiltrate the water from 
locally connected areas. This means that they have to be designed using the design 
table (Table 3). In the second step, a hydrodynainic control simulation is performed 
for the rain-water system. The hydrodynamic simulation is necessary in order to take 
into account the backwater effect and the interaction with pipe systems. For this 
control simulation, ra looding may occur ft"? a return period of 5 years. The 
infiltrat;ion flov is ..~.g.l .c..:d as compared with the peak flow in the drainage system 
and the in’..a‘ conditions must be chosen according to the outflow conditions. 
Eventually, design storms with longer antecedent rainfall periods may be necessary. A 
simultaneous evaluation of the storage and runoff function is very difficult or 
practically impossible with the'cur‘r‘ently available rnodelling tools and is unnecessary. 
Moreover, the storage function must be evaluated based on long-term simulations, 
which would require too long calculation times in a hydrodynamic modelling system. 

7. Public Awareness 

The source control policy looks nice on paper, but is difficult to implement in practice, 
because many people are involved. One of the main principles is that the source 
control policy must be applied on all levels. Citizens as well as the government on 
local_ and regional levels have to accept their responsibility. For new applications, 
these source control rn_easu_res must be implemented in order to get a building pemtit. 
Furthermore, a system of subsidies has been set up to enhance this source control 
policy in other cases. In order to make the people and local authorities aware of the 
needs and possibilities and "to give them practical information. brochures are prepared. 
Specific brochures are made for each group of people, e.g. local communities, 
architects, citizens, etc. and contain tips for rational water u_se as well as technical 
information on how people can implement this in practice '[13,l4,l5]. Fu_rtherrnor_e_,- 
workshops are organised for engineers and decision makers to inform them about the 
new technologies and methodologies and a task group on sewer system concepts exists 
a_l_rea_dy for years within the Flemish sewer system and waste water treatment forum 
‘Vlari0‘. 

8. Conclusions 

Source control measure: are an ideal tool toesolve problems with excessively high 
peak flows from urban catchments. They not only reduce the emissions at combined 
sewer overflows, but also have a significant impact on extreme events and the 
dimensions of the combined sewer system. The long antecedent period that influences 
storage facilities requires the use of the full time variability of the rainfall in order to



oh‘ ain an accurate design. The use ofdesign storms will lead to an underestimation of 
‘-he storage volumes. For the Flemish applications, design rules have been 
successfully established based on continuous long-term simulations using conceptual 
models. 
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THE ROLE OF STORMWATER SOURCE CONTROL IN THE 
CONVERSION OF THE NATIONAL HOSPITAL OF NORWAY INTO AN 
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1. Project Description (Pilcstredet Park) 

The National Hospital of Norway (“Riks_h_ospitalet”) moved to a new building complex 
on the outskirts of Oslo in spring 2000. The old hospital is situated in the very centre 
of Oslo and covers an area of about 7 ha. lts buildings were built over the past century 
and comprise over ll0,000 m’ of floor space. About half of the complex is to be 
demolished, and there will be about 85,000 m_’ of new construction while 50,000 in’ 
will be renovated. About 60 % of the new or reconstructed area will be residential, 
while the rest will consist of offices. schools, or commercial premises of different 
types. The outdoor areas will be landscaped as public spaces. ' 

It was decided in 1997 tc.use this area (named “Pilestredet Park”) as a pilot 
project for urban ecologic development [1] [2]. The project is done in collaboration 
with Statsbygg, the national building authority, and the municipality of Oslo as the 
main partners. Collaboration of different project teams with a_ wide range of 
professional backgrounds is anticipated. ' 

The main goals of the Urban Ecology Program were: 
0 improve urban e'nviron'me‘ntal quality. including green spaces, reduction of traffic, 

reduction of noise, etc. ' 

0 Promote infrastructure for public transport and pedestrians, district heating, and 
waste separation.

, 

0 Apply selective demolition including sorting, recycling and minimum transport of 
demolition wastes. 

0 Re-use existing buildings to a maximum extent, including specific projects where 
' 

re-used materials are applied. 
to Design outdoor areas i_n an integrated way as an urban ecology park. 

Apply environmentally-friendly architecture including energy design, healthy 
materials, natural air-conditioning, etc, 

I Conserve energy. including renewable energy, and impose strict consumption 
limits. 

|§‘t
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The treatment of ston'nw'ate_r was a part of this urban ecology project. and items 
mentioned above as, for example, landscape architecture, re-use of materials. and 
infrastructure in general were of interest in developing solutions concerning 
stormwater management. 

2. General Inl‘o_rtnatlon,. about the Planning of Outdoor Areas 

£.r;rtkraft Groner, the cc tsu_lt_i_ng engineers. togrhex v ith Bjorbekk & Lint. zeim, the 
landscape architects, have been responsible " .4‘ the planning of outdoor areas, i.e., the 
landscape architecture, roads. pedestrian walks, etc., and the system for stormwater 
collection and treatment. Additionally. the waste separation and collection systems 
‘were included in our contract.

_ 

The planning of the outdoor areas was carried out in three mai_n phases: 
0 Preliminary studies (August - September 1999) 
0 Pre-feasibility studies (October: Novernber 1999) 

Detailed planning (started in November 2000). 

Traditionally, there has been some consegrvatism among the municipal experts 
and consulting engineers working in the field of urban water management, applying 
non-conventional techniques. However, pilot projects, including the one described 
here, demand that project participants must be open-minded with respect to new 
solutions.

_ 

In the project team for the outdoor areas, the landscape architects were given 
considerable freedom in the first stages of the project, and the engineers then tried to 
find technically feasible solutions to solve possible problems. Examples of this 
approach include infiltration, roof gardens, above-ground storage tanks, under-ground 
storage tanks (utilisation of existing structures). water falls, open basins, open 
channels, natural trenches, reuse of‘ stormwater for washing, toilet flushing and 
irrigation, all with the aim of reducing runoff and increasing retention time of 
stormwater. before its d_i_sch_a_rge to the municipal combined sewer system in the 
surrounding streets.

A 

The outdoor areas have been planned as an integratedlandscaping project, 
applying ecological principles. Most of the outdoor area wi_ll be public. It was 
considered important to create a variety of open spaces, ranging from fully public 
areas to semi-private courts in the residential quarters, including small private gardens 
for some of the ground floor apartrnents. Also in its appearance, the landscape should 
express variety ranging from wilderness (including wetlands) to garden-type areas. 

Green roofsf(with roof-gardens) were also included in the plan, motivated by 
the general perception that a greater extent of green areas improves the air quality and 
local micro-climate in general. 

The landscaping project aims, in imaginative ways, to re-use old building 
materials: stones, timber, bricks, etc. for pedestrian walks, seating a'r‘ranger'nert_ts,'wall_s, 
outdoor pcrgolas and furniture. In this way the history of the area would be preserved 
and visible in the new landscape. 

Water becomes another central feature of the outdoor areas; its cycle will be 
expressed clearly, and its different qual_ities will be used, again in an imaginative way,

\



to show that it is a resource rather than waste! For example, some rainwater will be stored for watering the outdoor areas. The open waterways with waterfalls and a wide variety of designs will be used as a distinctiveexpression in the landscape design. So far, the main principles of the landscape design were described. Stormwater "source 
control will be emphasised below and described in more detail. 

‘ 
3. Requirements for Stormwater Management 
Regarding stonnwater runoff, .-he local authorities (th- Municipality of Oslo) have the 
int_e_ntio,n to maintain a r «are? water balance, and "a‘v» rkfined the project got. ; I The maxirnurr storrnwater flow shall l’. less than 10% of the maximum flow ~ from an urban area with a traditional drainage system. 

Due to legal restrictions, this requirement could only be defined for the new buildings and areas, but we tried to achieve this goal also with respect to the existing buildings, whenever possible. These requirements were also included in the contract documents, when Statsbygg assigned different parts of the redevelopment area to different contractors. 
Given the c_atchment parameters, the concentration time was found to be 7 minutes. Thus. a design storm of 7 minutes duration was chosen to estimate the maximum expected runoff rate for a given return period. ‘ 

Intensity-duration-frequency (IDF) curves from the Norwegian Meteorological 
Institute were used, for the Blindern station located just a few kilometres north of the 
area. These statistics include return periods from 2 to 100 years. and rainfall durations ranging from 5 to 360 minutes. In Oslo it i_s a common practice to use a return period of 10 years to size storm’ sewers, while the European standard EN 752 requires a return period of 2 years for small residential areas (CEN, 1993 [3] ). The maximum flow rates of runoff from the project catchment were calculated as shown below: 

TABLE 1 Calculated maximum flow 

Rainfall duration 
’ 

Rainfall intensity 
' V 

Calculated maximum flow’ 
, _ (‘I0-year return interval) (1/s) 

5 minutes 
if 

32;2l/s-ha’ 
" 

I160 10 minutes 224 US he 8/10 7 minutes‘ 
. 280 I/s ha , , 1000

i 

(L:
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Figure 1 Plan view afrlze Pilesrreder Park project area (iota! area = 7 ha) 

The requirement that the maximum runoff rate should be reduced by 90% (to 
10%) of the m_axim_u_m from an urban area with traditional drainage systems meant that 
the peak runoff for the whole catchment must not exceed 100 1/5.



Since the area is divided into several subcatchments, where different contractors 
are involved, the per_rnitte_d runoff foreach of those was set to 100 lls multiplied by the 
corresponding percentage of the total area.

_ As retention is one of the available measures to reduce the peak runoff rate, the 
applicable time of concentration would increase and, thus, a longer duration rainfall 
could become the critical loading input. 

4. Applicable Methods for Source Control 

The main principle of source control W-_. found to be retention of stormwater r" ..)ff .n 
different forms. As d_iscu_ssed above, infiltration was not a viable option, ' .-cause of 
the low perviousness of soils in the project area-. V 

Another feature was increased" evapotranspiration by trees and other plants, 
which was further enhanced by the main goals that were defined regarding the 
landscape design (i—.e.-, _more plants than usual, open waterways with waterfalls," etc.). 
Also the green roofs will have an important effect with respect to runofffeduetiond. The retention measures investigated are discussed below. 

4.1 UNDERGROUND RESERVOIRS 
Such reservoirs can be placed in parks, under. roads or under open areas. The 
reservoirs have to be deeper than the freezing zone (winters in Oslo are cold. with 
repeated thaw cycles). The sides and the bottoms of the reservoirs are made 
waterproof by using a layer of clay, ‘in order to avoid the problems described above. The reservoir bodies are made-of crushed .stone and rock such that the effective storage 
consists of _the pore volume "between the rocks. The effective storage was estimated to 
be 20-25% of the total volume of the reservoir. 

The stormwater from buildings and landscape :7: first conveyed through sand 
traps to an inlet basin. From this basin the water enters the reservoir throughtwo or 
three perforated pipes. At the downstream end of the reservoir, similar pipes, about 
one metre lower than theinlet pipes. drain the reservoir into an outlet basin for final 
drainage out of the project area. The basin at the outlet of the reservoir will be used to 
measure the outflows rate. Should this rate exceed the permitted limit, a vortex valve 
will be installed to throttle the flow, if nec_essary.A 

~~As an altemathe to the crushed stone fill, and to increase the re-use of old 
materials, it was proposed to use also crushed concrete and/or crushed bricks in the 
reservoirs [4] [S]. Crushed concrete could be used only if it were washed after 
crushing. -Storrnwater runoff in Norway is often acid due to the low buffer capacity of 
soils. Experience from some practical ‘tests shows that there would be chemical 
elutriation from the concrete, and that pl-I would increase at the outlet of such 
.res‘er~.'oirs up to about 9.0. A_lso, not all the cement in the concrete may be chemically 
bound. Experience from some test roads shows that free cement in recycled concrete 
tends to be activated later. Thus, there is a possibility that the reservoir may gradually become clogged and its porosity be reduced. 

Bricks can absorb water, which yields an additional positive retention effect. 
However, the structure of crushed bricks is “needle shaped", and there is a tendency 
that it further disintegrates during operation, especialgly in winter conditions. Despite



these concerns. the re-use of concrete and br7 :ks will probably be applied in full scale 
in some of the retention reservoirs, in order to gain more experience with this 
technology. i 

4.2 RETENTION ON FLAT ROOFS 
Stormwater retention on flat roofs is of interest where other retention methods are 
difficult to apply, for instance, if the areaaround the buildings does not allow to instal 
underground reservoirs. ' 

Obviously, it is essential that the ‘watertight layer is of ;:-od quality, and th . ’ 

is well protected against damage. This protection could .e p.ov.dec_l by a 1"-cm layer 
of clinker, crushed bricks or crushed concrete that .«ould also serve as intermediate 
storage. The. mechanical strength of the material is not so important here. However, 
concrete was considered to be a little more risky due to chemical elutriation by" acid 
rain, and potential effects of increased sediment fluxes on downstream pipes. Crushed 
brick and clinker were considered to have about the same properties, but to increase 
the re-use of materials, our final choice was crushed bricks. The rainwater that will not 
disappear by evaporation, absorption or consumption by plants will be collected and 
transported ztway by downpipes. 

Above the layer of crushed brick, we have recommended to place a separation 
layer of fiber-cloth and a top’ layer of soil to allow for plant growth and create green 
roofs. ' 

It was calculated that a reduction of the rna_x_irr_tum flow rate by 90% could be 
achieved if 60-80% of the roof area of the complex would be designed in such a way. 

4.3 TANKS (UNDERGROUND OR INSIDEBUILDINGS) 
In addition to the above measures. one central underground tank will be also provided. 
Flow from open channels/ditches from the eastern part of the area wi'.;l discharge to 
this tank, thus providing retention storage for most of the eastern half of the area. This 
was considered necessary, because many of the existing buildings in this area will be 
retained. As they have sloping roofs. rooftop storage is impossible, and other control 
methods were considered difficult to apply. , 

The retained stonnwaterin the tank will be available for irrigation of the public 
park area nearby.

' 

A contr i system will be installed to operate the tank for both retention 
(emptying after a rain) and irrigation. The tank volume is approximately 600.m’._of 
which 200 nit’ are reserved for retention and 400 m’ for irrigation. The retention 
volume is equivalent to approximately 9 mm of storage, related to the upstream 
i_mperviou_s area, and its retention volume is equivalent to 100% of‘ the design runoff 
volume of the connected area. » 

4.4 WATER TOWERS 
The idea to install water towers was ptftjt forward by the landscape architect. The main 
motivation was to combine roof runoff retention and water storage to allow for 
extended flow periods in the waterways during dry weather. Water release shall be 
controlled such that. for example, every half an hour, flow would be generated for a
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duration of a few minutes. As only clean water shall be stored, no roof gardens were 
connected to the water towers. 

The water towers have an inner diameter of about 3 rn, and a height of about 10 
m. The water is collected from a roof and led into a water tower situated at the corner 
of the building. There is a free drop of a few metres as the bu'_ild_ing is 2-3 in higher 
than the top of the water tower. ' 

Figure 2 Principle sketch of a water tower 

About 80 % of th_e volume is to be used for storage and successive discharge 
into the waterways. The remaining 20% is kept empty to have spare volume available 
during extraordinary runoff events. 

In winter conditions, the outlet of the tower would be held open at all times to 
avoid freezing problems. It was also regarded as necessary to use thermostatic electric 
heating near the outlet area to prevent freezing of the outlet. In non-winter conditions, 
the outlets of the tanks will be controlled by electrically operated valves. The water 
towers were designed to be located at the sites F1 and H (Fig. 1). t

. 

4.5 OPEN WATERWAYS 
' From the beginning of the planning process, water was considered to be a positive 
element of the landscape, and the landscape architect applied water as a distinctive 
feature of the outdoor design. Two open waterways (east and west) pass through the 
area, both sloping southwards (see Fig. 1). The waterways have different types of 
chutes and waterfalls and feature some small ponds. 

Water from the eastern waterway is discharged into the underground tank 
described above. 

V 

_g The open waterways would tend to increase the evaporation, and also h_ave ' 

some small retention effect (lower velocity compared to pipes, some extra storage 
volume in the ponds). 

iés’



5.0 Implemented Solutions and Current Experience 

Since the drainage conditions in the area are complex and a lot between the V 

different sub-catchments, we had to use a combination of drainage methods as 
described above. Space and other constraints restrict the free application of measures, 
e.g., using underground reservoirs depends on the availability of a sufficiently large 
open area..Where sufficient space was not available, e.g., close to some of the existing ' 

buildings, water retention tanks inside the buildings were regarded as the only solution 
required totachieve the 90% peak flow reduction. 
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Figure 3 Distribution of different retention methods used (as percentage of "total areas). 
Waterways are not included. 

The history of the project so far has been that the preliminary studies were 
followed by two "intermission phases”, and by the pre-feasibility stu_dies, The first 
intermission phase was an environmental follow-up program for the whole area, and 
the second one was dedicated to formulate requi_1_-ernents and specifications for the 
outdoor design and the stormwater control for three of the sub-catchments, which were 
sold to contractors in late 1999 (B, C and H in Fig. l). 

After finishing the pre-feasibility studies in November 1999, the municipality 
and Statsbygg evaluated the project. There were some concerns about possible 
problems conceming freezing of the open waterways in winter conditions, but 
referring to the experievnce in Sweden and USA [6] [7] ['8] [9] [10] [ll] [12], this was 
not considered to be a problem. Even if some non-traditional solutions were used, the 
concluding statement from the municipality was rather positive. 

The pre—feasib'iliIy study was approved in February 2000. As the municipality 
will be responsible for most of the operation and maintenance, (O&M) of the outdoor 
area, there are still ongoing discussions between Statsbygg and the municipality about 
the consequences of this novel design with respect to O&M, ‘so the detailed planning 
was halted until November .2000.
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The contractors that will develop the first sub-catchments have just started the design process, and being the project" team for the outdoor works. we have been 
involved in ensuring cooperation and approving the final design. 

_ 

The main problem so far is that some of the features and conditions of the pre- 
feasibility s_tu_dy were not fully inc‘lud,ed i_n the sales conditions and the associated 
contract. The water towers will probably be difficult to implement due to this problem. 
Other problems may be caused by the need for more underground parking. Thus, there 
will be less room for underground stormwater reservoirs. The central underground 
tank will become smaller, due to technical difficulties to bring water from the eastern 
waterway all the way down to the tank. 

Hence. the project will be somewhat reduced compared to th. Jriginal 
intentions formulated in the pre-feasibility -study. This is r‘n'..nly related to 
unfavourable physical conditions and due to the relaxation of some of the strict initial 
requirements. 

' “ 

6.0 Results and Discussion 

Our study shows‘ that it may be possible to reduce the stormwater runoff by up to 90% from a heavily urbanised inner city development area by using different source control 
methods. The applicability of some of the methods depends on the availability of some open space or outdoor areas. wh_ile the use of indoor tanks. water towers or green roofs may be used under any circumstances. 

Since the rebuilding of the area has not yet started, we have no operating. 
experience from the use of these different methods. As underground reservoirs, 
underground tanks, and green roofs have been used in different other projects, there is 
a belief that the experience will be posit_ive_.

. 

Even if we prefer simple systems for the sake of simplified operation, some of 
the methods have to rely on more sophisticated control systems _(i.e.. water towers or 
retention tanks). 

7.0 Further Work
I 

In the forthcoming det_ailed planning phase for the public areas and in the ongoing co- 
operation with the contractors for different sub-catchments, we will try to apply the 
proposed inetliods for stormwater control and the re—use of building materials as close 
to ou_r intentions as possible. 

lt may be difficult to fully evaluate the effects of the different methods, 
especially to confirm that we have indeed achieved the 90% peak flow reduction_. However, it is planned to install flow measurement equipment, relate the measured 
flows to rainfall intensities, and compare conventional drainage versus source control 
runoff scenarios.

’ 

A very important byproduct of the planning process was the fact that it opened our minds with respect to the feasibility of unconventional source control methods 
applied to inner city drainage. Today we are convinced that this approach is suitable 
for application in other sirr_ii_lar projects. 

P4?
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‘COPPER. REMOVAL IN INFILTRATION FACILITIES FOR _STORMWATER RUNOFF 

M. STEINER and M. BOLLER 
Swiss Federal 1n.m'n_4_te.for Environmental Science and Technology. 
Uberlandstrasse J 33 CH - 8600 Dtfibendorf Switzerlan ' 

1. Introduction 

Copper, zinc, lead and cadmium in roof and road runoff can be considered as major 
sources of heavy metals in urban drainage systems. Depending on the drainage 
system, they cause diffenrent environmental problems. In a combined sewer system

I 

heavy metals reach the wastewater treatment plant (WWTP) or can be discharged 
directly into a river as consequence of intense rainfall events. In the WWTP, heavy 
metals are tra_n_s_ferrecl into the sewage sludge, to the receiving waters and into aquatic 
sediments [I]. If the sludge is used for land spreading in agriculture, heavy metals are 
distributed diffusely in agricultural soils where they accumulate slowly and may affect 
soil fertility [2];

‘ 

Depending on the chemical and physical properties of heavy metals, up to 30% 
of the inlet load of a sewage treatment plant can -reach the receiving waters [3]. Also, 
through this pathway, heavy metals are distributed diffusely in sediments and 
downstream river‘ flow. l_n_ receiving waters, -heavy metals can be toxic to algae and 
fish, both at very low concentration levels. It can be clearly seen that i_n both 
pa_thwa_ys, transfer into sewage sludge or receiving waters, we deal with very diffuse 
slow and long-term accumulation processes leading to problems in a time scale of 100 
years and more. Therefore, the accumulation problems involved are not well 
recognised According to the new (1992) Swiss water protection law, surface runoff 
from both roofs and roads should be infiltrated if possible. As a conseq'uen_ce, the 
heavy metal fluxes are redirected to i_nfil_tration sites. Their fate depends on the 
construction of these sites and may cause new types of relatively fast metal 
accumulation problems. 

2. Infiltration T ech_niqu_es 

Generally, two infiltration techniques can be distinguished [4]. On one hand, the 
stonnwater runoff may be directed to sub-surface infiltration systems in which the 
topsoil is "omitted as infiltration layer. This technique distributes heavy metals 
diffusely in the ground in poorly defined layers 2-3 .m below the ground level. In 
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addition, heavy metals may reach the groundwater because the retention capacity of 
subsoils is generally lower than in topsoils. 

On the other hand. infil_ttation’may take place directly in topsoils. Because of a 
pronounced "adsorption capability of these humus containing soil layers, heavy metals 
may be retained to a large extent, if the pore system of the soil layer allows for a 
relatively homogeneous water flow pattern [5]. In reality, the retention capacity can be 
seriou_sly affected by preferential flow paths. Results of an EAWAG research project 
revealed that in a newly constructed infiltration pit, which was equipped with 
sampling ports along the depth, considerable heavy metal transport into deeper soil 
layers was observed. Although the topsoil layer was built in carefully with .p to date 
technology, very fast breal_<th,rough of copper and other substances cot"; b» r..easured 
during rain events. Another disadvantage of using natural soil as w'.er purifying layer 
is its contamination. If heavy metals reach a certain level in topsoils, they will affect- 
plant fertility, an indispensable natural resource, It can be concluded that noneof the 
mentioned infiltration techniques meets the goals of intermediate and long term 
sustainability [6]. 

3. Source Control as Solution 

A sustainable path can be achieved only if the use of materials with problematic 
effects on the environment can be avoided in future. Such changes in the use of 
construction materials involve various decision-makers in industry, government and 

' 

business and their implementation will take decades. Until this goal is reached. the 
impact of heavy metals on the environment will continue and should, therefore. be 
minimised. lt should be possible to control the spatial and temporal distribution of 
hazardous substances. One feasible way is to control the heavy metal fluxes at the 
infiltration sites. The retention of heavy metals should be managed with a technology 
as simple as possible. As a new element in urban drainage systems, we suggest to 
introduce a special adsorption layer at infiltration sites with an especially high affinity 
for heavy metals in all kinds of surface runoff. The artificial granular layer should 
have a sufficient hydraulic conductivity and should allow optimum efficiency and 
lifetime of the adsorption media and minimise hazardous waste production. Further, 
after exhaustion of the adsorption capacity, the adsorbent should be easily removable 
and its regeneration should be possible. The use of soil as adsorbent should be 
excluded and the contamination of neighbouring soils has to be avoided. Such 
adsorption layers may be a part of new types of infiltration facilities. 

4. Copper Ccrtcemrctiorts and Loads in Roof and Facade Runoff 

In general, copp*-r concentrations in roof runoff correlates with the area of copper 
plates used on a roof. The average concentration in roof water from a large area is 
considered to be about 90 ug Cu/1 in average. This value corresponds to a copper 
covered area of 5% of the total roof area. This percentage is typical for roofs with a



copper gutter.. If a roof is covered completely with copper plates, average 
concentrations of 1800 pg Cull and more are usually observed. However, runoff 
events usually show marked first - flush effects characterised by up to one order of 
magnitude higher concentrations during the first 2 mm of runoff [7]. Figure 1 shows 
examples of typical copper concentration patterns in the runoff from a roof without 

- copper installations, from a roof "with copper gutters, and from a copper-plated roof. 

Cu Concentration in different Roof Runoffs 
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Figure 1. Copper concentration in different roof runoffs. 

Copper is widely used as a plumbing material in exterior parts of buildings, Nowadays, copper loads from roofs account for up to 40s50% of the total copper load 
of combined sewer systems [-3]. Discussions with decision-makers on the use of other 
materials are in progress and in some professional groups of architects and plumbers 
rethinking takes place. Although alternative materials may be available at the present 
time, it will take more than 50 years to replace larger parts of copper installations. 
Therefore.‘ the application of a technical end—of-pipe solution is promoted to control 
the difmse heavy metal fluxes in stormwater runoff. At the same time, additional 
effons to retain heavy metals at infiltration sites may hopefully provoke rethink_ing in 
the building indtastryand pi-omote the use of alternative materials. ‘



5. A'dsoi'btion Materials 

5.] . INTRODUCTION 

A literature review on possible sorben_ts with especially high adsorption capacities in 
soils revealed three classes of materials: zeolites, humic acids and metal (hydr)-oxides 
such as those of aluminum and iron [8, 9, 10, 1.1. 12, 13]. Further, many experiments 
have been carried out with activated carbon [14]. Data from other experiments with 
cellulosic materials and other materials are also described [15]. A comparison of the 
adsorption capacities among different potential adsorbents shows best performancefor 
iron hydroxide. -For practical use, substances must be available in granular form in 
order to fulfil hydraulic conductivity requirements. Granular hydroxide was evaluated 
as a potential adsorbent and could be obtained from Wasserchemie Gmbl-l in 

Osna_br_iicl<. Chemically, the obtained iron-hydroxide has mostly a crystal structure of 
B-FeOOH and is called akaganeite [16]. The crystal structure accounts for a large 
internal porosity. BET measurements by the manufacturer and by EAWAG resulted in 
a high internal surface of 300 m2/g. It is assumed that the large internal surface of the 
particles is responsible for the high adsorption capacity. The marketed product is 

supposed IO have grain size distribution from 0.3 to 2.3 mm. However, particle size 
distribution measurements suggest a maximum grain diameter of 0.8 mm. Because 
adsorption ‘processes are highly dependent on pH, granulated CaCO3 is added to the 
FeOOl-I in a 1:1 weight ratio. 

5.2. PILOT PLANT 

5.2.1.. Construcn'on 
In order to test the adsorbents, at pilot plant consisting of 7 identical columns, each 
with a length and a diameter of I in and 0.05 rn. respectively, was constructed. The 
wa_ter is directed downward through the columns. The raw water is taken from a 
storage tank receiving roof runoff from a fibreglass roof. The water from the storage 
tank is pumped into a small (12 1) trough-flow vessel 1 m above the columns. from 
where the supematant flows back to the storage tank. All columns are fed from the 
trough-flow vessel. The flow rate in each column can be adjusted and samples can be 
collected of the effluent of the column as well as from several profile sample ports 
along the column. To avoid algae growth, storage, tubes and columns are covered to 
avoid any light induced growth, 

5.2.2. Inlet
_ 

Roof water was sampled from a roof with an area of 100 m2 and a copper gutter. 
according to runoff .me:»suremems. the average concentration reached about 300 pg 

Cu/l. Depending on the column feed, sampled roof water has to be pumped every 
week from the main storage tank (12 m3) into the intermediate storage tank (0.6 m ) 

from which the columns are supplied. In order to guarantee constant inlet conditions, 
the main storage was filled in autumn 1999 and from then on-, the roof inflow could be 
disconnected. In June 2000, the storage had to berefilled». At this point in time, a shift
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to lower pH could be observed. The copper concentration in the main storage tank 
ranges from 20 to 30 pg Cu/l. In order to operate the columns with a concentration of 
"300 pg Cu/l, copper in the form of CuSO4(H2O')5 was added. Filtration (0.45 ttm) and 
subsequent analysis of the inflow shows, that at least 85 % of the copper is found in 
the filtrate, although considerable amount of particles are washed off from the roof. 
Chemical equilibrium calculations suggest that within the observed pH (7.1 — 7.7) in 
solution, Cu solubility is not critical. 

5.2.3. Results 
Different experiments have been earned out. Basically, constant and variable flow 
conditions should be distinguished. The first set of columns has been operated with 
constant flow in order to establish breakthrough c"ur’ves. Four columns are used and 
filled with different adsorbents and one is left empty as a blank. In order to quantify 
and compare the performance of the FeOOH/CaCO3 mixture, one column was filled 
with CaCO3 granules, one with quartz sand and one with pure FeOOH granules. The media bed height was 0.30 m in each column and the flow was set between 0.2 — 0.4 
l/h. The experiments started in May 1999. Since then the columns are under steady 
flow. However, certain flow fluc'tuation_s due to temperature effects occur but do not 
affect the experiment. Copper effluent co'ncentrat_ions of columns 1 to 4 in the course of time can be seen in Figure 2.
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Figure 2. lnlloix and effluent concentrations of columns 1 - 4, 

The performance of the CaCO3 media and the quartz sand column is not very good. 
_The overall adsorption performance in these columns reaches 039% and 26%, 
respectively. It becomes clear that the columns containing FeOOH perform the best. 
For the mixed media column, the average effluent concentrat_i_on was between 0.5 - 2 
pg Cu/l. A removal efficiency of 99.3% can be calculated for the period from May 
1999 until June 2000. The outs_t_andi_ng performance was attained during a loading 
period comparable to a rainfall amount of a 20-year return period into an infiltration 
shaft with a roof to infiltration area ratio of 100:1. All effluent samples contained only 
copper in the dissolved form. The FeOOH column performed the second best. An 
overall removal efficiency of 96% was achieved. Due to hydraulic problems, the 
loading decreased constantly and the column had to be taken out of operation in June 
2000. Compared to the FeOOH/CaCO3 column, adsorption performance of the pure 
FeOOH media was inferior especially at the beginning of the experiment. 

The mixed media column was able to stabilise -the pH whereas the FeOOH 
column showed a marked pH decrease. It is suggested that the pH decrease is caused 
by selective adsorption of C032’. However, it cannot be said clearly if the lower 
adsorption performance in the FeOOH column is caused by the lower pH. On the 
other hand, one can argue that even with a pH as low as 4, adsorption efficiency 
remains about 96%. This is an interesting and favourable observation, because in this 
13}! range adsorption usually does not occur onto other solid iron-hydroxides such as 
FeOOH (l7, 18]. After 500 days of continuous operation, the mixed media column is’ 
far from its exhaustion. Profile san_1pl_es indicate that the adsorption front in the 
column is presently in about 10 cm depth and is moving very slowly. Up to 92 % of
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the copper is immobilised, in the upper 4 cm of the column. Below 15 cm, the copper 
concentrations in the profile sample are about equal to those in the column effluent 
(Figure 3). All particulate copper and copper adsorbed on particles with a size larger 
than 0.45 pm are retained in the upper 4 cm of the media. Therefore, it is suggested 
that both filtration and adsorption are responsible for the high removal efficiency. 

Copper Conce ntratlon In column Depth

~ 
40: ' 

’ — » 

30 
I 

p , , 
. .45; §—o—Depth: 4cm 

§ & \ 7-I-DePlh:9cm 5 . 

'5' 20 .; Depth: 14cm: 0 3 \ ._ , . 

I,- to 
,_ 

-

. 

o - 
‘ 

I 

. . 

r.-._‘." -‘- 
Sep 99 Dez 99 Apr 00 Jul 00 

Figure 3. Cu concentration profiles of the FeO0H/CaC0_; column. 

For a copper load of 904 mg, a capacity of 20 mg Cu/g Fe00H can be 
calculated in the upper 4 cm of the column. However, in order to estimate maximum 
adsorption capacity. batch experimenpts were carried out. 

In order to gain insight into adsorption kinetics, experiments with a much 
snt_al_ler adsorption bed showing early and di_stinct breakthrough curves are required. 
Therefo_re,.two columns with a filter bed only 5cm high were tested. One was 
operated as a control column while the other served for kinetic experiments. The goal 
of the kinetic experiments was to produce breakthrough curves, from which 
adsorption capacity and kinetic data can be calculated. Again, the inlet copper 
concentration was the same as for the other columns. After 5 days of steady flow 
conditions, a steady copper concentration in the effluent could be observed. Then, the 
hydraulic load was increased in different time steps but with a constant copper load in 
each time interval. At the end of each time step, a sample was taken in the effluent. As 
a result, even with a hydr'a'ulic load larger than 20 times the constant flow, 80% of 
copper can be retained in a column with only 5 cm bed length. The residence time in 
the "layer at maxi_mum flow velocity was ‘20Aseconds. After 20 days of constant now, 
the same experiment was repeated and again, the same retention properties were 
found. 

5.3. BATCH EXPERI}.'1ENTS 
5.3.1. Inrradttction . 

Because of the rather unstable mechanical properties of the granular Fe00I-I, shaking 
of the batch experiment bottles destroyed some of the granules. It was therefore not 
possible to perform experiments under identical conditions. In order to work with an
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identical Fe0OH suspension, it was necessary to grind the granules. Clearly, this 
preparation procedure may change the pore size distribution and therefore probably 
the adsorption behaviour, but this disadvantage has to be accepted in order to carry out 
‘reproducible batch experiments. To avoid copper precipitation, pH was adjusted to 
6.5. The ionic strength has been set to 0.001 M. As reaction vessels. PE centrifugal 
tubes with a volume of 50 ml were used. After remaining for the reaction time in an" 
overhead shaker, samples have been taken directly from the tubes and were filtered 
(0.45 pm) and analysed. 

.‘ 3.2. Kinetic Experiments ' 

The crucial parameters are the ratio of adsorbent to adsorbate and pH. Therefore. the 
experiments were carried out with two different FeOOH concentrations. Because fast 
reaction rates were suggested, samples were taken at the beginning in short time 
intervals. Two series were carried out, each with experiments in parallel. After 5 
minutes, 95% of the initial copper in both series was adsorbed onto the FeOOH 
particles. Equilibrium was reached after 22 hours. 

5.3.3. Adsorptiorrlsotlienris 
The-results of the kinetic experiments show that adsorption kinetics is fast and 
equilibrium is reached after 22 hours. Therefore, the adsorption process was allowed 
to reach an equilibrium at least for this time period. Samples with the same amount of 
iron were prepared wh_i_le changing the copper concentration in each tube. After 
reaching equilibrium in the required time, samples were taken and analysed. By 
calculating the concentration difference, the amount of adsorbed -copper can be 
determined, Saturation can be observed and isotherms can be calculated according to 
Freundlich or Langmuir. It is important to d_ist,i_nguish between surface precipitation 
and adsorption. If an equilibrium can be found. it is suggested that adsorption and not 
precipitation is the crucial removal process. From the isotherms. a FeOOl-I loading 
capacity for the inlet concentration of the column of .26 mg Cu/g FeOOl-l can be 
calculated. Compared to the actual loading capacity observed in the first 4 cm of the 
column of 20 mg Cu/g FeOOH, the results are in good agreement. But it has to be 
stated that there may be a difference between natural roof runoff and pure laboratory 
systems as well as between FeOOH suspension and the granules. 

5.4. FULL SCALE APPLICATION: THE COPPER FACADE IN BERN 
5.4.]. Introduction 
In Bern_. -Switzerland. the Swiss Federal Office of Measurements (UFMET) 
constructed an extension building. The facade of this building, with an area of 
2500 tn’, is completely covered with pre-oxidised copper. Because of environmental 
concerns, a solution should be found to fix the copper in the facade runoff" water 
before infiltrating in the underground around the building. In co—opera_tion with 
UFMET and the Swiss Federal Office for Buildings and Logistics, itwas decided to 
dispose of the facade water in an infiltration trench constructed around the building 
and filled with the iron-hydroxide/CaCO3 mixture. In order to test the performance of 
the adsorption layer, sampling stations were installed at two differently exposed sides

‘
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ofthe b'uildi_ng. At each side, special equipment was assembled to catch water from a 
defined part of thefacade and from the effluent of the adsorption layer. The retention 
efficiency for copper corrosion products can be calculated comparing the copper 
concentration in the facade water and in the effluent water from the adsorption ditch 
for each runoff event. All systems are controlled automatically and are able to take 
samples in very short time intervals. This experimental arrangement Permits‘ 
observation of the supposed dynamics of facade runoff events. 

The adsorption layer is situated directly under the end of the copper facade. Its 
depth and width are 60 cm and 25 cm, respectively. At the bottom, a layer of gravel 
Far. been placed. The a Isorption layer consisting of a l:l< mixture of Fe0OI-I and , 5.303 granules is located above the gravel. Its height is 30 cm and it is completely 
wrapped in a geo-textile as can be seen from Figure 4. In addition, the -wrapped 
adsorption layer is covered with especially structured gravel for aesthetic reasons. 
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Figure 4. Construction details of the adsorption layer.
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5.4.2. Results and Interpretation 
Unfortunately, the present res'ult_s of the copper concentrations in facade runoff as well 
as the copper concentrations in the adsorber effluent cannot be published yet. 
According to co-operation agreements with our partners, results will be presented in 
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autumn 2001. Nevertheless, some efficiency data may serve as a first indication of the 
adsorber performance.» 

The copper facade was installed ijrji November 1999. The infi_ltra'tion ditch as 
well as the sampling stations were put’ in service in December 1999. Until the end of 
June 2000, up to 18 and 7 rainfall events including more than 4 samples per event 
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could be sampled from the west and south facades, respec_tively. The runoff is strongly 
dependent on meteorological patterns. According to the data, only 4 - 6% of the 
measured rainfall leads to a facade runoff. 

The copper con='entrationin the effluent of the corresponding infiltration ditch 
i mud‘: lower th_a.- the 3- set concentration. Comparing the corresponding 
cr.—_.cem."attons from frontage runoff and adsorption ditch effluent, the lowest 
efficiency was 92% in one event, but otherwise the copper retention efficiency 
reached 95-99.7% for the all other rainfall events. However, it must be mentioned that 
until the end of these measurements, the infiltration ditch and therefore the 
experimental adso_rber tre_nc_h too,» were exposed to full solar radiation, because the 
infiltration ditch was not yet levelled with surrounding soil. This caused big thermal 
fluctuations which may cause dry out and re-moisture effects of the adsorption layer. 
Therefore, the structure of the adsorption layer, especially the granular iron, may be 
affected and consequently. the ad_sorber performance may be decreased. After 
September 2000, the terrain will be levelled and better adsorption performance it is 
expected. 

According to the presently available database, it can be stated that the 
Fe0OHlCaCO3 ad,sorpt_ion layer is able to remove copper highly efficiently from the 
facade runoff, even if the copper load is very dynamic. Further, it is suggested that 
both filtration and adsorption take place in the adsorption ditch, To gain more 
information concerning the copper corrosion process, adsorption efficiency and 
mechanical stability of the adsorption layer, the experiments will be continued until 
Decembc. 2001. 

5.5. DISCUSSION 

Although there remain to be some open questions, the tested mixture has shown 
excellent performance in laboratory and full-scale applications. The adsorption 
kinetics seem to be fast enough to achieve good efficiency even at high flow 
velocities. However, more experiments with higher flow rates should be carried out in 
order to gain insight into process’ limiting mechanisms. In addition, it is important to 
understand the kinetic limitations of the a_dsorption process. As the present data show, 
film diffusion seems to account for the crucial lirnitat_ions. Research on this topic is in 
progress and results are expected in a few months. 

— The construction layout of the full-scale adsorption ditch in Wabem/Bem can 
be considered as highly successful. Although its design is simple, the adsorber ditch 
seems to fulfil functional as well‘ as aesthetic requirements. The question of material 
stability can be i_den_tified as a crucial point remaining to be investigated during long- 
term operation,
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'6. Copper and other Heavy Metals in Roof and Street Runoff: Starting Projects 

6.1. ROOF RUNOFF 
The FeOOl-l/CaCO3 mi_xtu_re will be tested with runoff from other roofs. A full scale 
application of the adsorption layer for treating the runoff from a tin plated copper roof‘ 
and a titan/zinc plated copper roof is planned. While measuring dynamically influx 
and effluent metal concentrations, the removal" efficiency can be calculated. In 
addition, to prevent the adsorption layer from clogging, a textile filter mat is inserted 
before runoff enters the laye . Measurement will a‘ ow us to distinguishvlbetwgeen 
retention efficiency of tl"._ rilte: n.at and the adsorption layer [19]. 

’ ' ‘ A 

6.2. STREET RUNOFF 
In another experimental layout, the performance of the I-‘eOOH /CaCO3 mixture will 
be tested for the rernov_a_l of heavy metals such as zinc, cadmium, lead and copper in 
street runoff [20]. Therefore, runoff from a busy road will be collected and conveyed 
through FeOOl-l /CaC03 columns. Again, the road runoff is first filtered through a 
filter mat in order to avoid rapid clogging of the lower adsorber layer. Removal 
efficiency of the filter mat and the adsorption layer will be measured and documented. 

7. Conclusions 

A mixture of granulated FeOOH and CaC03 has been tested in lab and ,full-scale 
ap’plic'ations to remove copper from roof and facade runoff. In order to test the 
performarce, experiments were carried out with roof runoff water in a pilot plant 
consisting of several columns. A remova; efficiency of 99.3% could be achieved with 
a theoretical copper and hydraulic load of a 20-year retum period. Even with this load, 
the column is far fromits exhaustion. To understand the crucial physical and chemic_al 
processes involved, experiments with variable flow velocities as well as modelling 
work are in progress. 

The good perforrnance achieved in the column experiments with the 
FeOOl~l/CaCO3 mixture encouraged its application in full-scale tests. In these tests, the 
runoff of a copper facade is percolated through an adsorption ditch. According to 
present data after 7 month of operation, an overall removal efficiency for copper of 95-99% per rainfall event could be achieved Although this database is still small, the 
performance of the adsorption layer can be assessed as excellent. Further 
measurements will continue until the end of 2001. From a practical point of view, the 
construction desi_gn_of the adsorption layer can be considered as an appropriate 
solution fulfilling functional and aesthetic re'quire'ments. 

In addition, other rnaterials such as CaCO3 and quartz sand were tested in pilot 
plants. The results concerning their adsorption capacity for copper are rather poor. 
These materials cannot be recommended for application in newly constructed 
infiltration shafts and pits. 
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EVALUATION OF IMPACTS OF CONTROL MEASURES,.APPLIED IN THE SOURCE CAT CHMENTS, BY MATHEMATICAL MODELS 

E. ZEMAN & J. SPATK/A 
DH] Hydror'nfonn,a.s. 
Na Vr§i’ch 5 
I00 00 Praha 10 
Czech Republic ~ ~~ — 

1. Objectives 
g

/ 

The use of mathematical models for evaluation of flood protection measures and/or 
flood forecasting has now become a widespread and standard approach. In recent 
times. there has also been a trend to utilise the results of mathematical models for 
evaluating the im'pact's of‘ source control measures both in cities and in rural areas. 
These measures are being applied in hydrological source basins. 

In this case we are dealing with an effort to influence rainfall—runoff processes 
by measures which can be called source control measures. Proposed source control 
measures should delay and/or minimise the actual discharge and volume of runoff in 
upper parts of the basin, in an attempt to reduce flooding in the lower pan of the 
catchment, which is often heavily urbanised. The general principles of these measures 
are known, but the detailed effects of introducing such measures on runoff‘ parameters 
are rather hard to measure in a quantitative manner at a particular location by the rule 
of thumb and/or by empirical formulas. 

There is also usually another problem. We need to reduce inflow from the 
upstream part of the catchment to already highly urbartised areas. But the areas where 
source control measures could be implemented are located outside the city area and 
often in areas belonging to other jurisdictions, where the city authorities have no direct 
political power to enforce source control measures. For these reasons we need a 
standard method for evaluation and a clear demonstration of how such source con_trol 
measures wiil influence the runoff parameters in all their cor_npl_exity. It is the opinion 
of the authors that the application of deterministic simulation models can provide the 
required results, provided that data from a regular or temporary monitoring sy'st_em are 
available. . 

.

' 

The authors give an overview of the model set-up in the Morava basin, where 
disastrous floods occurred in July 1997. A source control evaluation formed part of 
this study. The contribution provides examples and results of application of the 
suggested methodology. 
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2. 
‘ lntrod tctiort 

Water resources assessment involves determining the quantity and quality of water 
resources, on the basis of which we can make an evaluation of potential actions for 
development, manage_r_n_e_nt a_n_d control of water resources. 

If we concentrate only on one selected process or just on surface or 
groundwater flow, the relevant modelling tools are ready for use-. We have rainfall - 
lumped ru_noff conceptual model, and traditional 2D groundwater models available. 

In cases where surfacr and groundwater interaction is rather important, a more 
comprehensive approach is r. quired. There is cltrrly a growing need for more 
r_nodel_l_i_ng application’ for water resources assessment. 

The "main constrains in this respect are counter-productive administrative» 
procedures. sector traditions and the limited user- friendliness of mathematical models. 

Abbott and Refsgaard [1] provide at generalitable of the status of" applications of 
models for various categories of Water management p‘roble‘m‘s (Tab. 1). 

Table 1. Status of application's of mjathemat,ical modelling in several selected fields [1]. 

Field ‘Scientific Scieniifiiéiilly Applied on ‘Practical Major constrains 
basis well tested pilot schemes application 

Water resources good good adequate standard administrative 
assessment — Gw 
Water resources 

' 

very good very good adequate - standard administrative 
assessment - Surface 
water 
Soil erosion fair fair very limited null administrative 
Su_rface water pol]_u_tion good ' 

_ 
good adequate some s.u_b- ad_min_i_stra_tive 

areas 
Ground \'tt'ate‘r pollution - good good pfartially standard technol 
point source 

u 
administrative ’ 

Gro'und»,\‘ater pollution fair fair very limited very limited technol 
non-point adrriinistrative 
Effect of land use good fair fair very limited Science 
changes — flow . 

Effect" of land use fair fair fair null Science 
change- WQ , 

Aquatic ecology fair fair very limited very limited science/techno 
On-line forecasting — very good very good adequate standard None 
river levels/flows 
On-line forecasting -V gocd ' good €l,d¢€|ua_t_e standard data/admin 
surface WQ 
On-line forecasting very good very good panially very limited data/technol. 
groundwater heads 
On.-lline forecasting fair . fair null null Science 
ground water -‘-WQ 
Effects of climate change good good fair very limited Science 
on flows 
Effects on climate fair fair null null ‘ Science 
change - WQ ‘ 

Price [2] provides a forecast that by the year 2050 as much as 80% of the 
world's population will live in urban areas. This has serious implications for society 
and also for our approach to urban drainage. It is clear that sustainability must be



implemented in an appropriate way and on a large-scale, and not-only in urban areas 
where the fight for the space will be serious. 'l'he sustainability of our approach will be 
seriously tested during the coming .50 years. The management of water in c'o'nurbatio'n_s 
must deal with the increase in water supply demands, and storm and waste water 
collection. Proper_ management of water will become more complex and more 
integrated in the future. Urban planners have to understand that they must ‘plan for 
larger areas and for a greater complexity. Information technologies have brought 
benefits to the water industry as a whole, but in urban drai_r_ta_ge the real benefits are yet 
to come. - -- 

1:.'t'-2 paper ‘will un’c_lerli;:..~. that new trends in urban ‘drainage must go hand in 
hand with further developments in ,hydroinfo‘i1‘natics, and -this is a point-of-view that 
may be completely new to some engineers, particularly to some well-established 
industrial experts. 

3. Source control measures 

Source controls have been defined in many ways‘, but a very important division line 
differentiates clearly between urban areas and rural areas. Integration of all processes 
in urban areas and treating them interactively is the first step of the integrated 
approach. 

We are witnessing another step toward the integration in the current period, 
because urban planners have to recognise that they must plan and take into 
consideration a larger area than they are immediately concerned with. The reasons for 
this change lie ‘not only in heavier demands on water resources that are located far 
from users, but also because in some cases, it may be cheaper to introduce a source 
control strategy at a remote location, in order to limit very costly solutions in densely 
populated cities. 

City planners face a problem with respect to deciding exactly when to seek 
control measures outside the borders of the city. We can recognise four categories of 
city locations within the “natural drainage sy‘ster’n”. 

The topography of u_rbanised areas and the type of sewer drainage system used 
in the city aretwo very important features that underline how important the categories 
mentioned in the Tab. 2 are for the introduction of source control measures. We should 
admit that our categorisation of urban areas may overs_ir_np1i_fy a complex matter. 
Indeed, there are urbanised areas where more then one category are combined (Ceske 
Budejovice is a typical example of a combination of the ‘2nd and 4th categories). This 
brief o\'er~.-iew directs our attention toward the location of source control measures. 
There are no alternatives in the case of the 1st category, to the application of control 
measures inside the territory of the city. The 2nd and" 3rd categories need an individual 
approachand a remote area for source control measures may‘ be important. The 4th 
category calls for a flood management evaluation study, in which the impact of several 
measures should be exaluated along the main river and the impacts of flooding on the 
drainage systern should be considered in alternatives. For this reason it is very 
important to know whether we are able to translate all source control measures into 
parameters of deterministic models. Ostrowski [3] introduced several interesting 
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inputs for'varying the parameters in deterministic simulation models. If we really are 
able to produce adequate deteriniiiistic models, experts in hydroinforinatics will have a 
major role in the future of source control measures. 

Table 2. Classification of cities in relation I0 their location in a hydrological basin 

Category Location of Urban areas Danger of Danger of 
. flooding from flooding 

local storm 
. from a 

regional or 
. _ remote storm 

First category City is located in the ur; er re'_chcs of the possible impossible 
basin (e.g. The City of Svitava)

/ 

Second category City has a limited basin upstream. and the most important exceptional 
’ 

urban drainage system is of the same order 
as the rural system (The City of Jihlava on 
the Jihlava) 

Third category City is located in the central area of the major major 
basin, and the city drainage system is not 
comparable with the river drainage system 
(as Ceska Lipa on the Ploucnice river) 

Fourth category A large city is located on a large river imponant only flooding 
system. and local flooding has completely locally from the 
different dimeynsjons from flooding by t_he river is a 
river systemi(Prag_ue on the Vltava, major threat 
Cologne on the Rhine ) 

3.1 SOURCE CONTROL MEASURES IN URBAN STORM DRAINAGE 
SY STEMS 

Source controls in our present day understanding include non-structural, .serni- 
structural, and structural meas_ures designed to reduce runoff flows and pollutant loads 
before they enter the drainage or river system. Marsalek [4] describes the control 
measures listed in Tab 3. 

Stormwater management usually involves a combination of source control 
measures, collection system controls and storage/treatment. Most of the source 
controls applied in urban drainage can be translated into deterministic models. The 
changes influence the behaviour of the modelling tools in the form of changed output 
results of variables (levels, discharges, and velocities). The impact of control 
structures is evaluated at the suggested location within the current status of the 
drainage system under cons'idcration;.



Table 3. Source Controls for Urban Storrnlwater Management 
Source control Possibility to simulate/type of model 
non-structural BM?" has to be further specified for 

Description of controlrneasures 
urban development and resource 

controls translation into models/conceptual or 3D planning 
physically distributed hydrological models 
YESI ID modelling - co-operation - natural drainage 
Translation through boundary condition sewer ordinances and discharge 

I 

into 1D model ' 

permits 
Hard to ab-aulate chemical use control 

V Hard to simulate ’ 

surface. sanitation 
Yes - but the data has to be rather erosion and sedimentation 
complex for calibration and verification control ' 

purposes 
_ _ ,_ 

structural and Yes/l'D hydrodynamic model on4site st_o_rage 
semi-’ 

structural 
con_trols 

‘Yes/either through boundary condition, or infiltration facility 
as a structure 
Yes — but extensive data are required for overland flow modifications 
cali_brat_io_n and verification/con'c‘e’ptual 
model. Unit l-lydrograph, SCS method or 
physically distributed models 

' Yes during design/3D HD modelling solid separation 

Both structural and non-structural measures applied in urbanised areas are 
introduced at a location with known parameters and characteristics. Currently, 
monitoring networks are denser and more frequently used in urban areas. Data 
describing an urbanised area are more frequently updated, and there is a widespread 
availability of thematic maps. DMT and DEM, city development plans and area 
photographs. Water utilities have most of the data for the drainage system available in 
their databases or GIS. A 

This means that placing source control measures into the existing urban 
drainage set-up of a modelling tool may be a straightforward activity. This approach 
may basically solve the problems of a city in the first category. . 

For cities located on low land and ranked in the 2nd or 3rd category, the idea 
may arise of introducing sourcecontrol measures outside the city cadastral area, in 
order to compensate for the increased irnpe_r'viou_s_ness due to new construction 
activities. 3 

The effect of environmentally—sou_n_d measures (such as changes of land use. 
increase of infiltration. changes of biota) is evaluated by a methodology that was 
tested in the Morava basin in the flood management master plan during the period 
from 1997 to 2000. This paper focuses on the maximum exploration of deterministic 
1D, 2D and 3D hydrodynamic models of surface or subsurface flow, which allows the 
user to apply “if, then ....” principles during feasibility studies. Since source 
control measures are quite expensive to implement (e.g., changes of land use), the 
effect of these measures hm tobe predictable within a certain range of accuracy. 
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3.2 SOURCE CONTROL MEASURES 3N RURAL AREAS 
Marsalek [5] described the interactions i_n Urban Water Systems by specifying all the 
relations among the elements of urban drainage in graphical schemes. It is well known 
that rapid concentration of runoff on impervious surfaces, together with hydraulic 
improvements of drainage, results in increased incidence and magnitude of floods in 
urbanised areas. In combined sewer systems, the interaction among the three 
components is even stronger than in a separate system. When the capacity limits are 
exceeded in the sewer drainage system, flows are either disc‘ arged directly to streams 
(through combined sewer overflow, CSO_, structures) or en J’: CSO control faciliti .=, 

which 3.150 interact with sewage treatment plants (.°.',r‘s).‘ Flooding in an urban area 
may be caused by high surface runoff originating in the city area, outside the city area 
(from a neighbouring rural catchment), or by flooding through receiving waters. The 
potential risk of flooding in the city area can be lowered by source control measures 
,inside or outside the city boundaries, in order to compensate for the existing hydraulic 
improvements. Once a proposal for source control measures in the upper reaches or in 
rural areas has been made, decision-makers have to know the impact of these measures 
on the area of interest. 

Care for arable land and forests has declined considerably in some countries in 
recent decades, and it is highly desirable to find a new role for small farmers on their 
land. The owner of land or forests can be encouraged by grants and/or obliged by 
legislation to take measures to increase the natural water retention of the landscape, 
and to decrease rapid runoff through structural measures. Such practices, which are 
actually source control measures, include: 
0 changing arable land i_nto forests or meadows 
I applying best agriculture a_nd forestry practices in order to increase natu_ral water 

retention capacity 
creating retention paths on higher slopes 
creating new ponds and polders 
c_rea_ti_ng natural sediment traps 

* making improvements to natural creeks and small rivers, and 
avoiding the use of heavy machinery for harvesting. 

This approach gives a new meaning to ‘the activities of landowners in rural 
areas, provides rural employment, and maintains rural populations. 

3.2.] Derenninistic models of a rural area for source control applications 
Detenninistic models are usually based on physical properties of the elements that 
represent or influence the process under investigation. Three types of deterministic 

V models can be found in the literature: 
0 DL — Deterministic models based on hydrodynamic laws 
0 Deterministic conceptual models 
0 Detenninistic black box models 

Detemtinistic models are more suitable for evaluating the impacts in a rural 
basin that will influence rainfall/runoff processes. Deterministic models have at least. 
basic physical parameters, which can be adjusted in the model either fully, in a



descriptive way. orvin a schernatised, empirical way. Detenninistic hydrodynamic 
models reflect the relation between the cause and effect through processes that 
detennine the relations among variables. 

3.2.2 Luntpfld dere_nm‘m'stic conceptual models 
Traditional hydrological models of the lumped conceptual type are well suited to deal 
with the main part of the current water resources assessment, flood forecasting and 
flood management. Models of this type are highly su_itable for the situation where no 
changes are introduced in the basin, vtfiich of course influences the runoff processes. It 
. , noticeable, however, that for these so ll’C€ control measures, where there is a general 
interest in changing land l!"'.’:, r‘oughne_ss"~and infiltration rate; and ‘in increasing 
detent_ion and/or retention, conceptual models are not "the best solution from the direct 
approach point of view. 

Lumped conceptual models operate with different b_ut mutually interrelated 
storage representing physical elements and processes in a basin. Some experts call 
models of this type “ a bookkeeping" system", that accounts for rnoi_st'ure contents 
and/or volumes in reservoirs. Because of the lumped description, where all parameters 
represent average values over an entire catchment (incl_ud__ing all types of non- 
linearity), the description of processes is not based on governing equations, but on 
semi-empirical formulas, which nevertheless have a physical basis. 

The model parameters cannot usually be assessed from field data, but have to 
be obtained through calibration and verification. The Standford model is a typical 

‘ example. A well-known urban drainage stormwater modelling tool that has a lumped 
module is MOUSETNAM (DHI). 

Lumped conceptual models are well suited for sim_u_l_ating rainfall-runoff 
processes. Models of this type have to be well calibrated and checked against long 
time series, which have to be measitred beforehand. Notall structural measures and/or 
source control activity within the basin can be simply translated into the conceptual 
model. The translation needs to be specified by a detailed methodology. 

Recently these models have been introduced successfully into daily use. and for 
this reason they have also been used for source control strategy, especially when data 
are not available for deterministic physically-based models. 

3.2.3 DlSI!‘ibll'ed pI2‘_vsica_lI)'-based models 
There is a growing need to use distributed’ physically based (DPB) models, in which 
most of the processes are described more accurately. A distributed model operates on '

' 

the basis of better-fitted and physically-based governing equations of the processes 
involved. Distributed physically-based models give a detailed and potentially more 
correct description of the processes in the catchment. The models can -be applied to 
hydrological problems of almost any kind, including the changes rel_a_ted to source 
control measures in an urbanised area. In such a case, a complex model can be used, 
involving: 

_

v 

0 prediction of the hydrological behaviour in the catchment due to 
anthropogenic changes (such as land use changes, ground water 
improve'ment»s, higher infiltration through an unsaturated zone, etc.) 
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o prediction of runoff from an ungauged catchment and from a catchment 
with only a short time series record, 

0 water qu_ality and soil erosion modelling. 
Models of‘ this type can in principle be used even for an evaluation of changes 

proposed in the catchment. because the parameters of the model tend to be physically 
based. We may therefore try to guess the parameters directly from a description of the 
changes in the catchment. , 

However optimistic we may be about DPB models, there are constraints and 
data requirements that have so far prevented DPB models from gait: ng wider 
applicability. - 

D ..~z an zzmbility. A prerequisite for making full use of di_s*"Zbu_ted physically- 
based models is the existence and easy accessibility of a large amount of data, 
including spatial information and natural parameters such as catchment geology, soil 
and vegetation, and anthropogenic impacts such as artificial infiltration, agricultural 
practices, changes of land use, etc. Unfortunately, such extensive data sets are unlikely 
to exist in the scenarios of cities in the second and the third categories. Furthermore, 
complex hydrological models also need other types of data, which are held by other 
authorities (forestry. individual landowners, agricultural data resou_rces, soil physics, 
etc.). Thus hydrological distributed models may have all the features to solve the 
problem a “what will happen, if we introduce ...... ..'-’, but need extensive data that 
either do not ex_ist or are inconsistent with other data sets. Latest developments in 
remote sensing techniques and GIS give us optimism for the future. 

Consn-aims in the application of distributed models. Refsgaard and Abbott [1] 
provide an overview of constraints in the application of distributed models in water 
resources. They listed scientific shortcomings in process description. Only a few 
engineers and managers are educated and trained with the necessary integrated view of 
hydrological processes in their physical complexity. The application of distributed 
models in urban areas or in an adjacent basin, where control measures could be used, 
often cannot be applied because of incomplete and insufficient data. 

One of the most complex DPB models is MIKE SHE (DHI). Kuby [6] 
presented the practical application of this model for source control a_sses_s_ment 
elsewhere in these proceedings. 

4. Methodology for the Rural Catchment Source Control Assessment 

From the reasoning above it is clear that, mainly for urban areas in the second, third 
and fourth categories. where the user would like to apply deterministic models. there is 
no “best“ solution. ' 

When applying complex DPB hydrological models for the source control 
asses'srne'nt outside the urban area, the user will face. the lack of data for setting the 
model up, and also for calibration and validation. The data collection campaign for a 
full-scale model is also very expensive and time consuming. 

Vt-‘hen a lumped model is applied for a source control strategy in a rural 
catchment, we need a special methodology. It may be very misleading to change the 
already calibrated conceptual parameters by inforrned guesses.
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In the following paragraphs we present ammethodology for using a lumped 
conceptual model based on application of the.Unit Hydrograph and SCS methods with CN curves, which can be applied for evaluating source control measures proposed in 
rural areas for cities in the 2“ -4“ categories. 

data collection for a lurnped model (rainfall, evapottanspiration data, discharge at 
selected cross-sections. catchment characteristics, land use). _ 

0 data collection for a hydrodynamic 1D model (cnoss-section data, hydraulic 
structures, boundary conditions - levels and discharges at boundaries of the 
domain), 

o _se_t ig up the MODEL 2' a combination of a Li;/drodynamic ID mot;-.-:1 and a‘ 
connected lumped model for the existing si%=_-a_tio_;.i,- 
calibration of the MODEL against the 9 Z ailable data. 
verification of the MODEL 
suggestion of source control alternatives 
calibration of the SCS model for areas where the changes will be applied, 
translation of the suggested changes into the SCS model parameters through CN 
curve numbers — the resulting hydrographs, 

o se,t_tj_ng up lumped model parameters for the suggested changes in accordance with 
the resulting hydrographs 

0 simulation by the MODEL leading to suggested alternatives for design boundary 
conditions 

0 evaluation of the source control measures in key parameters. 
This methodology represents the bestpavailable solution for evaluating source 

control over large areas when there are no data available for a DPB approach. 
DPB models may be developed within the implementation of source control 

measures, because ongoing monitori_ng of the impact of the suggested measures i_s 

Il€CCSS_3,l'.)’. 

5. Case Study ofa Conceptual Approach - Morava Flood Management Projects 

The effect of en\‘ironrnental'ly sound measures (such as changes of land use, increase 
of infiltration. changes of biota) is evaluated by a methodology that was tested in the 
Morava basin in the flood management master plan during the period 1997-2000. 

Source control measures were suggested as one way of dealing with flood 
rnitigation in the Morava basin, because it was widelythought that better land use 
practice and some reforestation might provide sufficient protection against disastrous 
floods in the basin. The team had the task of providing the evidence that would either 

' 

support such atheory or reject it partly or fully.



5.] CASE STUDY OF APPRECIATION OF USE CHANGES ‘DN AN 
OUTFLOW HYDROGRAPH — BASIC DATA 

The project was executed within the framework of an international project on “Flood 
Management in the Czech Republic" [7] on the territory of the Morava river basin. 
The basin was studied from the upper reaches to the Hodonin cross-section. The 
project was introduced by Zeman et al. [8]. ’ 

Hydrological data were supplied by the ‘Czech Hydrorneteorological Institute 
(HMI). Time series of measured values from gauging stations on the Morava and 
Becva rivers and on the main tributaries pro ided important inform .‘.ion. Daily data 
from 17 gauging .sta_tio_n_s in the basin wc . u: ,ci for the period 1981 — 1986 and for the 
flood period in 1997. Rainfall data farm 130 raingauge stations in the basin were used 
for the model, and supplemented by temperature data and potential evaporation data. 
The largest volume of data was prepared for the 1997 flood situation, which is the best 
‘documented flood of all times in the Czech Republic. 

The total basin, 9700 km’ in area, was divided into 40 sub-catchments to create 
rain_fal1 runoff models for each tributary with a basin‘ l_arger than 100 km’. The nmoff 
in these basins was generated on the basis of information on rainfall, temperature and 
evaporation. Calculated values of discharges from rainfall runoff models were used as 
a_n input into the hydrodynamic model. The NAM module of MIKE 11 was used as a 
modelling tool for these rainfall runoff models. 

5.2 DESCRIPTION OF THE APPLIED METHODOLOGY 
We basically used two types of rainfall-runoff models with different types of 
description to investigate the response of the drainage area to the flood event. The first 
of these two models was the NAM conceptual lumped mathematical model, which 
describes rainfall-runoff processes by a system of linear reservoirs, which characterise 
single compone_nts of the outflow from the drainage area. 

The second model that was used for the study utilised the Soil Conservation 
Service (SCS) method with curve numbers (CN) to describe runoff from various land 
covers. .

_ 

The -drainage area of the Morava river was divided into 40 sub-catchments. 
Each of these sub-ca_tchm,en_t was divided into 3-5 zones according to the altitude (at 
intervals of 200 metres), in order to distingui_sh meteorological and hydrological 
characteristics and to fit the snow melting pattem. Based on long-terrn time series of‘ 
rainfall, temperatures, potential evapotranspiration and discharges in the closing 
profiles of the catchments (delivered by the Czech HMI), model parameters were 
calibrated. After calibration of the NAM model, the shapes of the hydrographs were 
simulated. The observed results were fitted quite well through the calibration and 
verification procedures, and a generally satisfactory match was obtained. 

A scenario of land use clianges in the catchment was prepared in co-operation 
withtthe Union for the Morava River, after some relevant information regarding ‘ 

possible changes in the alluvial flood plain was provided by the Palackeho University



in Olomouc. The actual land use in selected sub-basins was taken from the CORINE 
database (processed satellite images of land cover) and prepared into Tab. 5. 

The envisaged land use changes involve convening 15% of the agricultural 
land into meadows, (10%) into pastures and (5%) into forests, 

The descriptions of hydrological processes in the NAM model are based on a 
consideration of "the physical" processes taking place. It is not possible to estimate the NAM parameters directly from the catchment characteristics, but the qualitative effect 
of land use changes in a catchment area is known and can bevquantitatively estimated. 

The suggested land use changes’ would have the impact shown in Tab. 6. The 
effects of cha'ngi_ng these parameters were first tested on or 1 of tl»-r‘eatchr_nen_ts, of 
which 49% of the area is at pr: -n_t .1j.,:ler cultivation. The .-tirr..ut; changes were .. 

applied to all parameters. 1"; catchment, which has a total area of 537.4 km’ was 
divided in two parts as shown in Tab. 7. 

Figure 1: Layout of sub-basins in the Morava river basin
/



Tables. Carine database of land usein the domain. 

Table 6,.‘ Effect of land use changes. 
Effect of change , , , Parameter Change to forest Change torneadow 
The root zone capacity would increase Ln. 

' 

Increase-by 10-50 mm Increase by 5-20 mm 
due to deeper and/orperennial roots 
The increased canopy of the trees will Um. Increase by 5-20 mm Increase by 0-5 mm 
lead to higher interception 
Reduced drainage may increase CQO Reduced by 0.01-0.10 Reduce by 0.01-0.10 
retention in areas with small slopes CKL; increase by l0-30% Increase by 10-30% 

' 

Table 7. Test c_a_t_chme,r_1t p_ar_a_meters. 
"Name Catchment Area’ 

' 

L"... 
' Um. CQO CK” 

_ . Km: mm mm Hours 
IA" 

7 ' 

Unchanged area 530.4 110 15 0.55 24 
Bl 15% of agricultural land 43 I10 15 0.55 24 
B2 B1 changed to forest, ,, 43 160 35 0.45 32 

The present catchment consists of A+Bl, whereas the hydrological conditions_ 
after the envisaged land use change are represented by A_+B2. 

A significant reduction in the runoff peaks was observed. During minor rainfall 
events, the surface storage remains below its capacity and no overland flow was 
generated after the land use changes. 

In order to verify the order of magnitude of these parameters of the lumped NAM model, we adopted the Soil Conservation Service SCS method for flood runoff 
estimation. A table with different land use types and the corresponding curve numbers



~ 

(CN) was prepared and used for simulation of the same flood period as had been used 
by the NAM model. The runoff generated by a medium storm of C0 mm and a storm ‘of 100 mm, corresponding to the August 1985 event, was calculated. in the table below, using the SCS curve numbers c_orresponding'to agricultural land (79) and meadow &_ forest (66). The reduction of the runoff to 37% and 55%'is similar to the 
reductions found by 

Table.8. Comparison of effect of land use changes for. two events from the August 1985 ston'n ‘ now CN new Rain Runoff now ‘Scenario runoff (mm) Scenario runoff difference 1%) (mm)_ __ (mm) 
. ,_ , 

79 66 60‘ 19 7 ' " ‘7 
'79 ‘ 66 

4 
100 49 27 
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Figure 2 Comparison of two scenarios simulated by the NAM model (full line - current situation. broken 
line a after changes) 

5.3 RESULTS OF THE STUDY 
After a'ppiying this methodology to the whole Morava river basin, the reduction of the maximum discharge for the historical design flood was calculated at 6-8%, and the main impact was usually seen in the rising part of the hydrographs. These results mean that the rna_x_i,mum extension of a flood source control strategy will produce a Qmax reduction, which is far less than expected by some, who have suggested that 
approach only, without any other structt_1_ra_l measures.

V3



6. Conclusion 
The authors applied the suggested methodology to evaluate source control measures in 
a large scale flood management study addressing the effect of source control measures. 
.The authors were able to use the suggested, proven methodology based‘ on a 
combination of lumped, hydrodynamic models and the SCS method. 

Although the evaluation of the source control measures in a rural area was 
successful, it also showed th_at such results clearly provide only trends and rough 
estimates. The suggested methodology can only assist in the evaluation of the 
measures, if the input data are insufficient. Therecommended approach for cities with 
insufficient data in the 2"“ 

, 
3" or 4"‘ categories is to apply a distributed physic_a1ly- 

based model, where all the processes involved are described as accurately as possible. 
Unfortunately such an approach requires the availability of extensive data. 

Since data are rather expensive and can only be provided after they have been 
collected, the application of a complex DPB model may be impractical. . 

The recommendation of the team of authors is to start regular monitoring of key 
parameters for the DPB model in all cases, where source control is suggested outside 
the city area. Longer than one-year time series with appropriate sampling frequency, 
including flooding events, will fonn a basis for DPB models application in source 
control measure evaluation studies. 

The rcsultsof the source control study were within the expected ranges. The 
maximum application of source control measures in the whole Morava basin may lead 
to a maximum 8% reduction in peak discharges. 
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SOURCE 'iDENTIFICA'I‘lON CONCEPT WITHIN A FRAMEWORK OF URBAN DRAINAGE MASTER PLANS I 

KAREL PRYI. ' 

DH] Hydroinfonn, a.s. ' 

Na i-trffclr 5, I00 00 Prqhq 10, Czech Republic 

1. Introduction 

The on-going all-society development brings along a fundamental negative effect - a 
continuous degradation of the environment. Growing urbanization and" a denser 
transportat_ion network change the aboriginal ‘character of the landscape. These 
substantial changes to the _environment force ecological and hydrological processes to 
change as well. With the change of the ecologi_c_al and hydrological processes new, 
usually very specific problems ‘arise. A worsening quality of surface water, 
groundwater and air quality are amongst the most alarming manifestations of these 
problems. The level of pollution of these" basic environmental attributes then 
subsequently influences other aspects of life of today's society. The production of 
waste'wate_r_, its treatment, discharge and disposal are all part of an inter-linked system 
and they altogether form a main factor that determines the quality of the receiving 
waters.

V 

Master Plans (MP) are essential tools for assessment, maintenance, design or 
further development of whole systems. Both above mentioned facts, i.e. the need for a 
good evaluation of the present state of the wastewater discharge from municipal areas 
regarding present possibilities that the new engineering methods offer, gradually lead 
to a shift in the philosophical approach to urban drainage. This starts to show even in 
the Master Plan's execution processes themselves. Former MPs of sewerage and 
watercourses are now substituted by MP5 of "urban drainage, which are complex 
projects based on an integrated approach to drainage of urbanized areas as a whole. 
The main principle of the contemporary methodology is the complexity, the effort to 
see each problem as a piece of a more complex puzzle in relation to‘ the other 
problems. ard not to address each particular problem separately, as done many times 
in the past. Furthermore, we may take advantage of more and more accurate 
computation capabilities provided by computers._ 
» It is possible to spot the main cause for the conceptual change described above, 
in the changing approach to the protection of the environment. An optimal solution is 
obtained only when the complex system of urban drainage, with 

l’tS/



all the elements shown schematically in Figure 1, is fully evaluated. A complex 
understanding of the hydrologic cycie in an area is a necessary condition of the 
integral approach to urban drainage. Integral approach to wastewater drainage and 
disposal represents the main shift in the conception and evaluation of urban drainage 
systems. - 
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2. Master Plan Principles 

Fundamental MP principles originate from MP goals and boundary conditions and 
follow the present urban drainage "philosophy" of high respect to environmental 
criteria. The sewerage system serves to transport only wastewater with a_ degree of 
pollution equivalent to the specified wastewater pollution level so that it could be 
properly treated at the WWTP. An efficient protection against the inflow/infiltration of 
"clean water" to the sewerage system is necessary. Surface infiltration of clean water 
to the ground is recommended with respect to technical and urban possibilities. 
Otherwise, direct transport to the receiving waters is recommended. The technical 
measures directed to maximum security‘ and un_iforrni_ty of the sewerage flows are to be 
found primarily in a full utilization of the storage capacity or via flow control. In this 
way local overloading of ‘ the system is prevented. 

Based on the above-mentioned principles and in accordance with the presently 
avaipleable technologies. four milestone approaches are introduced for‘ the Master Plan 
Elaboration [1]. 

2. l. INTEGRAL APPROACH 
The integral approach p_ri_nc_iple originates from the systems view of the drainage of the 
highly populated, urbanized basins. All the relevant components of the rainfall-runoff 
process are considered: these include rainfall. surface runoff, transport of media and 
substances in sewers and receiving waters, biochemical processes, treatment of 
wastewater in the WWTP, groundwater in_fluence. Based on this, four major elements 
of urban drainage are pointed out: ' 

surface runoff from the urbanized catchment, 
2) sewer network and structures, 
3) treatment of wastewater, and 
4) receiving waters and structures. 

2.2. SIMULATION APPROACH 
Present technologies, based on the use of mathematical modelling. make possible 
dramatic quan_ti_tative and qualitative changes in the understanding of water related 
phenomena. Starting ‘with the dynamic, unsteady behaviour of the flow model, taking 
into account backwater, accumulation, transformation and other effects, through to the 
advectivon-diffusion phenomena coupled with biochemical processes, sediment and its 
transport processes and ending with promising generic algorithms for goal-oriented 
management of a particular model, these technologies offer a realistic picture not only 
of the present state of the system, but also of any possible future planning activities or 
of consequences of extreme and long term events.



2.3. DIGITAL APPROACH 
The digital way of elaborating the MP is related to the present information technology 
achievements. Frequently used software - such as CAD programs, databases and GIS 
along with simulation models - makes it unfeasible to carry out the task in a different 
way. The advantages of this approach are clear: fast manipulation of largezfiles of data. 
simple and error free data analysis, easy sorting and selection of information. 
(relatively) simple transfer of data from one software to other, etc. In this way, 
maintained MP data are ready for updates or other purposes [2]. 
2.4. CONTINUOUS APPROACH 

The master planning process is a continuous activity, which is to some extent similar 
to GIS applications. Once the MP is ready, subsequent activities follow. These 
activities in turn in_fluence the MP solution. Continuity in the updatetof the MP 
information keeps the MP "alive" for update or other decision-making processes. 

3. MP Goals, Technical Solutions and Working Schedules 
Principal political goals could be stated as follows: 

a) long term strategy for the city drainage development, 
b) envi_ronr_nental and technical rules application, 
C) long term investment into urban drainage, and 
d) digital data source for continuous management of urban drainage.

I 

These political goals could be transformed into the following set of technical tasks: 
a) Quantitative and qualitative function of central WWTP 
b) Drainage strategy in the outskins of the city and local WWTP 
c) Domestic and industrial pollution 
d) Sewer structures

A 

e) Inflow/infltration in the sewer system 
i’) Hydraulic properties of the sewer system 
g) Comfort of drainage 
h) Rainfall-runof1’rec'_uction management 
i) Flood protection of the sewer system 
j) Impact of sewer system on receiving waters. 

To fulfil the above-mentioned goals, a sophisticated and a well-prepared organization 
scheme has to be established as shown in Figure 2. -
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4. Input Data — Situation Reports 

4.1. THE AIM OF SITUATION REPORTS 
The goal of a situation report is to document and evaluate the present state (situation) 
of the most important elements of the whole drainage system and to detemtine the 
boundary conditions that are necessary for the creation of the MP. The aim of the 
situation report thus is not to analyze the behaviour of particular elements of the 
drainage systerv or even to describe the processes that take place within the.drainage 
system[3]. 

4.2:. TYPES OF SITUATION REPORTS 

The collection of the primary data may be divided into the following groups, 
according to the particular element of the drainage system the data refers to : 

situation report of the catchment 
situation report on sewer network 
situation report on wastewater treatment 
situation report on receiving waters’ 
situation report on infiltration 
situation report on _ballast water. 

4.2.]. Simarion Report of the Catchment 
I The objective of a situation report of the catchment is to provide information about the 

present state of wastewater discharge from the catchment through the sewerage (or the 
s'u.'fa‘ce watercourses) and information about possible negative effects of individual 
objects in the catchment on the operation and functionality of the drainage system. A 
situation report of the catchment together with other situation reports and materials 
offer the processor the information that is essential for the analysis and evaluation of 
the pollutant load to which the drainage system is exposed under various boundary 
conditions, for the comparison of the pollutant load of particular parts of the sewer 
system, indication of large water spills etc. A situation report of the catchment is the‘ 
cornerstone for surface runoff evaluation. 

4.2.2. Simarion Repon on Sewer Network 
A precise description of the technical state of the sewer network and its objects‘ and a 
definition of appropriate boundary conditions that influence the fttnctionality of the 
sewerage and its objects are the general goals of this type of report. The data from a 
digital land register, a sample of which is shown in Figure 3, should be supplemented 
by the information gained th_rough operational experience, and in the preparation of the 
situation report on the sewer system.
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4.2.3. Sit:-.aIio1’z Report on WasIewa_ier Treatment 
The aim of a report on wastewater treatment is again to collect the fundamental 
information about the s_tructure, technology and aspects of operation of all the WWTPs 
in the area. including the information about the particular impacts on the receiving 
watercourses. 

4.2.4. Situation Report on Receiving Waters
. 

The aim of a situation report of a watercougrse is a perfect description of the 
watercourse that will be used within the frame of the drainage system. This description 
means mostly the technical and operation data of the watercourse and its objects. Such 
data make up the ground for any further reasoning of water management nature 
considering drainage once the simulation model is set up. 

Another very important goal of this situation report is an ecological evaluation 
of the appropria'e watercourse, its pollution level and the effects of the sewerage or 
other factor: on the bEo~ecological load. The complex approach to MP elaboration 
requires many tields to cooperate when proceeding and, unlike in the past, the 
participation of an expert biologist. The meaning of such expert's participation in the 
drainage system preparation is not in elaboration of a complex biological study, but in 
a meaningful help ‘with identification and localization of the pollution sources and in 
finding the best way how to reduce potential pollution of the watercourse. 

"Zo\



4.2.5. Situation Report on Infiltration 
The goal of a situation report on ‘infiltration is to document and analyse the actual state 
of a locality from the rain water infiltration capacity point of view and the infiltration 
conditions (hydro-geological, catchment area) point of view in general and to identify 
the current key elements of the infiltration system or to design new ones. Also, the 
situation report on infiltration should point out potential regions that would be 
available for infiltration together with the criteria that would have to be met in order to 
use these regions. 

4.2.6. St'matir~' Re_ a.ton Ballast Waters 
The goal of t‘... "situation report on ballast waters is to collect all available inforrnation 
about the total runoff of ballast waters from the area. While elaborating this report. it is 
necessary to analyse real as well as potential sources of both hydrological and non.- 

— hydrological waters and to evaluate their contribution to the total runoff of ballast 
waters. The situation report on ballast waters works with the data from monitoring, 
pictures and operational experiences. 

5. Monitoring for Master Plans 

The proposed approach for the execution of the MP relies on a set of information 
concerning the actual behaviour and changes of the system v_ari_ables. The actual way 
of "getting to know“ this behaviour based on the in~situ measurements was defined by 
us as monitoring. The procedure of setting up a monitoring system is proposed within 
the frame of the MP activities. The main aims of this activity are summarized as 
follows [4]-: 

a) calibration and verification of the simulation model, 
b) examination of the actual state of the system, 
c) proof of the correctness of‘ the executed measures, and 
cl) statistical evaluation of trends. 

Preliminary preparation and establishment of the monitoring system itself is‘ 

recognised, together with a detailed and frequent inspection. as a key element of any 
monitoring campaign. To design an optimal monitoring scheme and to suggest a 
logical and functional system of operation of monitoring sites (including data 
collecti-:»n. transfer and evaluation) for large scale projects (such as Master Plans) is a 
very important conceptual step in project elaboration. Based on the drainage system 
analyses and in a collaboration with a competent Waste Water Board, having in mind 
overall project goals. it is necessary to i_rnplernen_t the fol_lowing activities with_in the 
monitoring campaign: 
0 the definition of key parameters, which are going to"Be measured, including their 

time and area distribution, 
the definition of the methodology for the measurement of all parameters, 
the location of proper measurement sites. including applied technology, and 
the proposal of a primary system of data collection, transfer, control and storage.



All of these activities could be seen as a preparation stage of the project. It is 
recor_n_me_r_.ded to pay relevant attention to them, as they could‘ affect the quality of the 
final outputs of the ‘whole project. On the other hand, they represent rather large 
amounts cf work and finance within the [5roject_. » - 

As stated i_n previous paragraphs, the goals of the monitoring campaign are 
based on the goals of the whole project and they are closely connected. The major 
specific goals for a particular period of the project are as follows [5]: 
o to get the information about rainfall spatial distribution. 
0 to select proper rainfall events (or periods, depending on a selected modelling 

technolog ) for a calibration and erification of .rnathe'matical models,‘ 
to c‘ .-ain .t1cng term rainfall and outflow time series, 
'4 set a 'bacl_<grou,nd for historical rainfall time series, including the space and area 
distribution,

, 

0 to describe the hydrodynamic behaviour of main sewers, based on measured 
discharges, 
to describe the operation of main CSOs, based on measured water levels, 
to obtain a general record of dry and wet weather flow water qu_ality in sewers, 
to obtain a general record of flow and ‘water quality in receiving waters, and 
to suggest a conceptual long term monitoring strategy for the whole urbanised 
area based on the obtained data.

M 

Measurements and monitoring represent an essential pan of urban drainage 
M_Ps. As the measured and evaluated data belong to the most important input 
parameters for the modelling activities, it is necessary to ensure close cooperation 
between measu‘reme'nt and modell_i_ng teams, in order to select a proper measurement 
methodology and monitoring sites as well. This cooperation significantly affects an 
overall success of the whole project. , 

Regarding the equipment used for such project - it is important to select 
measurement devices with a high degree of equipment reliability and also to put 
emphasis on the interfacing of the used equipment (according to the operation and 
maintenance). To be able to handle such amount of data confidentially, it is necessary 
to have relevant and capable software tools for data processing. And last, but certainly « 

not least, it is necessary to mention that the ef'fiei_ency and success of the so—c'alled 
monitoring activities highly depends on the planning and organization of each. 
measurement campaign-._ 

2 (>3



6. Advanced Simulation Tools and Results Presentation 

Simulation models represent a clear evidence of the progressive utilisation of 
information technologies in the world of classical technical branches. The modern 
approach to the process of finding technical solutions and elaborating large scale 
studies in the field of‘ water management is based on new technologies that are built 
upon still growing possibilities of contemporary computers. The essential elements of 
this approach - the deterministic simulation models - are such software tools. They 
take into account cumulative effect of geographical, hydrological, hydraulic, chemical, 
and 0- u.r factors in relation t the particular probler-~. With the aid of these models it 
.5 possible to get an accurate image of the b-=‘«'.vir u_. of a particular elern.,nt of the 
system (e.g. the sewerage) and then to an'..y'ze the effects of suggested alternative 
solutions in the sense: “Once we realise these changes in the network... then we have 
to be ready for these con_s_equ,ence_s_." This means that there is a model ofa segment of 
the real world in a digital form ‘within the computer, where we can simulate and 
evaluate different altematives without economical or ecological hazards. 

On the other hand, it seems reasonable to point out that even though rnodels are 
a big help in the process of MP elaboration, they are only “ha'ndy" tools that do not 
solve problems themselves and there still is a fair amount of work that has to be done 
besides using the models. 

Figure 4 illustrates potential of relevant outputs from simulation models. All of 
the presented data were processed within the elaboration of the Urban Drainage 
Master Plan for the City of Prague.
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7. Practical Application of MP Results
) 

7.1. MAIN FIELDS OF MP RESULTS APPUCATION 
MP results are applicable in a wide range of fields and for a variety of activities. Most 
of them are very impv rtant for the whole society. The following are of special interest 
to us.

' 

7.1.]. City Development with Respect to Spatial Planning 
The MP lays down a clear and complex concept of water discharge from the whole 
area of the catchment, in accordance with other legislation. For its detailed way of 
elaboration, a MP is used for both stages of the administrative procedure - the issue of 
territonrial decision and the issue of building licenses. 

7.1.2. Systenzatic Planning of Investment in Urban Drainage 
One of the goals of MP, at the conceptual state, is to provide sufficient infonnation for 
the planning of either short-term or long-term investment into the drainage system. MP 
is especially feasible for the long-term investment plan detennination in order to 
achieve the selected quality level of water discharged and for the setting up of the 
background for the ongoing local investments. 

7.1.3. Systematic Operation Activities 
The benefit of the MP to the sewer network operator could be best characterised as 
giving the operator the tool for verification of the impact of the basic operational 
measures on the sewerage (e.g. relaying, main sewer checkup, accidents recovery...), 
and for close study of the system behaviour based on gained data evaluation and 
interpretation. A permanent monitoring system is established to provide data for 
possible future modification or reconstruction of the CSOs in both technical and 
economic-political sense or as an indication of either current or proposed system 
overload [6]. 

Calibrated mo_dels give the knowledge about the hydraulicfunction of the 
sewerage, about the manipulation during the floods and extreme situ_at_ion_s, or 
eventually supply the data for real time control. 

7.1.4. The Legislation Support 
In some cases the current legislation may not be up to date with implemented modern 
technologies that may be already used in the practice. From this standpoint, the 
outcomes from the final MP could and actually should contn'bute to a legislation 
update.



7.2. POST PLANNING S'I'U'D‘YVI_SSUE,S 

Once the MP is_ completely done, it still is not all over. There are further steps that have 
to be taken with respect to the city development. These are the next phases that follow 
the MP elaboration [7]: 
0. engineering design, 
0 post project appraisal, 
0 maintenance of models and databases, and 
9 cost benefit assessment.

' 

8. Observations 

Not much to conclude as yet, for the whole article is already a sort of summary. But 
still, it somehow seems to be appropriate to emphasize at this point that current Master 
Plans, based on the application of modern hydro-inform‘ation'al tools, are “livirjtg 
organisms". which could answer a lot of practical questions related to urban drainage 
systems. But on the other hand, in order to keep these Master Pl_ans “alive”, it is 
necessary to allow their con_tinuous update. To turn all these ideas into practice, we have 
to directly transfer the reality and some future visions into thevdigital world. 
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THE ROLE OF A g“.I-IYDROLOGICAL MEMORY” IN SOURCE CONTROL STRATEGY EVALUATION IN URBAN AREAS 

T. METELKA & T‘. LAICHTER 
Urban drainage modelling 
I. y-iroprojekt a.;s.-, Tabor ._'ca 31, I40 16, Prague 4, Czech Republic 

1. Introduction 

A practical use of surface runoff modellingin urban and naturalareas involves several 
process variables. which highly influence final model results. The selection and good 
i_nte_rpretation of rainfall events as well as the evaluation of impervious and pen/ious

' 

areas, and a lag time a,s,ses_srnent, belong to the most crucial tasks in deterministic 
hydrological modelling mainly, if a long‘-terrn system behaviour is to be analysed. 
Unfortunately, the evaluation of these parameters is in most cases not an easy task, 
because of their spatial and temporal changes [1]. A system “hydrological memory” 
plays an important role in this process and should be considered in particular 
catchrnent modelling, if accurate long-term hydrological behaviour is to be s_im_ulated,. A deterministic, conceptual hydrological model. MOUSE NAM is applied in the 
Urban Drainage Master Plan of the City of Prague, This program is capable of long- 
term simulation of rainfall/runoff processes for impervious areas as well as the 
simulation of rai‘nfall-generated infiltration from pervious areas to the sewers. This 
way, a quantitative distinction can be made between a fast runoff component FRC 
(inflow) and a slow runoff component SRC (infiltration) and the total runoff water 
balance can be eva_luate,d in catchments [2]. The model also simulates antecedent 
hydrological conditions (e.g. a land phase of the hydrological cycle) during long tenn 
si_m_u,lation,s. The results of the simulation can yield an important information 
concerning infiltration into the sewer system, total runoff from the catchment in the 
‘form of inflow and infiltration volumes, and consequently the information conceming 
the actual treatment capacity of the Wastewater Treatment Plant (WWTP). While a 
fast runoff inflow can cause local capacity overloads, combined sewer overflow 
(CSOs) spills and pollution in the receiving water, and a slow runoff infiltration into 
the sewer system brings about a hydraulic overload at WWTP, "a dilution of 
wastewater and, consequently, the deterioration of treatment processes. These facts 
highlight the imponance of understanding the rainfall runoff processes and their 
quantification as a basis for proposal of remedi_a_l measures. 

The experience from the project of the Urban Drainage Master Plan of the City . 

of Prague proves that different hydrological conditions can affect peak flows as well as 
volumes of the actual runoff ltydrog‘raphs._)'I'he differences in rainfall runoff modelling 
r'es‘ults can be then observed under different hydrological conditions and hence they 
should beconsidered in the final remediation proposal. 

Z03



2. Study case - Urban Drainage it faster Plan of the City of Prague 

At present, the Urban Drainage Master Plan for the City of Prague is underway at the 
Hydroprojekt company in consortium with DI-ll I-Iydroinfortn [3]. The need for the 

- new master plan was generated by the rapid city growth, a need for implementation of 
EU legislation as well as by the age of the former master plan (more than 20 years). 
l’-‘urthermore, the development of new approaches and technologies in the area of 
Urban Drainage brought new possibilities for modern master planning in Prague. The 
project started in November 1998 and the completion is expected by June 2001. 

2. l . PROJECT AREA 
Prague is the largest urban agglomeration in the Czech Republic. The city population 
is at present more than 1.3 million inhabitants living in an urbanised area of 
approximately 500 square kilometres. The city 7 

is located on both sides of the Vltava River 
close to the confluence with the Elbe River. 
The sewer system is of the combined type and 
covers about 60% of the total city area. It 

consists of 2,360 km of sewers, 54,000 
manholes, 140 CSOs and I9 pumping stations 
(see Fig.1.). The sewer system is connected to 
the central Wastewater Treat_ment Plant that 
was designed for a flow rate of. Q = 6 m3/s. 
The morphology of the area van'es from steep ,- 1'

A 

slopes (near the river) to almost flat areas on 
the outskirts. ‘ F igurel. Combined sewer system in Prague 

2.2. PROJECT APPROACH AND METHODOLOGY 
The Master Plan is based on an integrated approach that enables the evaluation of 
surface runoff as well as the asgsessment of transport and treatment processes in sewer

' 

and river systems. Fully digital execution and the use of mathematical modelling are 
fundamental for this project. The project is executed in 5 modelling phases starting 
from the very simplified large-scale phase comprising the whole catchment of the city 
and gradually coming to a more detailed evaluation in defined subcatchments. These 
phases are defined according to the project goals and in relation with the task 
formulation.

_ 

Based on the task formulation, the schematisat-ion of the system and processes 
was carried out for each project phase to fulfil pre-defined goals. In the first modelling- 
phase, the total’ combined drainage area of 12,000 ha was schematised into 19 large 
subcatchments for hydrological simulation with the MOUSE NAM model. The sewer 
system was reduced to main collectors around the treatment plant and si_mu_lated with 
the- MOUSE l-lD, a one-dimensional hydrodynamics and water quality model. The 
Vltava River water quality was of a main concern in this phase and it was simulated 
with MlKEl 1, HD, WQ one-dimensional hydrodynamic and water quality model. The 
overall system schematisation is shown in Fig. 2.

’



The main concern of this phase was -.:-; - 

directed to t?te—~evaluation of the 
overall system functionality, long- 
term water balance, capacity of and 
storage possibilities in main trunk 
sewers, and the actual treatment 
capacity of the central wastewater 
treatment plant. The impact of the 
sewer system and WWTP on water 
quality -in the Vltava river _was also 
evaluated. Th‘ contribution ’.‘:::'ers 

“to the results of the above descritied 
project phase. 

' 

In the subsequent two 
phases, each of subcatchments was 
again subdivided ' into 
approximately 50 - 100 
s'ubcatchr‘r'ient's for simulation., The 
sewer system was defined 
in more detail for all main 
catchrnents (see Fig.3.), and 
the selected main tributaries 
of the Vltava River were 
also included. The -[same 
methodology . and 
technology was applied in 
these phases for the 
evaluation of the system ‘ 

E;-ehzt‘.Iiot1r. The main focus 
of these phases was on the Figure 3. Complete model set-up for selected main catchments 
CSOs functionality, sewer 
transport and capacity function, and impact on water quality in selected tributaries. 
These phases are being presently finalised.

_ 

The boundary conditions schematisation was defined in relation with the 
project goals and tasks in a form of a long-term historical precipitation, evaporation 
and temperature records. Based on this approach, a long:-term simulation (from I to 10 
years — see Fig.4.) of the system was ca_n'ied out, along with a single extreme event 
simulations for selected return period rainfalls.
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Figure 4. Example of a 10-yearhistorical rainfallseries 

3. Modelling surface runoff processes 

The modelling of surface runoff is composed of modelling several natural processes 
‘which have to be analysed. Runoff generation and water collection components of 
surface runoff process are recognised [1]. 

- Runoff generation processes 

Runoff generation process is a highly random 
phenomenon, which is difficult to model. The use 
of stochastic methods seems to be appropriate for 
defining artificial long-term rainfall series. The 
Prague yoject team could. however. profit from 
the ava_i_la_bility of measured rainfall data in the 
project catchment. 10-year continuous 
precipitation records (1990-1999) are available at 
7 rain-gaug_e stations. They are in a digital form, 
verified and free from random and stati,st_ical 

errors (see Fig.5).
' 

In addition, a comprehensive monitoring 
campaign of rainfall is being carried out during 
the whole project execution (starting from June 
1999). 19 ‘neated digital rain-gauges are operated 
(see Fig.6) with the sampling frequency of 1 

minute. The data are regularly collected, 
evaluated and processed. The gauge station 
network covers a total area of approximately 400 
km’. 

The described precipitation data sets help 
the project team evaluate the spatial and temporal 
behaviour of the rainfalls over the Prague area 

Figure 5. Historical rain-gauge 
locations 

Figure 6. Project rainfall monitoring 
set-up
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‘previous hydrological situation. For a 

and to apply some deterministic approaches for extending point measurements of a 
spatially variable phenomenon to particular catchment sizes. There are several 
alternative techniques available for coping with spatial and temporal rainfall 
di_sti_-ibi,i_t_i_o,n over a particular catchment area ('l'hiessen polygons, Inverse Distance- 
Weights, Kriging. splines, etc.). The project team selected the Inverse Distance- 
Weights method to be used for rainfall distribution analysis in the Urban Drainage 
Master Plan of the City of Prague. 

0 Runoff collection process 

The mathematical r;.< lelling of the tune 4' collection process is dominantly a 
deterministic rlienomenon. Thus, 2 selected deterministic hydrological model can be 
used to mouel the surface runoff and to generate runoff hydrograph. A detemiinistic, 
conceptual hydrological model MOUSE NAM is applied for surface ru‘noff‘modeIling 
in the Urban Drainage Master Plan for the City of Prague.

' 

This model is defined by a set of — -:1 W l; M -, 

linked mathematical statements + 
’ 

R . 
. . . . . . _ $ .3111 describing, in a quantitative manner, the now U

_ behaviour of the land phase of the 
hydrological cycle. The model is capable 7 
of computing not only runoff from ' 

impervious areas (rainfall induced 33; i V _ H inflow), but also the so—called “rainfall ,1:-F __._'f'ou]’f]‘ow 
induced infiltration“, which in fact does ’ ' 

f‘ _ time 
not depend only on the actual --~ 

. 

" l " 
I—}--3-u 

’ i am» . 

precipitation. but is affected by the 53 

certain rainfall event, the runoff "" 

hydrograph will vary, based on. the 2322 

previous hydrological state of the system. II‘ 

According to the response time, the 
' D‘ 

....... . 

rainfall induced inflow from impervious 
areas is understood as “a_ fast runoff 
component" (FRC) and the rainfall induced infiltration generated from pervious areas 
as “a slow runoff component” (SRC). While the If-‘RC response time is counted in the 
order of riifinutes (or tens of minutes), the SRC response time takes from hours up to 
weeks. The calculation of the PRC routing is implemented in a form of either the 
time/area method or the non—linear reservoir method, while the effective rainfall (net 
precipitation) is generated as a portion of natural rainfall based on the actual 
conditions of snow and surface depression storages. This way, a wetting process. 

I»: -on u. re an 

Figure 7. Components of runoff hydrograph 

e".’“‘aporation and filling of depressions are accounted for. The model of SRC is_ 
implemented in a form of overland discharge, groundwater level, relative soil moisture 
and baseflow calculations. These-calculations take place in four types of inter-related 
stofages: snow storage, surface storage, root zone storage and groundwater storage.



3.1. CATCHMENT SCI-IEMATISATION 
The total Prague catchment size is 500 km’. 
Out of this area, approximately 12 000 
hectares are drained by the central, 
combined sewer system. The schematisation 
of the catchment of this size is not an easy 
task, The hydrological model MOUSE ' 

NAM treats every catchment as one 
separate unit (like the majc ity of current 
surface runoff‘ rnodel'l. ' 

r_. 
- catchment 

parameters, therefor“, have to represent an 
average for the whole catchment. 

During the first modelling phase of 
the project. the total area was divided into 
19 large size subcatchments (see Fig.8). 
Each subcatchment was later schematized in 
the form required by the hydrological model 
NAM. The average model parameters were 

Figure 8. The main.subcatchments of Prague 
catchment 

then validated during the calibration procedure. Precipi_tat_ion data for the simulation 
had to be modified according to the size of a particular catchment. 

3.2. MODEL VALIDATION 

Figure 9. The main subcatchments of‘Prague 
catchrnent 

The calibrations and verification of the 
hydrological model MOUSE NAM were 
performed together with hydrodynamic 
calibration at selected sewer locations, in 
order to validate the model parameters. 
Together, 19 ADS flow meters’ are used in 
the project to ca_lib_ra_t_e each subcatchment 
model at the downstream boundary (see 
Fig.9). 

The calibration period was defined 
according to the monitoring campaign of 
10 months (May 1999 — Fe_bruary 2000). 
This way, MOUSE NAM long-term 
response parameters could be validated 
(see Fig.lO).

«
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4. Long-Term System Behaviour
I 

The evaluation of a long-term behaviour of the Prague urban drainage system was 
considered as one of the most important activities during modelling. Long-tenn 
average inflows and ‘volumes of wastewater components (SRC, FRC and foul flow) 
represent important information with regard to the central treatment capacity in 
Prague. Based on these data, a principal decision had to be magic concerning the future 
treatment state (either the intensification of the current WWTP or construction of a 
new one on the outskirts of the city). 

The li_istorical precipitation data from the year 1994 were selected as a 
boundary condition for long-term simulation after the analysis of annual rainfall sums 
from a 9~year historical set (see above). The selected subset was agreed to ‘represent 
“an average” precipitation year (annual sum: 445 mm). Other model data (population, 
water consumption, daily flow variation) referred to the current state of the system in 
year 1999. 

4.1. ANNUAL WWTP INFLOW ESTIMATES 
Total \"olu‘r'nes Average discharges 

“ 55"’ in in” as.’-. In; -_... _‘.. —
F 

Based on the precipitation 
‘year 1994, the long-tenn 
simulation of a current system 
state was performed. The 
simulation results were 
gained in a form of one year 
time series of flows, water 
levels and velocities at each 
model location (nodes. pipes, 
CSOs, pumps, etc.). Using 
this inforrmtion, the so-called 
"flew schemes" were 
developed for the main trunk 
sewers to help in the ‘ 

un.der5mnding of a long_ mun Figure I1.I_.t:mg-l.€1'm flow schemes 
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performance (see Fig.ll). After that, the overall water balances were calculate-lat 
important system locations. The evaluation at the inflow to the central WWTP is 
presented in Table 1. 

Table 1: WWTP annual water balance 
A 

Component . ,, Annual volume gMillions in’! 
V ,..,. produced " 

l'49;8 
”' ’ 

V ....- t.re.aIe.d 14.52 
V sxc ll'C3l€d 
V ac treated 2.4 
V pp treated 100.7 

V diverted (C505) u

r 

4.2. ROLE OF A SYSTEM l-IYDROLOGICAL MEMORY 
The long-term simulation results gave important answers concerning the wastewater 
load as well as the current hydraulic capacity of WWTP. However, during the 
hydrological modelling it was recognized that the antecedent hydrological situation 
plays an important role not only during the long-term simulation. The use of a 
particular simulation hot start influences the final simulation results as well. If the 
historical year 1993 was used for the simulation of a hot start (wet year with a rainfall 
sum = 530 mm). a substantial increase of infiltration into sewers would be noticed 

Figure 12. C50 overflow change caused by wet ' 
Ft‘-gt’:raVl'3. Drywweather flow change caused by 

or dry hot start wet or dry hot st_an 

compared to the hot start generated from the “average" year 1994. The influence of a 
hot start on simttlation --esults can be then observed during both dry weather flows (see 
Fig.l.3) and storm events (see Fig.l2). 

The described phenomenon can be explained, in agreement with the reality, by 
a system “hydrological memory" included in the NAM model. During the wet end of 
the year 1993, all model storages were filled up with rainwater, which was then 
infiltrating into the sewer system during the coming year spring (1994). Once the same 
year 1994 is used for .>ill'lUiZ1liGl'l and hot start, the hydrological situation differs. 
During a dry year hot start si_mulation model storages are empty and, consequently. 
less water is available after the winter season for subsequent simulation-. 

From the above facts it seems to be obvious that natural hydrological behaviour 
of a catchment is very complex and a modeller should not set his mind on one set of 
results. after a -single simulation. Spatial and temporal variabilities of rainfall-runoff
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processes bring different response under different conditions. In the Prague case, the 
hydrological modelling was perfonrted for several hydrological conditions. The 
simulation analyses then necessitated the presentation of results in terms of ranges of 
values, rather of discrete values. For instance, the i_nfi1tration volume treated annually 
at the central WWTP is expected to vary between 20 — 50 mil. m3/year (20-40% of the 
overall treated volume). 

5. Source Identification and Control Measures 

The development and implementation of source control measures for 2 nnf:-3' ‘nd ._r :d 
infiltration is not an easy task. On the other hand, a possibl_e reducti—..n of s’ der rainfall 
vinduced infiltration could bring important improvements in the urban drainage 
perfonnance. In the Prague case, the reduction of up to 20% of annual treated 

. volumes is expected to be reached at the central WWTP. This would have important 
consequrences for the treatment efficiency as well as for the overall treatment cost 
savings.

_ 

It is obvious from the above mentioned facts that the rainfall induced 
infiltration is considered to be an important drainage phenomenon. which should be 
analysed in the present master planning activities. In the Prague case, the analysis of 
rainfall induced infiltration is being carried out, infiltration sources are identified and 
control measures proposed as a pan of the final remedial scheme for the Prague Urban Drainage Master Plan, Interim project results are presented below. 

5.]. IDENTIFIED SOURCES 
The annual 'int'tltratio_n volumes generated from all main Prague catchments were 
evaluated for the simulated year 1994 and hot starts corresponding to the years 1993 and 1994. The results are presented in the table below in the for-in of annual volumes, where Vtot represents the total_ volume of wastewater produced in the particular catchment, Vsrc the infiltrated volume, Vfrc the rainfall inflow volume and Vff the foul flow volume (See Tab.2). '

' 

It is clear from the above results that the hydrological memory ofhot-start years 1993 and 1994 leads to large differences in produced and treated volumes of 
was_t_ewater. This difference is not only seen in each subcatchment, but mainly for 
integrated values at the WWTP. 

This way, the infiltration source volumes were evaluated in all the defined 
subcatch_men_ts. It was recognised that an important (almost constant) infiltration 
source is located in the vicinity of the WWTP (catchment REST in above table). This 
are_a produces annually 12 mil. m3 of water which is drained into the sewer system. After the analysis of the size and s'u'rfac'e of the area, sewer system topology and the 
location of the WWTP (on the Troja island on the river Vltava) it was concluded that most probably at least one of the four inverted siphons transporting the wastewater from the m_ai_n trunk sewer to the WWTP is infiltrating water from the river; This finding is going to be verified by additional quantitative and qualitative measurements 
at this site. 
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Table 2. Annual water balances of distinct wastewater sources for defined simulation cases 

ca-.d..,,... 1994- 1994 
I 

9 

‘ 
9 ’ 

1993-1994 
__ 

name V rot Vsre Vfrc Vt!’ V tot Vsrc Vfre VI!‘ 

' REST 12.6 12.6 
p 

- - . 

SBl 4.9 0.97 0.25 3.68 6.26 1.46 025 455 
_1> 5 0.18 0.14 4.68 6.70 0.78 0.14 5.78 
sun 2.4 0.25 0.21 1.94 3.00 1.5 021 1.29 
112 13.5 0.22 » 0.42 

_ 
12.86 14.68 1.34 0.42 12.92 

1123 9.7 3.31 0.56 5.83 
' 

11.22 4.62 0.56 6.04 
‘ 

1124 10.4 0.71 0.31 9.38 11.40 1.6 0.31 9.49 
P0 2.1 0.32 0.32 1.46 2.18 1.36 0.33 0.49 
NS 0.2 1.03 0.03 0.86 0.30 0.15 -0.03 0.12 
PKS 1.7 0.1 0.1 15 2.11 0.46 0.1 1.55 
LKS 5.8 0.3 0.2 5.3 6.50 0.94 0.2 5.36 
M0 4.5 0.27 0.1 4.13 5.10 0.8 0.1 4.20 

Additionally, it has been concluded that the rainfall-induced infiltration is also 
affected by the emergency weirat the WWTP pump station. The spill frequency at this 
weir dramatically increases under wet—weather condi_tions (Figs. 14 and 15), 

From the displayed time series it is clear that for the 1993-1994 simulation 
case, even dry-weather flow peak spills over the weir to the Vltava River in the 
beginning of the year. The total overflow volumes then increases from 1.8 mil. in’ for 
the 1994-1994 simulation case to some 3.5 mil. m’ for the 1993-1994 simulation case. 
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Figrzrr I4. \\'\X"l'i’ emergency weir operation for 1 Figure )5. emergen:cy Weir opeifation for 1 

year simulation case I993-1994 - year slm1'.1lation case 1994-1994 

This situationof course has a strong impact on the water quality in the river. Within 
the scope of the Master Plan, remedies of this situation are to be proposed.
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5.2. PROPOSED REMEDIAL SCHEME 
As d_e_scribed above, the rainfalllinduced infiltration represents in the Prague case quite 
an important issue which has to be analysed and the measures for its reduction must be 
proposed. With respect to infiltration, either point or diffuse sources can be 
distinguished. While point sources can be cont_rol_le_d and sewers reconstructed (pipe 
lining, etc.), there are hardly any possibilities to reduce the diffuse infiltration to the 
sewer system. The main concern of the presented work was therefore directed to 
identifying point sources of infiltration or the areas Withhigh infiltration rates. 

For that case, the key parameter of “sewer unit length infiltration" h_as been 
defined following Gustaffson [4]. 

’ 

This parameter represents a dimensionless 
infiltration volume from subcatchments. The general evaluation of the P1’3gUC‘SP'.vCl' 
system was performed using this key parameter. The graphical representation of this 
evaluation is found in Figure 16. 

It can be noted that the 
curvature of the infiltration 
graph indicates’ the global ratio 
of diffuse infiltration. The more as -' 

linear is the graph, the more 

PRAGUE infiltration~

~ 
uniform infiltration is expected E 30 
in the whole system. and fewer 25‘ 

_’ 

possibilities of infiltration 20-
; 

reduction are available. High line ‘” 
,5 _ 5 

gradients on the other hand 
_ __ M“ g 

indicate high unit infiltration in a 1° ' 

particular subcatchment, which «s-
, 

could be caused by point 0; - 

sources. In these cases, the 0 1000000 2000000 3000000 4000000 
itnftltration can be evaluated in Lmjgthtmt A 

more detail, while searching for ~ ' 

point infiltration sources, The 
. _ _ _ _ idemificmion of high infihratiopn Figure 16. Unit length infiltration graph for the Prague Study 

subcatchments directs the project 
team to the indicated -system» weak points, where more precise measurements, . 

modelling. and finally TV inspection can take place. 
In the Prague sewer system, the large infiltration rate is seen in the first graph 

line. This line represents for both simulated cases the contribution of subcatchment REST located in the vicinity of the WWTP. Also, the remaining part of the graph has a 
curved shape. Consequently, also catchments SBII, Mo and 112B indicate, along with 
the REST, the poi_nt inntiltration sources. The infiltration volume from these catchments 
represents approximately 10% of the annually treated wastewater volume. The 
aforementioned catchments will be evaluated in more detail during the subsequent 
project phases, in which detailed evaluations of individual subcatchments will be 
performed. TV inspections will be proposed on the basis on obtained results and, 
consequently, a reconstruction of relevant sewer sections will be carriedf out. 
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6. Conclusions 

'I'he'U_rban Drainage Master Plan for the City of Prague represents a very large, 
methodologically and technologically complex project. The modelling of surface 
runoff processes covers only a portion of the whole work. The project team was 
confronted with sirni_1ar questions and tasks in all modelling activities- 

It can be concluded from the above described facts that the" infiltration 
phenomenon plays in Prague urban drainage quite an important role. It affects both the 
treated volumes and CS0 spills (volumes and peaks). Moreover, the infiltration 
represents a substantial portion of the annually treated wastewater volumes at WWTP 
and volumes spilled from the WT? ernergency overflow weir to the Vltava River. 
Alon g with that. the importance of a catchment ‘j‘hydro1ogical memory" with respectto 
the hydrological behaviour of the urban drainage system has been recognized during 
the project execution and has been t_aken into account in the master plan 
considerations. 

Generally it can be concluded that the present methodology and technology for 
master planning still have some space for improvements and upda_tes_. The whole 
Prague project data management would have been rather tedious without some 
substantiai additional programming work. However, the Prague project team is 

convinced that mathernatical r_n_ode_lling of natural processes in urban areas can be 
currently successfully applied without any doubts even in large size projects as is the 
case of the Master Plan for the City of Prague. 
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APPLICATION OF 3D COMPLEX» MODELLING IN SIMULATION OF EXTREME DISCHARGES IN URBAN AREAS 
Prediction and evaluation ofeflects wit}: the aid of an integrated se'w'er/aquifer model 

R. K113?‘ & ' .-G. GUSTAFSSON’ 
:DHI Hvr’*a1'; .2 7n, Na vrs'ich 5, 100 0 Praha [0, Czech Republic 
‘DI-II ".«er'1'ge, Honnorsgatqn 16, Vaxjo, Sweden 

1. Introduction 

The City of Ceske Budejovice has initiated a flood model project of the Vltava and 
Malse Rivers including the catchment of Dobrovodslcy creek in 1998. The aim of the 
project was to create a mathematical model for the reconstruction of historical flood 
events and the evaluation of impacts of possible technical solutions that could be 
introduced in order to prevent the floods in the future. The model should describe both 
the hydrological phenomena and the hydraulic capacity. As the catchment is partly 
urbanised the model should also include a model of the sewer network.
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2. Project area » 

The catchment of Dobrovodsky creek is in the northeastern part of Ceské Budejovice. 
The total catchment area is 21 km’. The upper part of the catchment has a mild slope, 
the central part has a steep slope and the downstream part is flat-. The downstream part 
is partly urbanised, and includes an area set for a new development. Floods have a
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Figure I. The project area 

negative impact on the downstream catchment part. The historical urbanisation has 
changed the route of Dobrovodsky creek and consequently decreased its longitudinal 
slope. There are sewer collectors with several combined sewer overflows (CSOS) 
along the creek. The difference in elevations of the creek and sewer network is very 
small and the mutual int.eracti_on between these two systems is quite frequent.



3,. Monitoring. 

Although the historical flood event in 1991 was well documented, there were 
insufficient input data for the calibration and verification of the proposed models. A ’ 

short-term, comprehensive monitoring car_npaign was therefore executed within the 
frame of the 'pr‘ojec_t_. The water levels in wells as well] as water levels in creeks, the 
discharges into the creeks and into the sewers, and rain intensities were monitoredfor 
several months. The results of the monitoring provided the ground for analysis of the 
hydrological and hydraulic phenomena and also for the‘ ca!"bration of the models. The 
perfonnance of the calibrated model was then verified visit: ,' :istorical observation 

4. Mathematical modelling 

The creation of the model of the catchment was done in three stages. Firstly the 
hydrological model of the catchment forthe simulation of‘rai_n,fa,ll_/runoff processes and

‘ 

groundwater flow was carried out using the MIKE SHE software. Then the model of 
the creek, for the description of hydraulic phenomena and analysis of h'ydra'ulic 
capacities, was created on the basis of MIKE 11 and a hydrodynamic model of the 
sewer network was prepared in the MOUSE software. Finally a flood model based on MIKE l I lD+ was prepared for the downstream part of the catchment. 

4.]. MODELLING TOOLS.l_JSED 
4,vl.1. MIKE SHE

. MIKE Sl-IE is a detenninistic, widely used, physically based modelling system for 
simulation of hydrological processes in the land phase of the hydrological cycle. The 
model is applicable to a wide range of water resources and environmental probl_e_ms 
related to surface water and groundwater ’sy's’tein‘s and to th_e dynamic interaction 
between these two systems. The modelling package comprises a number of pre- and 

_ postprocessors to facilitate the input of ‘ data and the analysis of simulated results. The 
package includes, for example, space interpolation routines, graphical editing 
facilities, plots of va,riat_io,ns in space and time of any variable, number of animation 
tools, etc.[l] ’ 
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MIKE SHE is well capable of simulatii g the variations in hydraulic heads, 
flows and water storage on the c'atcl1ment surface, in rivers and in the uijtsanirated and 
saturated subsurface zones. A network of grid squares represents the spatial variation 
of meteorological input data and catchment ch_a_ra_cteristics. Within each grid square 
the soil profile is divided into a series of vertical layers. The model structure is 
-illustrated in Figure 2. 
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Figure 2. The.structu'r"e ofthe MIKE SHE model 

In addition to the water movementrmodule, the modelling system includes modules for 
spreadi_ng and degradation of pollutants, mapping of‘ capture zones, wetland ecology, 
etc. For more complex river hydraulics, the river-modelling package MIKEl1 can be 
used and be fully integrated with the MIKE SHE software. 

4.1.2. MOUSE 
MOUSE is a vveil known, ino-':lell_ing package for urban drainage and sewer systems 
[2]. In addition to the fully hydrodynamic pipe flow model and conceptual surface 
runoff and inflow/infiltration modelling capabilities, the system includes modules for 
modelling pollutant transport and the transport of sediments, as well as off-line and 
on-line rnodelling of real time control,-

.



Figure 3. 1 he made] of the sewer» network 

The MOUSE and MIKE SHE models are coupled through the following three physical 
elements: 
0 The reciprocal interaction between pipes and the aquifer[3]. The interaction 

equation is based on the temporal and spatial variation of the water pressure in the 
pipes and the surro-xmding aquifer, the pipe surface exposed to the ground water 
(or to waste water, if exfiltration occurs), and a leakage coefficient. The equation 
reads: 

Qin = (Hgw —- Hsewer) x Psewer x C (1) 
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o A one-way flow from foundation drains, service lines and smaller pipe sg. stems 
(not described as pipes in MOUSE) into a manhole in the MOUSE sewer network. 
The drainage equation is based on the ground water level, the drainage level 
(typical foundation level or siinilar), and the drainage coefficient, and expressed 
as A 

Qdr = (Hgw — Hdr) x Agrid x Cdr (2) 

0 T’ e MIKE SHE model does not deal with impervious areas, which are described 
within the surface runoff model used in MOUSE. Such areas may amount to only 
a fraction of a full grid square[l]. 

4.1.3. MIKE ll
_ 

MIKE I I is a professional engineering software tool for the simulation of hydrologic 
processes, hydraulics, water quality management, and sediment transport in estuaries, 
rivers, irrigation systems and other inland waters. Amongst the features that make 
MIKE 11 the most widely used tool for dynamic modelli_ng of river processes are:- 

fast and robust numerical scheme using the Saint-Venant equations 
wide range of hydrological modules 
advanced cohesive and non-cohesive sediment transport modules 
comprehensive water quality and eutrophication modules 
links to advanced hydrological, sewer and coastal modelling tools 
add-in modules ’ ' 
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MIKE ll is'a dynamic, user-friendly, one-dimensional modelling tool for the detailed 
design, management and operation of both simple and complex river and channel 
systems. Due. to its exceptional flexibility and speed, MIKE 11 provides a complete 
and effective design environment for engineering, water resources, water quality 
management and pla_n_n__ing applications. 

4.2. MODEL INTEGRATION 
Each ofthe models and appropriate software tools plays its role within the project. The 
hydrological model of MIKE ll produces the flow data for the river model of MIKE 

' 

‘'11 and/or flood model of MlK_E ll 1D+ that simulates the flood wave. The sewer 
model in MOUSE simulates either the flow from a CSO into a creek and/or the inlet of 
water from a creek into the sewer through a CS0 in case of high water level in the 
creek, While a two-way interaction may take place according to the flow conditions in 
the creek and in the sewer, the drainage of water from the aquifer into the sewer pipes 
is neglected because it has no significant impact on the flood flows. The models were 
integrated off line; i.e. the resulting time series from one model was used as boundary 
conditions in anothermodel.



5. Application of the models. in the catchment 

5.1. PREPARATION OF THE MODELS 
In the model, the catchment area is represented by several layers of 200 m x 200 m 
grid describing the surface of the catchment, the unsaturated zone, and the saturated 
zone. The input data needed for thernodel preparation are: 
0 The topological data 
0 The meteorological and hydrological data 
0‘ The topographical data and hydraulic data for creeks 
0 The soil parameters 
0 The land use and crop characteristics 
0 The impervious surface and runoff characteristics 
0 The geological information 

m3ls 
4.o_c 

3.2o—
. 

2 40-

l 

1 .eo< 

0.80-* 

~~ couonunaeauaa' ~ ~ -3 ..4=~ we 

F igure 4. Example of creek model calibr‘ation at cross-section P3 
(full line = observations, dotted line = simulations with MIKE SHE) 

Although the goal of the project was to study high flows during rainy periods, the 
model is al-no ready for analysis of low flows during dry weather conditions. The 
model in MIKE SHE was c‘alibrated by using the data obtained from the monitoring 
campaign mentioned earlier. The campaign was di_vided into two parts. The first part 
took place from June 1998 to October 1998, and the second part was realised from 
March 1999 to May 1999. The models were calibrated on the following two sets of 
values: 
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I The flows in creeks and sewers 
0 The water levels in wells. 

5.2. THE VERIFICATION OF THE MODELS USING THE DATA FROM THE 
FLOOD IN 1991 

There was a heavy rain storm on July 27, 1991, in Ceske Budejovice that caused a fast 
bu_i1d up of ' flow, reaching the peak values in the evening of the same day. The total 
measured rain depth w"-ts 78 mm, out of which 58 mm fell during one hour. This rain 
...=vent caused a flood \- ith a retum period between 50 and 100 ‘years. 

6. Evaluation of proposed technical solutions with the aid of models 

6.] PROPOSED SOLUTIONS 

Two main scenarios were studied for control of floods in the future. The first one is
. 

based on the construction of retention dams with sufficient volume, i.e. the “retention 
scenario“. The second one is based on a change of the current land use, i.e. the “land 
use scenario". 

6.1.1. Retention scenario 
The dams could be constructed in the upper part of the catchment only, where the first 
one could be located on the Dobrovodsky creek and the second one on the Vratecky 
creek. The potential retention basins could control a discharge from approximately one 
third of the total cat_ch_men_t area. That would allow for only a limited flow 
management, and furthermore the capacity problems of the,creek were observed in the 
downstream, urbanised pan of the catchment. There are two main reasons for the low 
hydraulics capacity of the downstream parts of the creeks, The first one is low slope 
due to the changes of the topology of the creek. The second one is a number‘ ofbridges 
and other man-made structures that decrease the flow area of the cross-section profiles.
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l‘-non cultivated meadows l-non cultivated meadows 
2—forests 2-forests 

3-cultivated meadows 3-mixed forests 
4-meadows 4-ineadows 

5.-root and tuber crops 5-water bodies 
6~\'\‘ater bodies 

__ F igin-e 5. The changes in land use 

6.1.2. Land use scenario 
Cert_ai_n changes in the land usewere suggested, as shown in Figure 5. The changes were 
expected to influence the flows in the creeks within the catchment. The models were 
used to predict these changes. 

Flood control through "optimal” land use has been a frequently discussed topic 
in the Czech republic in recent years. Ecological organisations often argue that the 

‘ 
changes of land use, such ‘as the revita_lisat_ion of an area, will protect urbanised areas 
against large floods. 

The runoff from urbanised areas is faster then the runoff from rural areas. In 
other words, the time of concentration of an urbanised part of the catchment is shorter 
than the time of concentration of the rural areas of the catchment (assuming there are no 
large differences in slope). This fact turned out to be important when evaluating this 
proposed solution; 
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EVALUATION 

6._2.1_. Evaluation of the “retention scenario’-’ 
Results obtained from the simulation of the retention scenario indicated that the 
retention dams would enable us to control, at least to some extent, the large flood 
events. Because of their location within the catchment, they could not have much effect 
on smaller floods, especially in the d_own,strean_1 part of the creek. To achieve the desired 
protection effects of the dams, the hydraulic capacity of the downstream part of the 
creek would have to be improved. 

6.2.2. .':.va§.iation of the “land use scenario” 
The .,.iodels demon,st_ra_ted that the in_flu‘e,nce of this scenario on the peak flows of large 
flood events is relatively small, but it is possible to influence smaller floods and flows 
under the dry weather conditions. The analysis showed that the planned change of 
urbanisation would have a significant impact on the total flow volume, but it would not 
influence much the peak flows. The change of "urbanisation would increase the local 
flow maximum, but not the total flow maximum. 
,,. 

7. Conclusions 

The set of mathematical models, i.e., MIKE SHE hydrological model, MIKE ll river 
"model and MOUSE sewer network model, was applied to the catchment of the 
Dobrovodsky creek to evaluate the “retention scenario” and the “land use scenario". 
These were the two technical solutions proposed to mitigate floods in the downstream, 
urbanised part of the creek in the future. 

It was found by applying models to the rete‘ntion scenario, that the dams could 
influence the large floods. assuming that the hydraulic capacity of the creek would be 
changed. 

_

A 

The models demonstrated that land use scenario would have a low impact on 
large’ floods, but could affect small floods and/or dry weather flow condition. 

The low hydraulic capacity of the creek channel was found to be the most 
adverse feature for the flood control in the future. The study therefore proposed to direct 
the investment to improve the hydraulic capacity of the creek in the urbanised part of 
the catchment. The retention dams in the u'p'str‘eam part of the catchment could be 
applied as an additional technical measure to improve the level of i protection of the 

, urban_ised area-. The ‘planned urbanisation would have a low negative impact on the 
floods, mainly because the time of concentration of the urbanised part of the catchment 
is significantly shorter that the time of concentration of the rural areas.

‘ 

_ 
Besides these technical solutions, the study also suggested to make a political 

decision about 11:: desire * level of protection against the floods.
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FLOOD AND SOURCE CONTROL STUDIES IN SLOVAKIA 
P. PETROVIC 
Water Research Institute, Nab. gen. Svobodu 5, 812 49 Bratislava, 
Slovakia 

1. Introduction 

Slovakia is a country lying on the “root” of Europe with runoff to the Baltic and Black 
seas. The outflow from about 98% of precipitation is through the Danube River. With 
regard to the Danube river. Slovakia has 22.4 km inside the country, 7.6 km are s_hared 
as a boundary with Austria and 142.1 km form the state boundary with Hungary. 

From the point of view of flood protection, there are two different approaches 
to risk analysis. The volume and ‘discharge of flood water that comes from upper parts 
of the Danube basin can be forecasted and/or ‘modelled with the help of data from the 
upper regions’ hydrological surveying services. The flood risk evaluation for the 
territory inside the country is a very complex and difficult problem due to its 
orographic an_d meteorological conditions. Precipitation amounts range from less than 
450 ‘mm a year (in the Danubian lowland) to more than 2500 mm a year (in the High 
Tatras region). The spring discharge caused by the snowmelt events is mostly 
estimated by using models, like the empirical regression model (ERM) [1]. Variability 
of rzzinfall events is very high; the observed maximum daily pr'ec?ip_it_at_ion (locality 
Salka, 1957, July 12th) is 231.9 mm [2]. Such an amount of precipitation, especially in 
mountainous areas, can cause a serious flood wave, which can increase as a result of 
both a saturated soil l_ayer (antecedent precipitation) and the areal extent of extreme 
precipitation. 

A study of flood risk evaluation, early waming system and assessment of the 
flood protection measures is of the continuing interest of the water management 
organisations and respectix-'e_ administrative authorities. 

2. _ 
Legislative and Administrative Background of Flood Management 

The latest governmental decision dealing with the flood issue was agreed on 19 
.la'nuary‘ 2000 under the sequence number 31/2000. The Government of Slovakia has 
agreed to a decision support system proposal for a_ “Programme of flood protection in 
§lo'\‘al_<ia until 2010“ with a step by step application of short, middle and long-term 
measures proposed in the Programme. This includes the expected financing method 
and a set of governmmtal recommendations for flood protection management based 
on the materials prepared by the Ministry of Agriculture of the.S'lovak Republic. 

The financial base for the realisation of decision support proposals i_s at the 
level of 17.8 * 10° SKK (approximately 410 million Euro) and additional support for 
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research activities is expected at the le\.:l of 223.8 * 10° SKK (5.2 rnillion Euro). 
Investment and maintenance cost of research results application is not included in the 
proposed budget scheme. 

The responsibility for meeting the Programme requirements is distributed 
among the Ministries of Agriculture, Finance, the Interior, Environrnent and 
Education. The main actions related to this governmental decision are as follows. 
6 Prepare a new version of govemmental guidelines (No. 32/1975) for the flood 

events management and for financing the necessary management and rescue 
activities in time of flood events. ‘ 

o Preparea new version of “Water law" (138/I973 To.) ;n accord with the policy of 
the EC. . 

0 Prepare a new_ version of the State Administration of the Water Management Law 
(No.l35,/1974 Zb_.). 

0 Prepare guidelines for the’ evaluation, verification and (partial) reimbursement of 
flood damages. ' 

0 Prepare and introduce a set of short term measures for flood prevention and 
protection. 

0 Develop and set into operation an early warning system. 
9 Include the supporting Flood Research Programme Proposal into the State Plan of 

Research and Technical Development (Ministry of Education). 

The research and technical development programme has to be oriented towards 
the following: 
0 hydrological and climatic flood conditions, 
0 rainfall»— runoff process and design values forprecipitation and flood events (risk 

scenario), ' 

o landscape and geomorphologic structure of river basins, analysis of regions at risk 
and i_n_fluencing factors. 

0 interaction of surface waters, soil and groundwater during flood events, 
0 flood development in the river network and the necessary technical protection 

measures, and 
o the role of dams and reservoirs in flood protection, 

This is the Slovak internal situation in the area of flood management. With 
respectto the European flood protection situation, it seems to be useful to consider the 
fact that the Danube River is the second longest river in (Europe. In the area with 
countries at different levels of economic and political development, the International 
Commission for the Danube River Protection (ICDRP) was recently created. This i_s a 
new body and until new it has faced mostly water quality problems. A similar 
International Commission for the Protection of the Rhine has a commonly agreed 
Action Plan on Flood Defence [3]. Such a plan would be a serious step forward in the 
international co-operation in this part of Europe. Until now such a common



programme proposal has not been considered by the ICDRP Board. We, in the 
Danube River basin. are facing more complicated topics. Some states belong to the 
EU, some are in the position-of associated countries, some countries belong to the 
v‘_‘TAClS" area and some countries, contributing to the Danube River runoff, seem to 
be outside of the above mentioned schemes (i.e_. Yugoslavia, Albania, Macedonia). 
Under such ‘varied conditions, it seems that a common approach to flood protection 
study is not realistic. 

The International Hydrological Programme creates the only exception. Within 
the reg ional co-operation in the field of hydrology within the framework of UNESCO 
there '3 set of programmes csiented mostly to hydrological topics. These include a 

' study about the coincidence of flood events [4]. More details about this co-operation 
can be found in the Proceedings of the XX“ Danubian Conference on Hydrological 
Forecasting (Bratislava, September 2000, [5]). 

ln fact. Slovak hydrologists have been dealing with flood studies for a very 
long time. This paper does not include all the past or ongoing activities. it seems 
reasonable to mention, that the main responsivbilities are shared by 
0 the Slovak Hydrometeorological Institute (controlled by the Ministry of 

Environinent), which is responsible for monitoring water quantity and quality and 
for the (among others) flood forecasts and 

‘o the Water Research Institute (controlled by the Ministry of Agriculture), which is 
responsible for "engineering water" in Slovakia, including flood risk evaluation, 
flood protection measures development and for water management methodology 
in practice. ' 

There exist, of course. other institutions dealing with water problem studies. 
These include the Slovak Academy of Sciences, the universities and the Slovak Water 
Management Ente'rp'rise with four regional River Authorities Offices. 

3. Some Projects Dealing with Flood Risk Assessment 

In g"e_neral. flood evaluation problems are highly related to the nature of the input data 
and the purpose of the analysis. 

As mentioned above, flood protection, risk and management assessment can be 
divided into real-time questions and proposals for long-term policy measures. The 
real-time problems are closely related to the meteorological input, where the flood 
forecast should be‘ based on the “as fast as possible” information about the 
forthcoming rainfall _eve_nt_. From this point of view, the use of radar input and follow- 
up action are of interest. The c'urre'nt situation with the weather radar usage in Slovakia 
is not SatiSfa‘Ci0l'y. There are two radars in operation; the one near Bratislava works 
well. but the older one C?) K_ojso\'s_ka Hola is obsolete, and the middle region between 
these two radar fields (see Figure l) is not covered at all. 
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F igure; ). A radar i_r_r_tage of the meteorological situati_o_n'for Slovakia. 

Information for the radar in Bratislava is available on the INTERNET [6] 
(reflectivity, c-loud top elevation, tracing of thunderstorm paths, cumulative 
precipitation for the latest 1. 3, 6 and 24 hours). 

For weat_h_er forecasts, it is necessary to have more information than presently 
available; other information can be obtained from the Czech radar and also from the 
INTERNET [7]. OPERA - the WMO - European project [8] dealing with the unified 
cumulative radar information is» under development. It can produce Composite 
European RADar (CERAD) information on the digital radar echowave situation (see 
Figure 2) and accumulated rainfall. This system, which is in "the experimental 
operation stage, is managed by the Austrian Central Institute for Meteorology and 
Geodynarnik (ZAMG). The distributed information is at present not accessible_ from 
"outside", but access can be negotiated by weather forecas_ting s_er_vice__s,.p 
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Figure 2. The composite European RADar image. 

The network of radars in Europe is under development and. for locations in 
central Slovalcia, there is a possibility to get Doppler-type radar information from 
Katowice, which is a new station and will be included in the system very soon. A 
similar project forthe whole world is plann_e_d by the WMO [9]. . 

The above-mentioned available information, combined with meteorological 
satellite images and synoptic meteorology methods, is sufficient to assess of the 
probable intensity and extent of rainfall even't_s_. This information can be included in 
the early waming system. which has to be developed within the realisation of tasks 
related to the decision of the Slovak Government from January 2000, This topic is 
within‘ the respon_sibili_ty mainly of the Slovak Hydrometeorological Institute and the 
Slovak Ministry of Environment. 

Ha xing information about ,a “given” rain event (neglecting the snowmelt 
impact). the question is what will happen in the specified river basin. 

V 

The problem solution strategy is based on mathematical modelling methods, The first step is detennination of the actual extent and interisi_ty of precipitation and the 
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response of the watershed. It is common to verify flood models on historical extreme 
precipi_tat_ion and flood events. The surface precipitation gauge network contains 
singular points (the mean density in Slovakia is about l station per 80 km’). The 
existing statistical analysis of the maximum possible precipitation distribution was 
done for individual stations, independent of the time of rain occurrence, and hence 
does not give any information about the precipitation spatial distribution. 

Th: main steps of flood risk evaluation are asfollows. 
1. Perform the depth-at'ea-duration (DAD) analysis [10], which has not been 

common in Slovakia. It is possible to consider the impact of climate change on the 
rainfall intensity and duration due to the increased level- of uopopause (results in 
an increased volume in the atmosphere forweather phenomena development) 
Set up the rainfall — runoff model for the basin on existing flood events by 
a) using a lumped model for the whole watershed, A 

b) using the vertical zoning in the model (clustered parameters approach) - 

evaluation for each zone or selected subbasins in the given watershed [l1], 
and 

c) using the GIS approach, considering terrain configuration, land cover and 
slope (distributed parameters in space and perhaps in time). 

3. Process expected design precipitation events (scenario) using the models 
mentioned above. 

4. Evaluate the discharge volume generated by the chosen precipitation event(s) 
scenario. - 

5. Perform the flood wave propagation and transformation in the river channel. 
6. Evaluate the flood extent from the flood wave volume in theriver basin. 

!~) 

The present research programme at the Water Research Institute has several tasks, 
which cover at least a part of the above scheme. The studied areas can be seen in 
Figure 3; Case 1 is the Kysuca River. whereea rainfall-runoff study is going to be done. 
Case 2 represents the Vah River section from the Hricov Dam down to the Nosice 
Dam, where a transformation of a flood wave has to be done and a hydraulic approach 
has been chosen. Both areas are in the Vah River basin. 

.
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Figure 3. Scheme of selected regions for flood risk assessment. 

The Vah River‘ is 402 km long from its source to the Danube River. The area of 
this large watershed is about 19,700 krjnz (34% of the Slovak Republic area) of which 
10,247 km” is for the main course of the Vah River (excluding contributions of Nitra, 
Zitava, Dudvah Rivers). About 2.2 million inhabitants live in these watersheds. In 
addition to the above studies, se”vera_l other tasks for particular parts of the Vah River 
are solved by different groups of our experts. 

The main river h_as been intensively regulated for ihydropower production, 
navigation and flood control purposes, for a long time. There is a cascade of 17 
reservoirs greatly varying in volume: the first one (Ladce) was introduced in 1934, the 
biggest one (ORAVA-TVRDOSVIN — the Orava River) was put in operation in 1952 
and the last one (ZILINA - the Vah River) is going into operation now. 

3.1. THE KYSUCA RIVER BASIN 

The Kysuca River represents a tributary of the Véh River and lies in an area adjacent 
to the Moravian basin. which incurred major damage during the flood in‘ 1997. 

The total area of the subbasin is 1037 km’ and the length of the main channel of 
the Kysuca River is 66 km. The highest point in the watershed is 1326 m as]. (Velka



Raca) and the mouth of the Kysuca River (at the Vah River) has an elevation of 325 m 
a.s.l. In co-operation with the Slovak Hydrometeorological Institute (SHMU). the DAD analysis is in progress. For the areal distribufion of precipitation and evaluation 
of some other terrain characteristics, the digital terrain model will be processed from 
the basic geographical map in a digital vector form (including contour lines) at a scale 
of I :50 000. Part of the watershed is available in orthophotomaps at a scale of 
I : 10 000.\Se_lected critical nodes can be evaluated from the paper maps at a scale of 
1 : I0 000 "using scanning maps. We do have an extension for the ArcView 
programme, which allows co-ordinates to be set to the grid image, so that the full 
supp ernentary inforrnation i ’ available, if necessary. . 

The next step in the SI-IMU will assess the climate change impact on the 
extreme precipitation (both in space and time distribution) and develop some “design” 
scenarios for a_ probable critical situation. 

The Water Research Institute (VUVI-I) will fine-tune the rainfall-runoff model. 
About 20 flood waves, measured since 1960 (since that time the hydrometcorological 
data have been stored in digital form at the SHMU) will be used for the model 
assessment and calibration. The “vertical-layered” version of ERM will be applied. 
The program is written in FORTRAN 77 and computation of the necessary data 
outside the ArcView GIS environment will have to be solved. 

The last step will be the evaluation of new runoff phenomena using the model 
calibrated on historical flood events with the new design precipitation considering 
climate change scenario with a daily time step. 

3.2. THE VA}-I RIVER SECTION FROM HRICOV TO NOSICE 

The river section in the middle part of the river basin (between Hricov and Nosice) is 
at present one of the high risk areas; a new highway has been constructed and there are 
some problems with flood management. \ 

Thanks to the activities of the Institute of Infonnatics of the Slovak Academy 
of Sciences (ll SAS), the flood risk evaluation and flood extent maps assessment was 
included in the 5"‘ Framework Programme of the EC as a project ANFAS (datA 
fusioN for Flood Analysis and decision Support). The aim of the project is to use all 
the available data and multiprocessor etechniques for flood risk and development 
assessments, including presentation of flood extend maps in a suitable GIS package. 
The project belongs to the IST section in the EC RTD Projects. The main co- 
ordination institution is ERCIM in France [12]. Participating organisations in Slovakia 
are II SAS, the Water Research Institute (VUVH), the Vah River Authority (VRA) 
office and, indirectly, the Slovak I-lydronieteorological Institute. 

The ANI-‘AS project will 
0 use data from the most advanced acquisition technology, in particular remote 

sensing imagery (such as optical radar, and interferometry radar) and incorporate 
them into a conventional Geographical Information System database; 

0 develop advanced data processing tools for scenario modelling and flood 
simulation. including computer vision and scientific computing in order to take 
i_nto account information extracted from real images for the calculation of 
parameters of the simulation model; 
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have strong end-users involvement through definition of the objectives, concept of 
the System, evaluation of the simulation results. and by ensuring that the System 
answers to "terrain needs" and is well adapted to practical use. 

The final selection of the river section was done by a visit of an international 
expert group to the watershed and the section_ from Hricov to Nosice was chosen as the 
pilot site (Figure .4). 
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Ft'g't‘1_re 4. The selected pilot site - the Véh River from Hricov to Nosice. 

The Vah River Authority office plays the role of the “end user" i_n this RTD 
project. its main mission is concentrated on water utilisation as regulated by the 
relevant Slovak laws, flow control, allocation of water quantity and quality, and 
management and protection of surface and ground waters. One of the tasks in the 
project was formulation of the end user ’requ'i'r‘er’nents, which has to be considered in the prcajectpreparation and operation. The requirements were prepared with respect to 
the present actual problems in the area, where the watercourse after the artificial 
bifurcation at the l-lricov reservoirs has one branch as a natural river channel where in 
time of low flow only a minimum diischarge is satisfied. The second branch is an 
artificial canal with two power plants, which are used for power generation - according 
to the available water -- u-.;'ual'ly at times of peak energy consumption, 

The section of the Vah River between the l-ln'cov reservoir and the Nosice 
reservoir is of major in_t_erest for the Slovak end-users within the frame of the ANFAS 
project. First, flood damages may occur in the area in case of extreme floods. Second, 
an important highway under design will cross the Vah River and its floodplain several 
times. Third, it is strategic to issue flood warnings and control .floods as far upstream 
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as possible in the watershed (i.e., upstream of the Nosice reservoir) in order to ensure 
efficient protectionin the lower basin which is much more populated. 

After summarising the above information. further practical questions related to 
end user needs were formulated. -

. 

1. Hydraulic modelling should investigate the whole stretch from the Hricov 
reservoir to the Nosice reservoir. considering the natural van channel (the 
hydropower canal on the right bank is an areal‘ boundary condition for the 
floodplai_n),' the power pl_an_ts operation. with the possibility, to input various input 

, 

hydrographs (flood scenarios) at Hricov and the van tributaries. " 
'

' 

What is the advice to be given 2 if the new highway de.~'gn? 
The end product of _the pr ._,ect should be in the form or maps and statistical results 
on inundation damage‘ ,. Are villages, houses, drinking water wells, waste disposal 
sites. roads, railways... inundated for a specific scenario, at what time step, what 
is the water level? 

s-we‘ 

4. Which areas would be flooded if the railway dike on the left bank of the Vah 
River breaks? 

5. What would be the water volume that could be stored behind the railway dike, or 
other dikes, depending on the return period of floods? Which areas include and 
exclude villages?

V 

6. What would be the effects of such voluntary flood retention on the downstream 
discharge and water levels? How would it be possible to select the most effective 
area to be flooded?

A 

7. What would be the intermediate and long-term effects of morphological changes 
of the riverbed. resulting, for instance. from extreme flood events? 

Boundary cond_itions for hydraulic modelling are represented by the inflow to 
the area from the l»-iricov reservoir, inflows from tributaries, possible changes in the 
flow cross-sections (voluntary or accidental break of a dike) and the downstream 
condition at the end of the backwater curve in the Nosice reservoir. This represents a 
stretch of 37 km of the river with a floodplain of W 0.5 to 2 km wide. From a 
mathematical point of view, the downstream boundary condition is the elevation of the 
Nosice weir for the case of the maximum possible water level. Inflow scenarios will be 
a‘ combination of probable discharges at all the nearest upstream gauging stations for 
runoff return periods from 5 to 100 years. , 

g 
The general information about the hydrological situation in the selected section 

[13] is given in Table 1. From Table 1, it is evident that the tributaries collect water 
from an area of 850 km’, which represents approximately 10 % of the area upstream of 
the upper reservoir.

’



'l'ABL_Eil. Main characteristic: of Ihe,upp:;r and lower reservoirs. 
.. A? _ Hrlcov , N_o_fiée' 

Watershed area (ltm') 
_ 

'7l"45.8 7996.6 Q average on’/s) 121.0 131.0 Q minimum on’/s) ' 

22.0 23.8 Flood Qm (m3/s) 2300 2100 
River chainage (km) 245 205 Reservoiryolume (Mm’) 

‘ _ 8.5 . 36.0 

About one-quarter of the project has been completed. Data assembling and the selection of models envisaged for this application is in rogress. From the poi‘t of view of the end user, there are some interesting points. '-4: ' 

rstarrvplti, this is the first time that LIDAR data will be used in Slovakia.
V 

Effective use of data fusion involves the‘follo‘wing existing data: 
- river and floodplain cross—sections with intervals from 150 to 500 m; water level 

s_urveys during low and high flows; discharge measurements; - elevation maps with a I‘; 50000 scale along with the ArcView files corresponding 
to the area (ArcView files were forwarded to project partners for further 
processing); 

- one (composite fora good weather situation for the whole Slovakia) satellite image (Landsat); and ' 

- existing aerial photos from which the orthophoto map of the studied area with resolution 1 ;: 10 000 and contour lines will be prepared. 

Hydrometeorological lnstitute. 
The international expert group will perform the final interpretation of results. 

Discharge scenarios will be prepared in co-operation with the Slovak 

I The system of data fusion, developed in the course of the project, will stay for our use 
after the project completion in 2002. 

4. Conclusions and Summary 

Slovakia is undergoing economic transformation and aspires to join the EU. From this 
point of view, its participation in the IST project of the 5"‘ EU framework RTD programme is a new, very welcome experience. 

A 

The Slovalt authorities considering the development of water management and the situatgion related to an increasing risk and magnitude of flood damages decided to launch the state flood protection programme described herein. 
The expected results will 

0 be based, in the Kysuca River basin, on a rainfall-runoff model for flood 
evaluation as the first step; a depth - area - duration analysis of precipitation will be performed; new design precipitation and its spatial and temporal distribution under the impact of climate change will be developed and new applications of 
model_s should lead to new design flood values; 

0 use hydraulic modelling methods in the section of the Vah River from Hricov to Nosice; 
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GENETIC ALGORITHM TECHNIQUES FOR STORMWATER RUNOFF SOURCE CONTROL PLANNING AND DESIGN 
E.G. BOURNASKI 

_
V BuIgarian,Acade’ni’y of Sciences, Institute of Water Problems, 

Acad.G.Botrt_chev Street, Block‘ J, BG.-I113 Sofia, BULGARIA 

1. Introduction 

Management of surface runoff and protection of water and environment, including source controls, are key elements of any catchment-wide development. The necessity of analysing the catchment area, the urban drainage system, and the receiving water as one single system is obvious. The related optimal planning and design of urban 
. drainage networks belongs to the class of large combinatorial optimisation problems which are very difficult to handle using conventional operation research techniques. Introduced relatively recently to engineering, Genetic Algorithms (GAs) form a radically different approach to optimisation, which is refreshingly simple and ideally 

suited to the design -of large complex systems. They are multiple point stochastic search techniques that simulate the natural process of evolution in a search for the optimal solution to a problem. 
The aim of this paper is to briefly describe this technique and to present its possible application to optimisation of source control planning and design with respect to stormwater runoff. A potential application to an urban area in the Mesta (Nestos) river 

basi_n located on the border of Bulgaria and Greece is shortly outlined. Examples from other areas of water engineering, such as an optimal layout of branched pipe networks and optimal pump scheduling, are also provided. 
GAs in water engineering should not be considered as a decision—making tool, but as a tool able to provide alternative solutions from which designers/decision makers may choose.

‘ 

2.- The Genetic Algorithm 

The GA is probably the best known type of Evolution Programs (EPs), which are general search methods based on an artificial analogy with the principles of biological 
evolution{l].[2]. Tne analogy with nature is established by creating (within a computer) an initial population of individuals, and forming offsprings by combining 
the genetic information of parents and preferential survival of the fittest generation. These algorithms are best suited to solving combinatorial optimisation problems that cannot be solved using more conventional optimisation techniques, such as linear programming. Thus. they are often applied to large. complex problems that are non- 
linear and include multiple local optima. 
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For example in GA, if the optimal design for a scheme is required, a population 
of different designs is considered. Each design is defined by numerical values (strings) 
for each of the design parameters and forms an individual (organism). Each organism 
is encoded as a chromosome by analogy with nature. Standard GAs use a binary" 
alphabet to form chromosomes, although non-binary alphabets can be also used. The 
string can be of‘ any length, and can represent actual discrete choices, or discrete 
values of a bounded continuous variable. An 8 bit (gene) suing, Figure 1, represents 
for example up to 2' = 256 discrete values for a design variable. The complete design 
can then be represented by a single long binary code consisting of all strings placed 
end to end, .nd is equivalent to a chromosome in the nature. 

1 1 0 1 
1’ ob oH1I_ 

80 g1 32 
u 

33 s4 g5 g6 s7 

Figure I. An 8-bit binary chromosome. 

GAs are also referred to as stochastic optimisation techniques, because the 
solution space is searched by maintenance of population with diverse members, 
inheritance of genetic information from parents and by generating candidate solutions 
with the aid of a pseudo-random number generator. 

3. GAs in Water Engineering and Management 

After reported success in many domains [1], water engineering and management has 
started to benefit fro"1 the use of GAs. Cetnbrowicz [3] used GAS for designing the 
layout of a water di_s_tribution system in 1977. Walters and Savic [4] applied GAs for 
similar problem in the areas of water and gas supply and sewerage. Rauch and 
Harremoés [5] have demonstrated the GA’s ability to assist modellers in producing a 
good solution to the probl_em_s of real-time control and runoff model calibration. 
Multiobjective GA techniques have been used to solve a groundwater pollution 
containrnent problem; hydraulic groundwater simulation models have been used in 
conjunction with GAs for respective management problerns as reported in [6], where 
some results of stochastic optimisation techniques in hydraulic engineering and 
management are analysed. 

Table l s-tmmarises some of the popular literature GA optimisation 
applications and shows the respective objective functions and design parameters. 
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TABLE 1. GA optimisation in hydraulic engineering and management, typical applications. 
_ 

' ‘ ‘ " 

Design parameters,
_ 

‘ Prohlem Objective function Decision variables Literature 

Optimal layout selection of 
’ 

Lirtinimum cost of a tree pipe 
' 

pipe layout [3, 4. 6] distribution network network 

Optimal pipe sizing for minimum cost as a function of pipe diameters [7] distribution network 
g 

pipe diameters and lengths 

pump scheduling minimisation of energy costs and pump cornl ‘nations in ' 

[6, 8] pump switches ~ time interv 5: 

pressure regu‘ation in pipe minimum pressure-above the -tting isolating valves [9] network mi_nim_um required ‘V - 

optimisation of choice of rrtinimum power requirement pump combinations [10] pumps along .1 pipeline 

c_ali_bration of water minimum difference of ‘field and pipe wall roughness for [ll] network model model values of flow & pressure each pipe 

leastgcost design of wat_t:_r minimum of cost function of pipe example of 8 pipe H2. 13] 
disltilitttion network diameters and lengths 

' 

diameters 

water network benefit of optimal invest. of some replacement of pipes [14, 15] 
reh;tbil,i_tatio',n /all of a limited amount of money

\ 

urban drainage system minimal total cost to meet the storage and flow [16] 
. optimisation specified hydraulicobjectives attenuation structures 

runoff model qallibrntion minimum difference of field and roughness [5] model values ,-
‘ 

4. GA Process for Source Control Planning and Design Optimisation of an Urban Drainage Project 

A variety of GA applications has been presented since they were first introduced. In 
this paper, the approach of the University of Exeter Centre for Water Systems is used 
[16]. The b:.sic steps of the relevant optimisation GA process for a combined sewer network include the ‘l 1 points described below. 

4.) DEFINE THE OBJECTIVE FUNCTION AND SOLUTION SEARCH SPACE 
The objectives of any source control planning and design of sewer network project must be clearly idemified prior to any design work. Although each design details are 
individual tc the system, there is some commonality in overall objectives. Basic design 
objectives include reducing flooding (compared to the historical flood records, if 
available) and reducing the number and volume of spills to receiving watercourses, 
particularly bathing and recreational waters t(r_el,a_ted to receiving water quality and environmental protection). Some of these objectives are formalised in industry’ 
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guidelines as minimum pipe cover levels. pipe gradients, velocities. flood alleviation 
levels, etc. [16]. The necessity of integrated approach in defining the objectives is 
obvious, by treating the urban catchment, the urban drainage system. and the receiving 
water as one single system [17]. . 

The project costs need to be considered throughout the design process. There 
have been successful attempts to integrate the design network withseveral cost models 
[16], which provide the designer with information not only about the performance of 
the scheme but also outline implementation costs. This allows the designer to see the " 

performance and cost of the design as it develops. « 

Thus the objective is generally to I inimise the total cost t" meet the specified 
‘ 

hydraulic and environmental objec".es, i. :., to reach a techn..-al, ecological and 
economic optimum. 

4.2 ESTABLISH A CHROMOSOME REPRESENTATION 
As mentioned in Section 2, an appropriate format (a binary string) needs to be defined 
to permit the representation of the decision variables (thedesign options). For example 
an n-parameter solution (decision variable) x = (x,, X2, ...x,.) may be represented as an 
4Xn-bit binary chromosome (i.e. 4 bit per parameter, 2:, = 0101, x2 = 1001, etc.). 

4.3 GENERATE AN INITIAL ‘POPULATXON’ 
A number of organisms are randomly created each representing an individual system 
design. Some of the organisms may not be feasible. The initial population of perhaps 
100 solutions is then allowed to evolve over a number of generations. 

’4.4 DECODE ORGAN] SMS TO SYSTEM NETWORKS 
Each organism's chromosome is decoded into a representation of the system network 
model (a candidate solution). This is achieved by simply transforming binary strings 
into system parameter values. . 

4.5 ANALYSESEWER NETWORK HYDRAULICS SAND RECEIVING WATER 
IMPACTS . 

Operation of each network model is simulated hydraulically and the results of 
simulations are analysed. This means that the GA is integrated with a reliable 
computational model of hydraulic transport and water quality processes in the sewer as . 

well as with a modelfor estimation of transport and water quality processes in the 
receiving water body (at least the stormwater runoff impacts). The aim is also to 
ow.-rmme the possible pollution of receiving waters by combined sewer overflows. 
which is the main weak point in most cases. 
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4.6 COM __EUTE PENALTY COSTS 
A graduated penalty cost is assigned to eachsolution as a function of the magnitude of 
its deficiency in meeting the specified hydraulic and environmental objectives. In 
complicated studies, such as the problem of source control planning and design of urban 
drainage systems, the environmental penalty is rather difficult to impose and its 
determination requires some experience. 

4.7 COMPUTE TOTAL COST AND FITNESS 
The total cost is computed for each solution as the sum of the network"capital costs 
plus the penalty costs. Thefittest solutpions are those which exhibit good hydraulic an’ 
en‘viron_mental performance and maintain low costs. 

4.8 SELECT SOLUTIONS TO PARENT THE NEXT GENERATION 
A new set of solutions is generated from the current population based on probability. The fittest solutions are given the highest probability of being selected; the least fit 
solutions may not survive and risk a permanent extinction. As a result, the new 
generation has on average a higher fitness than the old population. This selection 
process parallels nature's processes of ‘survival of the fittest‘. 

4.9 APPLY CR_OSSOVER (RECOMBINATION) OPERATOR 
The organisms (parents) selected i_n the previous step are grouped into partners and 
mated, Random genes of one of the partners" chromosome are swapped with the 
corresponding genes of the other partner to produce two offspring chromosomes 
representing two new organisms. Simply put, the binary strings (chromosomes) of 
both parents are broken at a randomly selected location and the second sections of the 
strings are switched to form two new solutions. 

' 

4.10 APPLY ‘TI-IE MUTATION OPERATOR ‘ 

With a very low probability, randomly chosen genes in so_me chromosomes are altered 
(from O to l or vice—versa), e.g..- changing one pipe size to another size, as a means of 
introducing or preserving valuable genetic material, which might otherwise be lost. 
Mutation does not have a dominant role in the process of evolution. If its probability is 
set too high, the search degenerates into a random process. As a simulation of a 
genetic process, a GA uses stochastic mechanisms, but the result is distinctly better 
than random. 

4.11 REPEAT EVALUATION OF ORGANISMS AND PRODUCTION OF SUCCESSIVE GENERATIONS 
Steps 4 through IO are repeated thousands times until the temtination objective is 
reached. At each repetition (generation), the best ever solution is stored so that the best 
solution is not lost in the next generation. 
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5. Some GAs Optimisation Examples 

5.1 OPTIMAL LAYOUT SELECTION FOR BRANCHED PIPE NETWORKS 
» A simple GA was applied by Walter and Savic [4, 6] tostudy an optimal layout 
problem for water, gas or sewer pipe networks, with the objective to select the 
minimum _cost set that is necessary to supply all given demands. For a base graph in 
which there are at most two choices per node (triple node), the design can be mapped 
exactly onto a binary string, as shown in Figure 1. However. for base graphs with 
more than twr choices, an integer coding proves very effective. 

5.1.1 Starting From a Directed Base Graph 
' '

A 

The optimisation problem was defined as a search for the best layout starting from 
directed base graph of possible pipeline connections. Any binary suing represents a 
feasible layout, so crossover and mutation can be fully implemented without 
generation of non-feasible solutions. For a tree network, each node is supplied by just 
one pipe, directions of flow arefixed, and a layout can be defined by coding the choice 
of supply pipe for those nodes at which a choice exists. Although useful for sewer 
network systems, in which directions are largely predeterrnined, the above model is of 
a limited use for distribution networks. 

5.1.2 Starting F font a Nan-directed Base Graph 
Undirected base-graph networks are not only larger problems to solve. but also pose 
more difficulties than directed networks. A similar basic GA technique can be 
employed, however the crucial steps are in pooling the information from two parents 
and the fcrrnaiion of children. Figure 2 a shows a part of an undirected base-graph 
loop network used as an initial condition (population) for selection of a tree network. 
After some new populations, Figures 2 b and c show two parents (tree networks), and 
after their recombination a new graph containing some loops and a mixture of directed 
and undirected pipes is formed (Figure 2 d). This graph is then randomly ‘mutated’ by 
addition of a directed pipe (Figure 2 e). The children are ‘grown’ by a random 
selection and at the end of the whole process the resulting tree network is shown in 
Figure 2 f._ - 
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figure 2. Some GA'populatio,ns evolved in the optimal pipe layout problem. 

5.2 OPTIMAL PUMP SCHEDULING I_N WATER SUPPLY 
Remarkable reductions in operating costs can be achieved by optintiising the pump 
scheduling (PS) problem. Recent UK estimates of savings for an average system 

' amount to ten percent of the current pumping cost; the overall annual energy cost for 
pumping in water supply is about £ 70 Million [8]. Classical optimisation methods 
may become inadequate when there are more than two reservoirs in the system or even 
for one-reservoir systems which have several different pump combinations or 
complicated system constraints. GAs treat discrete values used in pump scheduling 

. models naturally and thus they seem well suited to this kind of optimisation. 
For a system consisting of one water distribution reservoir which is supplied by 

four‘ pumps (with dif-ferent capacities) through a single water main [8]. the 
optimisation period can be set to one day. To establish a chromosome representation, 
each pump during a certain time period (say 1 hour) is represented by one bit of the 
string (1 or 0 for switched on or off. respectively). A string consisting of 24X4 = 96 

i 

bits describes the problem completely. Thus, the overall number of possible solutions 
to the PS problem is 29°. The electricity cost C, is given as 
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C, =T,, iC [PC(i)]+T,,fiC[PC(i)]+T,, §C[PC(i)] (1) 
. i=l ‘tea t‘=2l 

day 

where i is the time interval of the day. 1'. and T, is the night and day time tariff, 

night night 

respectively, PC(i) is the pump combination of the time interval i, and C[PC(i)] is the
, 

electricity consumed in time interval 1'. 
.

_ 

The following three constraint violations are incorporated as penalties: 
mini’ av .m and maximum res. 'voir levels, and the initial water level should be reached 
in the reservoir at the end of the optimisation period reservoir. The resulting cost 
function in terms of energy consumption and constraint violations is: 

CC”, =C, +2Penalty (2) 

The fitness ofindividual chromosomes is calculated as the inverse of the overall cost. 
Besides energy costs, pump maintenance by limiting the number of pump 

switches is another important cost factor in water supply. Thus in contrast to a single- 
criterion model, the two objectives of minimisation of energy costs and minimisation 
of pump switches fonfn a multiobjective (MO) approach. The fimess of the organisms 
is determined according to both objectives individually. MO methods of PS problem 
provide a choice of trade—off solutions from which a decision maker can select a 
suitable one to implement. 

There are several possibilities for improvement of GAs, including progressive 
assignment of penalties for constraint violation, introduction of feasibility of solutions 
as an additional objective, etc. The best soluti_on identified by the GA shows, as 
expected, that as much of water as possible should be pumped using the cheap night 
time tariff. The reservoir is consequently as full as possible at the end of the cheap 
period and as empty as allowed at the end of the expensive period. 

6. A Short Analysis of the Mesta River Basin as a Potential Area for GA,
A 

Applications 

The Mesta (Nestos) River basin is s'itu_ated on the Bu_lga_rifia‘_n-Greek border. The river 
flows from the mountain Rilla and after a distance of about 125 km in Bulgaria and 
140 km in Greece, it discharges into the Thracian (Aegean) Sea. With a mean altitude 
1318 m the basin is found to be the highest river valley in Bulgaria (and may be on the 
Balkan Peninsula). Most of the catchment area is ‘natural and rich in flora and fauna. 
However, state industrial enterprises established during the totalitarian regime as well 
as the forestry industry and agricultural activity caused disturbances of the natural 
river flow and deteriorated the w‘atc.|' quality. - 

In Greece, 40% of the river basin contains one of the most important forests in 
Greece, unique in the world for its great variety of flora and fauna. Three darns are 
already being constructed there for water-power production and irrigation, and one 
more is planned. All this has positive and negative consequences for the environment, 
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However, apart from the changes due to the human activities, the valley and especially 
Mesta's Delta is still one of the mostimportant wetlands in the country and is protected 
today by the Treaty of RAMSAR. 

After political changes in 1989, the Bulgarian foreign policy supports joining the 
European Union and Euro-Atlantic. structures. Prior to admission, many steps have to be 
taken. In the field of infrastructure and the water sector, huge investments will be needed, 
especially for the transboundary river catchment of the Mesta River. Existing disparities 
between national monitoring systems in the two countries are obstacles for integrated 
planning and control of water resources in the region. There is a need for tools to 
manage water resources in the most efficient way, predict their development, and — 

avoid possible conflicting situations. ..rL~‘. 

The towns on the Bulgarian territory? tsomefiwith developed industry) arem 
located on both sides of the Mesta River. The sewer systems are of the combined type 
and their design is based on the rational’ method applied during the totalitarian regime, 
without taking into account the impact on receiving waters (the Mesta River), There ‘is 
a huge need for a new urban drainage. master plan of this territory. Its methodological 
principle should be based on an integrated approach to ra'in_fal|-ntnoff, transport and 
treatment processes in the catchment, sewers, treatment plant and receiving water. The GA approach for source control planning and des_ign, with respect to stormwater runoff, is 
the right optirnisation tool that wouldhelp the designer and decision makers. It can 
contribute to the development of the infrastructure needed for further Greek-Bulgarian 
cooperation and joint water resources management in this transboundary river basin. 

7. Conclusions 

The GA approach described here for source control planning and design optimisation of 
stormwater runoff management is in its infancy, but there are many signs of its ability 
to assist the engineer in deriving a good solution to si_rnilar complex problems. It is 
important that the GA and the simulation modules of t_ra_n_spon and water quality 
processes in the sewer network as well as in the receiving water are fully integrated. In 
fact, there may not be a single optimum solution. but instead a series of quasi—optimal 
solutions of this problem. The GA indeed may offer a range of solutions close to or on 
the optimal trade-off plane. It frees the engineer from making complex model 
alterations to find a single feasible design, I 

Experience has shown that often the best solution to a problem is not the 
[solution that engineering judgement would initially suggest and a small change to a 
component may have significant effects. To analyse all these possibilities manually 
would be impossible. GA h_as the advantage of rapidly analysing many potential 
solutions and retain useful information in the population. It can also find key outlying 
coni'po'n'ent_s qu_ickly and can incorporate them into the solution. Studies in water 
engineering modelling indicate that there is likely to be a cost saving on the GA based 
design. 

One of the many catchment areas for potential application of this approach is 
the Mesta (Nestos) River basin situated on Bulgarian and Greek tenitories. This 
transboundary river exhibits favourable natural conditions and is the most important 
water source of the whole area. The GA optirninsation technique for modern urban 
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draznage plans in this territory can lead towards improved drainage systems, requiring 
minimum investment, and causing less serious damage to the environment, thus 
contributing to future harmonisation‘ in the field of environmental protection and joint 
development. '

' 
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1. Introduction 

In the past decade, Germany has been struck by a_ number of extreme river floods, e.g. 
of the Rhine in 1,993 and 1995, the Oder River in l_997. and the Danube River in 1999. 
The question as to why the frequency of such events may have increased has been 
posed repeatedly. The answers that have been given to this question inc_lude natural 
climatic and hydrological fluctuation_s, climate change, and improper management of 
waterways and floodplains (see e.g. lmmendorf [l]; Marsalek [2]). However. it has 
also been suggested that changes in land use, accompanied by a partial or total sealing 
of the land surface, n_u'gh_t be responsible for increased surface runoff and peak river 
discharge. Sieker [3, 4], for ex,a_mpl_e. has pointed at the rapidly increasing urban area 
in Gennany and the high degree of surface scaling in urban areas. He has triggered 
new developments in urban stormwater control that help to reduce urban peak 
discharge and flash floods.

' 

In rural areas, surface sealing is less obvious than in urban areas. However, 
because of its large areal extent, even a partial sealing may be‘ more effective in 
producing mnoff than a total surface sealing in urban areas. In a series of recent 
articles, van der Ploeg and co-workers have studied postwar changes in land use in 
Germany (paniculaily in agriculture) and their possible impact on the environment [5, 
6, 7, 8, 9].-These authors conclude that it is likely that postwar changes in land use, 
particul_arly in agriculture, contribute to the flood problem that Germany is facing. 

Whether or not other Central European countries, like Poland and the Czech 
Republic, face s‘i’r'nilar problems, has hardly been studied. Although agri_cultural issues 
in these countries have recently received ample attention because of the anticipated 
east-[expansion of the European Union (see, for example, [10] or [1 1]), environmental 
aspects in this con_tex_t usually are not. addressed. his the objective of our present 
contribution to draw‘ attention to possible environmental problems that may arise when 
Poland joins the European Union. In particular, we will consider the possible loss of 
natural" stormwater runoff control after Poland starts to intensify its agriculture. To this 
end, we will review postwar developments in land use and agriculture in Germany’,



which (in our opinion) have led to a considerable loss of natural stormwater runoff 
control and to an increased frequency of extreme river stages and floods. ‘ 

2. Extreme River Stages in Germany and Poland 

In Figure 1. the 11 most extreme stages of the River Rhine at Cologne (9,50m or 
more) during the period 1899-1999 are depicted. The figure indicates that in the past 
century 7 of these were recorded fter 1950 and only 4 before 1950. The Danube 
River at the City of Passau and ti‘ .- .-ilbe River at the Cit, of Wittenberge feature a 
similar behaviour ([8]). Her‘ ;e, it seems that the frequency of extreme stage events on 
Germany's main rivers has increased during the pasthalf-century. 
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r.*guie 1. The ‘most extreme stages of the Rhine at Cologne (abovek9_.50 in) during the period 1899-1999; 
the white bars denote extreme stages before 1950. the black ones such stages after 1950 [12]. 

The Vistula River at Warsaw (Poland) shows a different picture. From Figure 2 
it can be seen that of the 11 most extreme Vistula stages at Warsaw during the past 
century (7.25 m or more) only 4 were recorded after 1950, whereas 7 occurred before- 
1950. Therefore, it seems that no increased frequency of extreme‘ Vistula stages at 
Warsaw during the second half of the past century’ can be. observed. The discharge 
behaviour of the Vistula river since 1950, as far as extreme peak flow is concerned, 
thus differs cleariy from that of the Rhine and other German rivers. In our opinion, the 
increase_d frequency of extreme rive_r stages and floods in Germany since 1950 can be 
attributed, at least partly, to changes in land use, particularly in agriculture, 
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Figure 2. The most extremevistula stages at Warsafit (above 7.25 tn) during the period 1899-1999: the 
white bars denote extreme stages before 1950. the black ones such stages after 1950 [13]. 

3. Changes in Land Use in Germany since 1950 

In what follows, changes in land use, particularly in agriculture, in fortner West 
Germany since l950 will be discussed. The data presented are mainly derived from 
the yearbooks on nutrition, agriculture and forestry. published regularly by the West German Department of Agriculture since 1957 [14]. The early yearbooks, especially 
the 1957 yearbook, also contain information about land use in the fonner West 
Germany before 1957. 

_Table 1 contains information about a farm consolidation program ini_tia_ted by 
the federal government shortly after the Second World War. To save space, only data 
for each 5th year are shown. The table indicates that the total area affected by the 
program between 1950 and 1990 was 8,268,000 ha. In view of the total agricultural 
land area in former West Germany in 195] 04,371,000 ha), this means that more than 
50 % of this area was redivided and reassigned. A main objective of the consolidation 
program was the r.nla!gerr.e‘nt of single farm fields t<_>__make them better suited for a mechanised and motorised agricultural management. The consolidation program thus 
led to a major change in postwar land use in the former West Germany. A far-rea,ching 
farm consolidation program was also carried out in the former East Gennany. 
However, not only the average field size increased both i_n East and West Germany, 
but also the size of the average farm. In the former West Gennany the average farm 
size was 8.1 ha in 1949, but had increased to 17.7 ha in 1989. In the former East 
Germany this growth was particularly pronounced [15]. According to Opp [16]. the 
agverage farm size in Saxony, for example, increased from 7.3 ha in 1955 to 564.7 ha 
in 1989. ’
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TABLE 1. Selected data (for each 5th ye: ‘) from the West German Farm Consolidation program between 
1950 and 1990; the total affected area (8 268 000 he) was halt‘ of the agrieulnrral 

(l4 371 000 ha). 

Year Re-assigned area gm; 
1950 107 000 
1955 I95 000 
1960 24! 000 
1965 259 000 _ ,. . . . 

1970 239 000 
1975 216000 
1980 210 000 
1985 157 (if)-'.: 
1990 '31; 000 

1950-1990 8 268 000 ha"
" 

In order to mechanise and motorise farm operations in the field as much as 
possible, it was necessary (in the former East Germany as well as in West Gemiany) 
to drain the vast area of wetland soils. Eggelsmann [17] estimated the total area of 
wetland soils in former East Germany at 2,400,000 ha or 38 % of the total agricultural 

"land area. For West Gemtany the same author estimated the area of wetland soils as 
4 400 000 ha (or 3] % of the total area in agricultural use), of which two thirds were 
in need of subsurface drainage. To this end, a govemment-supported program in the 
former West Germany was started simultaneously with the farm consolidation 
program, No records exist on the size of the land area t_hat actually has been drained 
since 1950. However, the BMELF yearbooks contain‘ detailed information on the 
public expenditures for civil engineering and drainage work in West German 
agriculture since 1954. In Table 2 such expenditures are listed. The data in Table 2 can 
be used to estimate the total land area that was ameliorated in former West Gennany 
since 1950 ([9] [17]). It appears that much, if not all, of the wetland soils in the 
meantime have been drained, in the former West Germ.-ny as well as in East 
Germany. 

TABLE 2. Ezttejnt and type of government supported civil engineering and drainage worlrin agriculture 
during the period 1954-1990 (after BMELF 

] 
14”- 

Ditch Agricultural Subsequent ' Drainage of River and 
and Canal Drainage Maintenance Uncultivated Stream 

,,Cons'truction Work land Regulations 
Period 

t ------- --—-———--—-—- 10°‘ German Ma'rk"t i--.--—--—--—---— 
1954 ~ 1955 125 7l l4 10 133 
1956 - 1960 452 273 50 35 560 
1961 - 1965 802 438 139 33 762-. 
l966 - 2970 911 523 145 20 it 1065 
1971 - 1975 897 457 204 1187 
I976 - 1980 797 352 277 954 
198) - 1985 554 244 297 - 

A 
W 960 

I986 - 1990 257 95 l58 1172 
1954 - 1990 4795 2453 1284 '98 6793 

1 All numbers must multiplied hy a factor of 'IO‘’ in orderto obiain the costs for eachtable 
# Since 1970 listed together with "Subsequent Maintenance Work‘ 
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The largeescale farm consolidation, together with the drainage of the vast area of 
__ wetland soils, enabled Gennany to mechanise and motorise its agriculture. Indicators 

of such developments in German agriculture are shown in Table 3. The table shows, 
for example, that the rate of farm employment _in former West Germany dropped 
between 1950 and 1990 from 5 020000 to only 833 000. At the same time, the 

9 number of tractors increased from only 117 000 in 1950 to l 276 000 in 1990. The 
number of other large farm vehicles and machines grew similarly. 

TABLE 3; Selected indicators of postwar intensified agriculture in former West Germany [14] 
Year 

' 

Number of Horses Tractors Combines 
’ 

Trailers 
Farm Workers 

, _ 103?: .;_j;;,..,,. ., 

1950" ' 

5020 # I570 " 117 
3 

Oil
' 

1955 4250 # 1099 404 8 I5 
1960 3388 (3623 #) 712 797 54 11 
1965 2683 -360 I106 120 ‘ 16 

, l97O / 

2081 253 1335 168 35 
' 1975 1609 341 l40l 171 54 

1980 1289 382 1417 174 84 
1985 l0-14 369 1426 155 

K 
118 

1990 
. .833 406 I276 140 139 

J. 
: All numbers must be muliiplied by l0’ in order to get the proper value for each table entry. 
# Ag_ricu_lIure and forestry combined 

However, not only the number of tractors, combines, trailers, and other implements 
grew, also their size and power increased continuously. As an example, developments 
with respect to tractors can be considered. In Table .4 some details about the number 
and power of tractors i_n postwar West Gemiany are given. It can be seen that since 
1975 the number of tractors hardly changed; their motive power, however, grew 
steadily. 

TABLE 4, Number and power of tractors in postwar West German agriculture 
Number per Power Class 

Year . Total number . <g_5 h.p.'l' >5! h.p. 
1949 7% 586 
1953 260 548

_ 

I960 - 797 4_2_3 626 038 9137 
1970 1 234 968 521 190 82 684 
1975 ‘ 

l 287 067 371 000 213 948 
1981 1 256 176 223 073 345 948 
l987 1 233,201 144 110 477 382 
1990 1156745. _ 109 187 516008 

+ 1 horsepower thip.) = 0.7552 kW 

With the size and power of the farm implements, also their weight grew continuously. 
This, in turn. raised in general the axle load of the vehicles. Figure 3 is derived from 
the work of Somrner [18]. ll shows fortractors and combines the general relationship 
between the motive power and axle load. This development, in general, has led to 
subsoil compaction. 

2 s’<\
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Figure 3. Relationship between motive power axle load of tractors and combines in Gemtany [1_8] 

Subsoil compaction is not the only adverse result of intensive agriculture and 
heavily mechanised soil cultivation. Equally harmful, if not worse, is the physical 
degradation of the topsoil that affects particularly loess soils in agricultural use, As a 
consequence of intensive cultivation, soil aggregate stability frequently decreases, 
aggregates at the soil surface tend to slake during heavy rainfall, and surface sealing 

' and runoff may result. 
Postwar developments in agriculture, as just described, are mainly responsible 

for a reduced potential infiltration of arable‘ soils, especially in the cool and humid 
winter period. As an example of reduced potential infiltration, experimental work of 
Schmidt and Stahl [19] can be cited. These authors carried out an_ infiltration 
experiment with artificial rain in the state of Saxony. The arable field under study had 
been cu_lt_ivated conventionally for many years. Results from Schmidt and Stahl [19], 
who applied an artificial rainfall rate of 40 rnm/h, are depicted in Figure 4. The figure 
reveals that the conventionally cultivated soil started to show a reduced infiltration 
only a few minutes after the start of the experiment. The figure also shows that an 
adjacent field, which had been cultivated in a conservation manner, hardly showed 
reduced infiltration even after 90 minutes of heavy artificial rain. This field can be 
considered to represent infiltration conditions that prevailed some 50 years ago. before 
agriculture was mechanised and motorised. In this respect it is noted that heavy 
rainstouns, is simulated by Schmidt and Stahl, haverepeatedly triggered extreme river 
stages and floods, especially during winter ([7] [8]).
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Figure 4. Measured ififihration during heavy an_i_fi_c_ia_l rainfall ‘((40 mm/h) on farmers fields. with 
cqn\'entiOnal and minimum tillage. respectively [19]. \ 

Physical soil degradation, due to intensive agriculture, may be the main reason 
for increased surface runoff and peak river discharge, but it is not the only one. In » 

West Germany during the past half-century, an adverse shift in land and soil use has 
also been observed. The increased urban area, as well as the increased land area used 
for the growth of small grain, together with a notice_ably decreased meadowland area, 
today produce more runoff during heavy rainstorms in the wintertime, than they did 
some 50 years ago. Van der Ploeg er al. [7] constructed a small hypothetical 
watershed, that reflects developments in land and soil use in West Ge_rm_any between 
195] and 1989. Table 5 shows this hypothetical watershed. ‘ 

In terms of runoff and river discharge, the changes in urban, small grain, and 
meadowland area are particularly meaningful. Van der Ploeg er a1. [7] used the US 
Soil Conservation Service rainfall-runoff model for small agricultural watersheds [20] 
to e\'alu_:=.te such changes. They concluded that these postwar changes in land and soil 
use may have a substantial impact on the occurrence of extreme stages of rivers such 
as the Rhine.
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TABLE 5. Land use in former West Germany in 1951 and 1989, visualised by means of a l000ha ’ 

hypothetical watershed. 

, Area gha) ‘ 

Land use 1951 , _ . l98_9. 
Urban area 

' ” ' '74 I22 
Fallow 2 7 

Row crops 89 - 91 - 

Small grain 185 " 223 " ' 

Forage 45 12 
Pasture 80 ‘ 91 
Meadow‘ 157 ‘ 

-t 
r. 108 

.-‘a. msteads. country roads '20 5 
Forest 283 298 

Heath, bogs - 10 6 
Water 18 18 

Wasteland 37 19 
Total l000 1000 

Besides physical soil degradation and changes in land and soil use, the 
extensive postwar drainage of agricultural land possibly has also contributed to the 
problem of increased river peak discharge and floods. Van der Ploeg and Sieker [9] 
showed that the area in former West Ge‘rrna'n’y with a subsurface drainage system 
possibly comprises 3,000,000 ha or more. Because the tile drainage system, in general, 
has been designed with narrow spacing, the release of subsurface water in times of 
excessive rain or snowmelt is large. Thepvast, highly drained agricultural land area 
thus may contribute substantially to river peak discharge and floods in times with 
excessive rain and soil wetness. For details, we refer to van der Ploeg and Sielter [9]. 

Summarising, we thus can state that due to postwar developments in land use, 
particularly in agriculture (physical soil degradation. shifts in grown crops, and 
drainage), Germany seems to have lost much of its natural stormwater runoff control. 
Although climate changes and adverse hydraulic constructions along its main rivers 
may play a role, we hypothesise that these postwar developments in agriculture also 
contribute substantially to the problem of "increased extreme river stages and floods. It 
is likely that the increased frequency of extreme river stages in Germany, exernplarily 
depicted for the River Rhine in Figure 1, is related‘to these developments. 

4. Land Use and Agriculture in Poland 

Statistical data on Poland's‘ agriculture have recently become easily accessible [21]. 
Land use conditions in Poland can now be compared with those of postwar Germany. 
In Table 6 such a comparison is made. It can be seen that the land use in Poland in 
1997 resembled that of West Gemiany in 1951; the proportion of tot_al_urban area in‘ 
Poland is a little smaller and that for agricultural areas a little larger.

~
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TABLE 6. A comparison of land" use in Poland in 1997 and in former West Germany in I95] and 1989. 
Total area (%) 

Land use Poland West Germany 
1997 ___l95l1’, 1989 

Urban (inc. road system) 6.4 
" ‘ 

7.21‘ 12.2 
Agriculture 60.0 57.8 53.7 

Forest + Woodland 23.0 23.3 29,3 
Uncultivated Land 1.0 1.0 0.6 

Water 3.0 1.8 l.8 
_ . Wasteland 1.6 3.7 , l.9 T Sum _ 100.0 101 l‘00i0.. 
7? \\’itl§ esvimz" . EA/I :t Berlin and Saarlm.-sl 

In Figure 5 the growth of the average farm size in former West Germany after 
the Second World War is shown. Also, the present farm size in Poland is given. As 
shown in Table 6 with respect to land use, Poland's present fann size resembles that of 
the former West Germany in the early 1950s. 
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Figurt’ 5.. The average farm size in former West Ger_ma,n_v after the Second World War and the present farm 
size in Poland. 

The rate or" em‘ploy'ment in agriculture shows a similar picture (Figure 6): The 
present rate of empio_vme’nt in agriculture in Poland (27 %) is even higher than that in 
West Germany around 1950 (25 7c). 

To a lesser degree the same holds for the motive power in agriculture. Figure 7 
shows developments in postwar West Germany and the present degree of tractor 
power in_ Poland. lt appears that present-day land use conditions in Poland resemble 
zhose of West Germany in the 19505 and 19605. This, incidentally, is also true for 
other agricultural p‘a'r'amete’r's, such as fe_rti_liser use and crop yields. From Figure 2, 
Table 6. and Figures 5-7, as well as from other data that we do not show, it appears 

_ that postwar developments in agriculture, as observed in Gennany. so far have not 
taken place in Pol_and. Consequently, the agricultural land area in Poland still retains 
considerable natural stormwater runoff control. Accordingly, the Vistula River at



Warsaw does not show the postwar increased frequency of extreme stages, that 
characterise: the discharge of the Rhine at Cologne. However. it must be appreciated 
that things will change, after Poland joins the European Union and as soon as the 
country starts intensifying its agriculture. Unless Poland's agriculture is modernised 
wisely, the country will experience the same agt-iculturally—induc'ed environmental 
problems that Gemtany is facing today. The same is possibly also true for the Czech 
Republic. ‘ 
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Figure 7. Postwar motive force per l000 ha of agricultural land in West.Gernian'y in comparison with the
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5. Conclusions 

It is likely that postwar developments in land use and agriculture in Germany have led 
to the increased formation of surface runoff and peak river discharge inwet periods. It 

also likely that such developments in Poland so far have not t'aken place. However, 
if Poland starts‘ intensifying its agriculture in the same way this was done in Germany-, 
it may experience the same environmental problems that Germany is facing. This may 
be true also for other Central European countries. -» 
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INFLUENCES or LAND use AND, LAND COVER CONDITIONS on 171,001) GENERATION: A SIMULATION smmr 

D. NIEHOFF‘ & A. BRONSTERT3 
‘Potsdam Institute for Climate linpact Research 
P.0. Box 60 I2 03, D-14412 Potsdam, Gei'm(7 
‘University of Potsdam, Institutefor Ge-3 i:‘co;ogy 
P.0. Box 60 I5 53, D-14415" Potsda .1, Gennany 

1. Reasons for the Study 

Both the landscape and the river systems in large parts of Central Europe have 
undergone major changes in the past, and there is no doubt that these environmental 
changes have altered the nature of floods in tl_1i_s region. But due to the complexity of 
the processes involved, the magnitude of their impact on storm—runofi' generation and 
subsequent flood discharge in the river system is still uncertain. This uncertainty 
offers a vivid platform for various con_t_radictory opinions on this topic, quite often 
disregarding sc_aIe-dependencies and boundary conditions in a way that ensures public 
atte‘ntion rather than relevance. 

The work presented in the following focuses on three main questions, strictly 
refening to the spatial scale and the boundary conditions for which statements are 
made: 

(1) Which runoff generation‘ mechanisms are likely to be affected by land-use and 
land-cover changes at the rnesoscale?

' 

(2) To what degree can flooding be mitigated by water retention measures in the 
elandscape at the mesoscale? ' 

(3) How does the influence of land-use and land-cover changes on storm-runoff 
generation depend on catchment characteristics and spatial scale as well as 
even] characteristics and temporal scale? 

The investigation does not address the influences of river training conditions and 
retention along the river courses on flood’-wave propagation. 

24,3;



2. Study Set-‘Up . 

This study investigates the impact of land-surface conditions on storm-runoff 
generation at the lower mesoscale. For this purpose. three catchments (100 to 500 
km’) within the Rhine basin have been selected which represent different 
characteristic land-use patterns with either dominantly urban, agricultural or forest 
structure. The hydrological response of these catchments to heavy rainfall is simulated 
for present land use as well as for various possible future land-use conditions, 
involving both process-oriented hydrological modelling and the delineation of land- 
use scenarit. 3. -

’ 

Atthe time when the project started, there was no satisfactory method available 
- for the generation of spatially distributed land-use scenarios. ‘Therefore this task is 
perfonned using a new approach. the land-use change modelling kit LUCK [I]. 
"LUCK operates on the basis of gridded maps and provides a method for the spatial 
transformation of overall land-use change trends into spatially distributed land-use 
patterns. The overall trends (scenario targets) are obtained from external analysis as 
percentile amounts of change, in most cases lumped for administrative units. Land-use 
conversion is realised on the basis of an evaluation of the local site characteristics of 
each grid cell as well as its neighbourhood relationships. 

In order to quantify the influences of land use on storm-runoff generation, the 
deterministic and distributed hydrological model, WaSiM—E'I'l-I, has been chosen. 
because of its well-balanced mixture of physically based and conceptual modelling 
approaches. The model, which was developed by Schulla [2], originally focused on 
simulating’ the influence of climate change on the catchment water balance. Thins 
expresses itself in a sophisticated handling of meteorological data, spatial 
discretisation and land-use parameterisation. In order to improve the representation of 
land-use characteristics with respectto runoff generation, the soil module has been 
extended, now explicitly allowing for macropore infiltration, siltation and crusting of 
the soil surface, connection of scaled surfaces to the sewer system and decentralised 
retention in the landscape. The underlying mechanisms of these extensions are 
outlined in Section 3. A more detailed description can be found in [3]. 

3. .Model Extensions 

3.1 r»i'A¢RoPoRE FLOW 
Within the extended WaSiM-ETH, macropores are treated as a single linear storage 
which interacts with the soil matrix. Infiltration into the macropores occurs as 
infiltration excess or as saturation excess of the soil matrix. Exjiltration out of the 
macropores into the soil matrix is limited to unsaturated conditions and is controlled 
by the saturation deficit of the matrix and the storage coefiicient of the single linear 
storage. This procedure is a simplification of an approach which was developed by 
Bronstert [4] for the microscale. Macropore storage capacity is given as the product of 
macroporosity and the average depth of the macropore layer. As information on the 
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interaction between rnacropores and the soil matrix is sparse. the macropore storage 
coefficientis expected to be subject to calibration. 

The influence of macropores on storrn—runoff generation depends enormously on rainfall characteristics andantecedent soil moisture conditions. This is illustrated 
by Figure I, which compares a flood resulting from" a convective storm event to one 
induced by an advecrive storm event. The convective event is characterised by high 
rainfall intensities and low antecedent soil moisture, whereas the advective event with much lower intensifies is accompanied by high antecedent soil moisture. The 
simulations refer to the Lein catchment with an area of 115 km’ in southwest 
Germany. .15 hydrological behavf atir is characte/rised by a gently u'r‘I.'tul:=<;;i.»-»g terrain 
and--' Ioes .- .over with a thickness of up to 20 in. At some places, t!-r. underlying strata 6' marl and gypsum reach the surface. The two flood events are of the same order of 
magnitude, both having a return period of about three years. 

~~~ ~ (a) June/28/1994, Fra,n.ke_nbach/l.ein (b) February/16/1990. Fr_a,n_kenbach/Loin 
2.0 . 
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Figure I Simulation of two flood events in the Lein catchment (-115 kin’) with a return period of approximately 
three years as a response to (a) a convective and (b) an advective storm event, showing the irnpact of macropores on runoff generauon 

As Figure 1 a demonstrates, generation of infiltration-excess overland flow and 
the resultant direct runoff is by far overestimated when infiltration is calculated solely 
as rnicropore_ infiltration controlled by soil hydraulic conductivity. This is also true for 
the advective event (Figure I '0), but because of lower precipitation intensities and 
higher soil moisture the consequences are less obvious. In this context it is important 
to notice that for advertive events li_ke the one in February 1990, which contributed to 
a large flood in the Rhine basin, innfiltration-excess overland flow is of very minor 
iinportance anyway. 
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3.2 SILTA'I'ION EFFECTS
1 

Due to their characteristic particle size distribution, loess soils are generally 
susceptiblev to aggregate breakdown and siltation during high intensity rainfall, 
resulting ‘in surface sealing and a_ drastic decrease in hydraulic conductivity at the soil 
surface as well as a decline in macropore connectivity (e.g. Rbmkens et aL [5]). In the 
past, the impact of siltation on infiltration and the production of infiltration-excess 
overland flow has been studied extensively with the help of sprinkler experiments at 
the plot scale. The reduction of hydraulic conductivity obtained from such 
experiments is in t. .e range of one order of magnitude (e.g. Roth et al., [6]). Much less 
is known ab’ .1 t'.e magnitude of macropore disconnection due to siltation and the 
impact of _.attation on runoff generation at the catchment scale. 

The siltation module, which has been developed as an extension for WaSiM- 
ETH, takes into account the decrease in hydraulic conductivity at the soil surface as 
well as the reduced inflow of infiltration excess into the macropores. Hydraulic 
conductivity of the soil surface is reduced by" simply multiplying it "with a factor C,.-;, 
that takes values between zero (impermeable soil surface) and one (no siltation). C,,~,, 

depends on the precipitation intensity, the actual canopy cover and a given maximum 
reduction factor Cm which can be derived from experimental studies. Once a poorly 
permeable layer has developed at the soil surface, regeneration from the aggregate 
breakdown takes place over a longer period of time (up to several months) or abruptly, 
when sowing or harvesting is done. 
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Figure 2 
I 

Sensitivity analysis for the hydraulic conductivity reduction factor Crnax used by the siltation module
' 

within the extended WaS'i'M-ETH 

When applying the siltation module to the Lain catchment (see Section 3.1), 
with parameter values as they were measured at the plot scale, an unrealistically high 
amount of infiltration-excess is simulated and catchment runoff is drastically‘ 
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overrated. Figure 2 contains the results obtained from a sensitivity conducted 
with data from the Lein catchment for the factor CW. The sensitivity analysis was 
done separately for five convective and six advective storm events which induced 
floods with ,r‘ett'irn periods between two and eight years. The right—hand side of Figure 
2 "shows mean values for the impact of Cm, on the runoff volume and runoff 
maximum, and suggests a moderate increase of catchment runoff for convective storm 
events with high precipitation intensities and no significant impact for advective 
storms. The diagram on the left, on the other hand, demonstrates that only one 
convective event met the siltation criteria of high precipitation intensifies associated 
with a low canopy cover that occurred. because cereals had b°en harvested shortly 
before. For this event, sensitivity 0‘ C. 9 is so extraordinarily ‘nigh, that even for 
moderate two-fold maximum re!‘ .ction of hydraulic conductivity (Cm & 0.5) th~peak 
runoff is nearly doubled. In contrast to the exaggerating simulations, only 6% of the 
precipitation contributed to the flood event as it was recorded in September 1987; This 
value is just as low as for the other convective events. These findings support the 
observation of Roth et al. [6] that a large percentage of the infiltration-excess 
generated locally re-infiltrates in areas which are not affected by siltation. 
Consequently, the empirical evidence obtained for siltation at the plot scale cannot 
simply‘ be adopted in order to d_escribe runoff generation at the catchment scale. 

3.3 SEALED SURFACES AND URBAN SEWER SYSTEMS 
Urban areas, on the one hand, consist of asphalt or paved surfaces which allow only 
very little infiltration and are often connected to a sewer system. On the other hand, 
they contain greens, parks, green strips or gardens, where higher infiltration and soil 
storage conditions can be found. Lumping soil parameters in these areas inevitably 
leads to an overestimation of the influence of built-up areas on storm runoff 
generation and imderrates the compensating effect of green areas within settlements. 

Precipitation 

~~ ~ 
Drainage of storm 
water from sealed 1;:-Llégastzf: 

surfaces 
, g V unsealed 

Dunn of surface sealing - - surfacfis 
$_mu_u tutu II the run I} new 

Overflow to 
Infiltration and percolation 
from unsealed surfaces 

Outlet to wastewater treatr_n;e_rt_t_ plant 

river network 

Figure 3 Model concept for sealed surfaces within a grid cell and connection to the sewer system 

In order to take into account this pronounced form of heterogeneity within grid 
cells (often referred to as subgrtid variability), each grid cell is divided into a sealed 
and an unsealed part according to the degree of sealing typical for the cell actual land- 
use type (see Figure 3). The sealed part of a grid cell is assumed to be connected to a 
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sewer systjem. Another advantage of this procedure is_ that it allows for a distinction 
between densely settled areas and low density settlements. Butthis approach is not 
limited to settlement areas; linear infrastructure like roads within grid cells with 

' 

agricultural orforest land use can also be considered in this way. Usually, such linear 
landscape elements are disregarded. because they most often do not appear in gridded 
maps with cell sizes of 100 x 100 m and more. - 

4. Hydrological Simulation of Land-Use Scenarios 

4.1 URBANISATION SCENARIOS 

As an example of‘ the impact of urbanisation on storm runoff generation. in the 
following. a simulated response to an increase in settlement and industrial area of 10% 
and 50%, respectively, ‘is described. In the Lein catchment (see Section 3.1), such an 
increase corresponds to a growth of these land-use types from 7.4% of the catchment 

_ 

area to 8.1% and l1._1 %, respectively. 

(a) Jur_t_e/28/1994, Frankenbach/Lein (b) February/16/1990, Fta'nke'nbachILein 
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Figure 4 Simulation of two flood events in the Lein catclurient (115 km‘) as a response to (a) a convective 
storm event and (b) an adveaive storm event for present conditions and two urbanisation scenarios 

Figure 4 is a comparison of two flood events in the Lein catchment which have 
already been described in Section 3.1. It contains simulation results for present

_ 

condizicns as wcz. as for the‘tw_o urbanisation scenarios. The comparison demonstrates 
that the increase in flood volume and peak runoff due to urbanisation is much more 
distinct for the (attractive storm event than for the advective one, although the 
precipitation volume as well as the peak flow are of the same order of magnitude for 
both events and represent a return period of approximately 2 to 3 years in both cases. 
The markedly slighter effect on the advective event is the result of (1) higher 
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antecedent soil moisture which balances differences in soil characteristics as well as 
(2) lawerprecipitation intensities which prevent an overflow of the sewer system.

> 

Table 1 Increase in tu_no_ft' volume and peak flow due to a 50% growth of the settlement and megs in . 

the Lcin catchment; the events are sorted by the urbanisation impact on runoff volutm 

Year.t_'non_th lncreaseinrurfdff Simulated baseflow . Duration Retum period 
corrtpared to present contribution [hi 3PP1’0x. [y] 

conditions tovolunte 
Maximum Volurne [96] 

' 

.

« 

l%l .J%l .. _ 
1,990.. Feb?‘-13'? 3.4‘ 

” V ' 

‘3L7 19 
p 

150 2 
1993. December 5.9 2.7 . 17 7'; 8 

' 

1997. Fel:it'tt'tt't§" 3.9 2.7 19 150 7 
19s2.Dec.em.ber l.7 15 37 . 

225 3 
1983, May 0.6 0,9 39 y 300 4 
1988. March 0.0 .,_0.0 ,. , 52 650 3 

Mean 2.6 
V 

l.8f _ _ __ _. 29 290 4.5 

This argujrnentation is also supported by a comparison of v‘a’rio_t/ts advective 
events with different return periods, as shown in Table 1. The comparison reveals a 
strong correlation between the impact of urba_n_i'sation on runoff and the baseflow 
contribution to the flood event, which serves as an indicator for high groundwater 
levels and high soil moisture. 

Convective storm events Advective storm events 
smtiatormeut 5""'"“—'"‘°°“ 

Intitvatlon-oxen: 
,

. 

Sewer overflow .: 

Sewer overflow 

Figure 5 Runoff components simulated with WaSiM-El‘!-I for the Lein catchirtem for five convective and six 
advective storrn eve_t'_it_s with retu_rrt p_eriods between two and eight years 

An other comprehensive source of information are the runoff components that 
are si_niul:ttcd for the different flood events (Figure 5). The two pie charts reveal 
pronounced differences in the dominating ru_nofi"-generation mechanisms depending 
on the event characteristics (rainfall intensities and antecedent moisture conditions). 
The response to convective storm events is dominated by sewer overflow from sealed 
surfaces as well as a considerable amount of infiItr‘a'tioi;~e'.z‘rcess mainly front 
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agricultural a‘reas.sIn contrast to that, for advective events subsurface flow processes 
and saturation excess prevail. . 

'
* 

4.2 URBAN STORMWATER MANAGEMENT SCI-ZNAVRIOS 
Following the Action plan on flood defence of the lntemational Commission for the 
protection of the Rhine [7], between 1998 and 2020, the sealing of 1.3% of the . 

catchment area of the Rhine river caused by asphalt or other paved surfaces is to be ' 

compensated by decentralised infiltration measures in settlement areas, Transferred to 
the I :in catchment, the rainwater from 54% of the area that is impervic":'s and 
connected to a sewer system_would have to be collected in infiltration r ad: instead 
of becoming combined sewage. These 54% refer to 6.9% of settletr ..st areas-within 
the catchment with a degree of imperviousness of about 0.35. 

(a) June/28/1994, Frankenbach/Lein (b) F9br(latyI16I1990. Frankenbach/Lein ~ ~ ~ ~ ~ 
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Figure 6 Simulation of two flood events in the belt: catchment (115 km?) as a response to (a) I convective 
storm event and (b) an advective s_tor_-m event for present conditions and two storrn-water management scenarios 

1‘-‘igz.-re 6 illustrates the effect of two scenarios: The first one includes 
‘ infiltration measures in all the settlement areas. The second one excludes the 2-5% of 
the settlement areas with _the highest groundwater levels from the connection to 
infiltration measures; at the other sites the efforts are intensified to reach the same 
target as in the first case. . - 

. -. - 

‘ Due to the same causal relationships which were di_sc'ussed for the urbanisation 
scenarios. the effect of infiltration measures in settlement is stronger for 
convective stem: events with high infiltration intensities and lower antecedent soil 
moisture than it is for advective events with low precipitation intensities and under wet 
antecedent conditions (see ‘Figure 7). Compared to the scenario which provides all ' " 

settlement areas with infiltration measures. the simulation results for the second 
scenario show only a slight improvement. The concentration of deeper infiltration

/
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ponds on a smaller area leads to a faster saturation of the soils below these ponds, 
which counterbalances the advantage of the sites with principally lower groundwater 
levels. . 
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Figure 7 Simulated change in peak run_o_ff and runoff volume in the.Lein c'atch'm'ent due to infiltration 
in settlentent areas, given as mean values for (a) five Eonvective and (b) six arlvective storm events with return 
periods of two to eight years 

4.3 AGRICULTURAL MANAGEMENT SCENARIO 
According to the European Union's agricultural strategy paper Agenda 2000, a 10% 
reduction of the agricu_ltu_ra_l production area is strived for in the near future. This 
target has directly been transferred to the Lein catchment by changing the sites least 

> suitable for agricultural production to temporary set-aside areas; 
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Figure 8 Simulation of two flood events in the Lein catchment (115 km’) as‘ a response to (a) a convective 
storm event and (b) an adveetive storm event for present conditions and a se_t-aside scenario 

The simulated impact of this scenario on storm runoff generation is marginal 
for both events illustrated in Figure 8. The slight increase in runoff visible in Figure 8 
a is due to a probably less dense canopy cover on the set-aside fields at the end of 
June. Nearly no change in runoff is calculated for the advective event shown in Figure 
8 b. This is alsorealistic, because soil storage conditions are not substantially affected 
by this measure. whereas possible modifications of the infiltration conditions are not 
relevant during rain storms with low\ precipitation intensities. However, the 
uncertainty inherent in the land use parametefisation of the hydrological model is far 
larger than the simulated change, which is being speculated on. i 

5. Conclusions 

Modelling the influence of land use and land use changes on stonn runoff generation 
is highly dependent on an adequate considenration of the following factors and aspects: 

(1) Lana’-cover characteristics and their influence on the appearance of the soil 
surface. 

(2) Ruuafi generation processes including the influence of the soil surface on 
infiltration. ' " '

' 

(3) Spatial distribution of land-use types and land-cover characteristics. 
(4) Temporal and spatial dynamics of stem events. 

g 

' ' 

(5) Initial and boundary conditions, particularly regarding antecedent moisture 
cor_1dition_s. 

(6) Spatial and temporal scales, for which the model is designed and/or applied to. 

I I .l 1.
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, been learnt during the model development and application: 

Wa_Si'M-ETH has been chosen for this study because it considers the spatial 
distribution of catchment characteristics and spatial and temporal dynamics of climate 
variables in a sophisticated manner. The model extensions that are presented here 
were developed in order to improve the representation of the land cover and the 
unsaturated zone within the model. Thereby, the additional parameters and process 
descriptions have led to an increase in model uncertainty. On the other hand, the 
influences of land cover characteristics on storm runoff generation are now 
represented in a comprehensive way that allows to track complex interactions and 
coherences, which otherwise would not be obvious. Despite the uncertainty associated 
with the simulation results, some general conclusions can be drawn from what has 

('1) The influence of land use and decentralised flood mitigation measures on storm 
runoff generation is stronger for convective storm events with ‘high 
precipitation intensities than for long advective stonn events with low 
precipitation intensities. 

(2) Yet convective storm events are of very minor relevance for the formation of 
floods in the large river. basins of Central Europe, because usually they are 

~ restricted to local occurrence. 
(3) Precipitation volume as well as antecedent soil moisture conditions and 

groundwater levels are of major importance for the degree, up to which land 
use and decentralised flood mitigation measures can influence storm runoff 
generation. The magnitude of a flood peak or the return period of a flood event, 
respectively, are less meaningful indicators in this respect. 

(4) Disastrous flood events in the large river basins in Central Europe often are the 
result of a coincidence of flood events in a great number of subcatchments. But 
the floods do not necessarily have to be disastrous in the subcatchments 
themselves. Therefore the conclusion that the influence of land use is 
pri_n_cipal_ly low for large floods in large basins is not valid. 
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SOURCE CONTROL MEASURES FOR STORMWATER RUNOFF 
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Investigation of Impacts on Floods in the Saar Catchment 
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~ University of Hannover, Institute afflydrology, -Water Resources and 

Agricultural‘ Water Mariagement V — 

Appel Str. 9a_, 30167 Haithovér, Germany 

1. Introduction 

Stormwater runoff ‘in urban areas has been handled up to now mostly according to the 
principle: “Stonnwa'ter runoff has to be discharged as fast and as completely as 
possible in order to avoid or to diminish d_am_ages or inconveniences caused by 
flooding or water" ponding within settlements". This piinciple is implemented in the 
design of sewer systems, either combined or separated. Although sewer systems 
successfully achieved the protection aims in the past, their disadvantages increased 
recently. The overloading of sewer systems as a consequence of connection of 
developed areas leads to a cost intensive extension of‘ sewer systems and wastewater 
treatment plants. Further, there is a loss of groundwater recharge in urban areas. And 
last but not the least, the impacts of sewer systems on the receiving waters ‘regarding 
quantities and pollution loa.ds'beca_m_e more important and cannot be tolerated any 
longer. Consequently, such impacts have to be redu_eed._ Hence, the attitude towards 
stonnwaterrunoff is going to change. Application of source control measures instead 
of ‘mere stonnwater discharge wherever possible is going to become the new principle. 

First, objectives and features of the new operation principle are described. 
Second, a new system to handle road runoff by source control measures is described to 
prove that the principle can be applied in practice. Third, some preliminaryresults of a 
research project concerning effects of flood reduction by source control measures 
within the catchment of the River Saar are presented, 

4 

2. Objectives and Features of the New Principle 

First, it has to be emphasised that the present level of protection of urban areas from 
flooding, water ponding and other inconvenience has to be mainta_i_n_ed_ in the case of 
application of source control measures. But an additional aim of the principle of on- 
site source control measures is to: ‘ 

.
. 

“Match the water balance equation of the urbanised state of the catchments 
to the p're-urbanised state as best as possible" 

2?‘? 

‘..a..:.-..'..'...t. .'... .- ...: .- ..



This approach is mainly directed to the surface runoff component and 
groundwater recharge. To approach the evaporation component of the natural state 
afier mbanisation is difficult. 

For non-urbanised areas, most processes of the water balance take place within 
natural soils. Consequently, for an urbanised area, the soils of the unpaved parts 
should be used preferably for the management of stormwater runoff. The unpaved part 
of urban areas available for this purpose is mostly relatively small and inconveniently 
positioned with respect to the runoff producing areas. Arranging the installation of on- 
site source control measures with these constraints is the required task. — 

To achieve thr. aim oi’ managing stormwater runoff, an on-site storrriwater 
management systr 21 has been developed. This system can be adapted to local 
conditions like soil conditions (especially hydraulic conductivity), the available size of 
unpaved area, different levels of safety standards against overloading and other 
factors. This system, called “Swale-Trench-System” or “Trough.-Tren_ch-System”, is 
described in detail by Sieker [1, 2]. Themain functions of the system are as follows: 
- treatment of polluted runoff by surface infiltration and percolation through the 

topsoil layer, 
T

_ 

- storage of thefirstflush of runoff within the grass ‘swale (trough) on the surface, 
’- undergroundstorage in the pore volume of a trench, filled with coarse gravel, lava 

or synthetic r_na_terial etc., 
- groundwater recharge by infiltration from the trench into the surrounding soil, 

and
' 

- discharge of throttled runoff by small drainage pipes. 

ln general, the system consists of different swale-trench elements connected by 
drain pipes located on private sites or along public roads. Depending on the hydraulic 
conductivity of the given soil, the system can-be simplified to single swale-trench 
elements without connecting pipes or to swales without any trenches below, for 
instance in the case of sandy soils. The system can be tailored in different technical 
ways suited to the local circumstances and to the imagination of the designer. 

3. The Road l)rai_ning System INNODRAIN 
In orderto prove that the principle of the swale-trench system is a generally applicable 
alternative to conventional sewer systems, the following technical version of the 
system, called INNODRAIN, is described. It has been developed especially for 
narrow roads within residential areas and to calm traffic. Figure 1 shows the details. 
In orderto reduce the infiltration area within the road, the upper part of the system, the 
trough, isreduced to 4-5 % of the connected road area. The inside surface elevation of 
the trough is about 20 cm below the road surface level. The trough is constructed of 
concrete frame elements of different form, size and number. It is fed by road runoff 
from the gutter via a sedimentation inlet in order to prevent entry of the coarse 
material. The topsoil layer of the trough is about 25 cm deep and is densely planted 
with grass or shrubs. In order to avoid road flooding, an overflow pipe is installed to



' 

‘Er""‘."“: 

":"<='*"'-""-" 

“"""~‘.”;; 

.'~..;..._'....... ...;.;_.'__'._.-.’.;. .: AI“ ¢..'u'- ... A. 7. 

conduct overflow water directly into the drainage pipe system in the findefground. The 

.._-‘-'-.'...:..~. .-. .. 4...: 2 -- -_- v -~ - 

tgench is filled with coarse grave] or other matefial with high pore volume. 

innovative road droinqge element 
|NNODRA[N_®...i_....4 . 

top view 
23 

Ll 

B<*~, _-A4-' 

‘Hi

~ 
513 

i 

'a':%?I?_ -1&1 

5<"' "'<H 
I 

I am
I

~H
~~ "7 low pipe 

'‘¥‘/ 

: " nl-2: /body///I 

‘ct-’.efMe:£:'.: -eye: 

' 

Figure 1. l:1nd\'/aliveroad draining system
i '



.;v_...- ‘.4 .__,,._'-.-..- -.r .- .-. .-..,..,, «_ 

The following parameters can be changed and a'dap't'ed to adjust the water 
balance to that of natural areas: 

,

' 

- size and depth of the infiltration area (the inner area of the trough), 
- permeability ofthe topsoil layer, .

" 
- overflow frequency of the overflow pipe, 

' ' 

- cross-section and length of the trench, - 

- type of trench material regarding different specific pore volume, and 
- throttle rate of the drainage pipe. _ 

- A 

By adapting these variables, the s fstem can be applied .carly everywhere 
regardless of the soil conditions a2z.2 came: local circumstances. Because of the 
combined infiltration and drainage ztffects of the system and because of the changeable 
throttle rates, the system protects road structures, buildings and the surrounding soil 
from flooding and wetness. In comparison to conventional systems, INNORAIN 
includes functions of treatment and retention of the discharge. Where investments for 
these additional functions are necessary, INNODRAIN can be applied with savings of 
20-30% in comparison to conventional sewer systems. 

4. Preliminary Results of Investigationns referring to the Catchment of the River 
Saar ~

' 

The River Saar is a tributary of the River Moselle. The catchment of about 7,600 km’ 
is distributed between France (52%) and Germany (48%). The following explanations 
refer to the German part only. 

About 12 % of the total area is covered by urban areas; 5% is paved and 7% is 
unpaved. In the case of extreme floods, ston'nwater_volume from paved areas amoimts 
approximately to double the volume from unpaved areas (inside and outside of urban 
areas) so that the contribution of 12% urban areas amounts to 17% of the whole flood 
volume. So it i_s interesting to investigate if source control measures in urban areas can 
contribute to the mitigation of extreme floods. . 

About 90% of the urbanised areas are connected to sewer systems, mostly of 
the combined type. Most of the communities in the catchment of the River Saar have 
to solve problems at present regarding the rehabilitation of hydraulically overloaded 
sewer systems, reduction of combined sewer overflows and reduction of stormwater 
inflows to treatment plants. All of these problems can be attributed to the cause that 
too much stormwater is discharged. Therefore, a reduction of stormwater discharge by 
disconnecting a certain part of the connected area from the sewer system can help 
solve the problems. Indeed, a good deal‘ of presently connected areas can be easily 
disconnected "and treated by source control measures following the concept of the 
swale-trench systené.-. The decision about the realisation of the measures depends on 
their costs compared with the costs of conventional solutions of the problems. 
Conventional methods to solve the problems mentioned above are: replacement of 
overloaded sewers, construction of retention tanks and basins, and investments in 
treatment plants.

S .
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As examples, three communities of about 5-10 thousand inhabitants located in 
the catchment of the River Saar are investigated regarding that comparison. Steps of 
the investigations. are as follows. 
-" Compute the demand for renovations of the existing sewer system by long-term 

simulation of the discharge in the sewer system in order to find out locations and. 
frequencies of flooding for" the given state. i 

- Conduct long-temi simulationsiof the pollution in combined sewer overflows for 
the given state, in order to estimate the volumes of retention tanks ‘required by the 
existing technical guidelines. . 

A

' 

- Estimate {he costs of rep1acemi°"t o r verloaded reaches of he sewer systems and 
estimate the costs of retervlm tanks required in the case of application of the 
technical guidelines. 

- Conduct a GIS-based investigation of the urban areas to develop detailed maps of 
the possible source control measures divided in steps of possible realisation. 

- GIS-based description of the types of source control measures referring to the 
different steps of the swale-trench system. Make a distinction between source 
control measures with and without discharge throttling. 

- Repeat the first two steps referring to acceptable di_sconnect_ion scenarios - long- 
term simulation of remaining flooding within the sewer system and long’-term 
simulation of remaining overflow events regarding different possible 
disconnection scenarios. 

— Compare the latter results with the targets of technical rules. In cases where the 
targets are not achieved, additional conventional measures must be taken into 
account. A 

' - Estimate the costs of the source control measures and, if necessary, the costs of 
. the additional conventional measures required, 
- Compare the costs and benefits of non-monetary aspects of, for instance, 

’ groundwater re_charge and flood reduction. For similar costs, the latter aspects 
should be the decisive factors. 

Results of the investigated examples show first that the potential of easily 
convertible source control measures of the swale-trench system is generally sufficient 
to compensate the effects of the conventional methods and to achieve the aims of the 
technical rules. Second, the results show that the costs of the source control concept 
are lower than the costs of the conventional way of renovation the draining system. 
The portion of easily convertible paved area connected to existing sewer systems can 
be estimated on average at 25%, ' 

Considering now the effects of source control measures on groundwater 
recharge and reduction of floods in rivers, it can be noticed that tl_teseeffects are free 
of additional costs. But the question arises if the source control measures of the swale- 
trench system, which is nonnaily sized by using input data for intense but short urban 
rainfall events, are also able to process rainfall periods of days or even weeks which 
are mostly responsible for extreme floods in rivers. 

ln order to investigate this question, typical elements of the swale-trench 
system, in combination with typically occurring permeability coefficients of a given 
soil, were exposed to a ra_infall period of about 30 days and a precipitation depth of
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about 300 mm in total. A similar rainfall caused a large flood in the River Saar in 
1995. Table 1 shows the results. 

' ' 

TABLE]. Retention effects ct different source control measures on extreme floods. 

On-site measure Infiltration capacity Stored water volume 
(m/E2 

' 

Portion gntnrau‘ 4 In l;1;:OI’-8 50.h?n:£8': 

Swale ('I_'rov'”h) 1 it to" -5 

I 1‘%m'T5-r3l0%— - 
Swale (Trough) 

I i 

5 x I0‘ 95 . 

_ 

1.39.000 

Swale (Trough) 1 x 10" 
7 

' 55 i "T i T 

32-000 

Swale-trench elements 1 x 10" 
i 

93 ' 122-90° 
t'to'n-connected 

Swale-trenchsystem. 5 x 10:’ 72 105-000 
Ele’menls'connecte'd 

§wale~trench.system, 1 it 10'? 21 
i 

30900 
Elements connected 

In the catchment of the River Saar, the hydraulic conductivity of the given soil 
is estimated to be 5xl0‘7 to 1xl0‘° m/s (clay, loam) onaverage. The data in Table 1 

indicate that 72 — 93 % of the stormwater runoff from paved areas can be retained by 
source control measures of the swale-trench system. So it can be seen that source 
control measures, which are primarily installed cope with urban drainage problems, 
are also able to handle long-tenn rainfall periods which cause extreme floods. This 
provides an additional reason for application of source control measures instead of 
only conv‘e‘r’1tional sewer systems. 

Significant effects of urban source control measures on river floods can be 
expected only if they are applied to all the ‘urban areas in the catchment. Referring to 
the catchment of the River Saar‘ (the German part), the effects of reduction may be 
estimated at 3% of the flood volume for the case where all the potential urban areas 
have been converted (long-term implementation). This value may not seem to be very 
much, but for the Gennan part of" the Saar catchment of about 3,650 km’ and with a 
rainfall depth of about 3.00 mm (the 1995 value), a reduction of 3% of runofl is 
equivalent to a retention volume of about 33 million in’. It is very difficult (and 
expensive) to find a place to constmct a retention basin of 33 million m3 within a 
heavy urbanised area like the German part of the Saar catchment. And it must be kept 
in mind that source control measures are financed by urban investments and therefore 
free of costs relating to flood ‘reduction effects. * ~-



v 

5. Conclusions 

Source control measures for stoiinwater runoff can be summarised by the concept of 
the swale—trench system. The system can be applied independently of soil conditions 
and other local circumstances. It can be applied in different technical ways depending 
on the local conditions, the objectives, and the imagination of the designer. For the 
management of road runofi‘ a special technical version of the system, called 
INNODRAIN, has been developed. Investigations in several communities have shown 
that the swale-trench system and its variations can be successfiilly apg lied in existing 
°u‘rbar 2 :-eas in order to solve problems resulting from hydraulicallv ov r? Jaded sewers, 
reduce combined sewer overflows and for other benef"... Comparisons with 
conventional solutions have shown that applications of the system reduce costs. Last 
but not the least, extended applications of source control measures in urban areas can 
contribute to flood mitigation. 
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CONSERVATION TILLAGE - A NEW STRATEGY IN FLOOD CONTROL 
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1. Introduction 

It may seem at first that there is no connection between tillage methods on arable land 
and flood disasters in a watershed. But flood disasters are frequently the consequence 
of extensive amounts of water originating from surface runoff from soils due to a lack 
of "infiltration caused by soil sealing or crusting. The last has to be seen in context with 
soil erosion on arable land, which results from inhibited water infiltration through soil 
siltation. Soil sealing is caused by raindrops hitting the soil surface with a force great 
enough to destroy soil aggregates. Dispersed surface clods and aggregates form a thin" 
sealing soil layer, which inhibits water infiltration in a very efficient way [1]. On 
sloped arable land, inhibited infiltration by soil sealing causes surface water runoff, 
which causes on— and off-site damages through soil erosion. 

The best way to decrease or to prevent surface runoff on arable land is to 
prevent soil sealingiand crusting. In the following we want to show that conservation 
tillage combined with mulch seeding is one of the most efficient strategies against 
siltation on arable land, Conservation tillage has an influence on a number of physical 
and hydrological soil parameters. In most cases, this-‘contributes to a drastic reduction 
of surface runoff on arable land. . 

In Saxony more than 60% of arable land (450,000 ha) is endangered and 
regularly afflicted by water erosion. To reduce or prevent on— and off-site damages 
caused by water erosion. extensive soil protection measures are needed in entire 
regions or watersheds. Conservation tillage and mulch seeding are recommended as 
effective methods against water erosion by the agricultural extension service and will 
be more and more practised on arable land in the future. 

Since reduced water erosion is closely connected with reduced water runoff, 
conservation tillage on arable land in the whole catchment may be both an effective 
strategy against water erosion and an efficient element of flood control, In the 
following this possible relnationship will be demonstrated by field experirnent results. 
These results were obtained at various sites in Saxony in different tillage systems with 
si_r_nulated rainfall experiments (Hg. 1).
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' Rainfall simulation setup 
_

. 

' 

- Plot size: 
‘ 1m’ 1m‘ 44 m’ 

- Rainfall intensity: 0.7 mm'min" 1.9 t_nm*min" 0.7 mrn.'min" 
- Duration: 

_ 
60 min 

b 
20 min 60 min 

- Nozzle type: VeeJet80/100 Vee.let80ll00 Vee,la80Il00 
. (.1 unit) (1 unit) (15 Ilnils) 

Examined parameters 
— Surface water runoff. infiltration 
- Soil loss 

- Soil aggregate stability [21 
‘

J 

- Soil organic matter content
' 

- Soil coverage with mulch 

Figure 1. Experimental methods applied in experiments assessing the effect of heavy rainfall events 
on physical and hydrological.soil parameters 

2. Soil Tillage Systems in _Gerrnany 

Cultivation of annual crops (e.g., wheat. barley, oil-seed rape, sugar beet, corn) in 
Germany is presently achieved with three different tillage systems: 

1. 

[0 

Soil tillage with the mouldboard plough, defined as conventional tillage. It is 
characterised by a soil-tuming action to a depth of up to 30 cm. This is highly 
effective in burying and thereby killing annual and perennial weeds and volunteer 
crops. Ploughing produces a clean surface, which facilitates precision seeding 
with common seeding machines. 

‘~ Soil. tillage witlmut mouldboard plough, defined as conservation tillage. This 
includes shallow tillage methods without the soil turning action of the plough. 
Different tillage implements are used, like cultivators, (rotary) harrows, disks, 
nomtally in conjunction with mulch seeding of different crops (for example, corn, 
sugar beet, oil-seed rape, wheat, barley). 
No-tillage systems or direct seeding. Except for nutrient injection and seeding,‘ 
soil is usually not disturbed between harvesting and planting under no-till 
systems. ‘ 

The main tillage method currently practised in Germany is ploughing. ‘l'his is 
done to kill ar_m_ual and perennial weeds as well as volunteer crops and/or to



incorporate organic residues and into the soil. Another reason is the 
preparation of an even and clean surface, which facilitates precision seeding [3]. 

For ecological (see below) and _econornical reasons. there is an increase in 
application of conservation tillage methods, ‘Direct seeding is practised with some 
crops (e.g., wheat after‘ oi]-seed rape). but because of unresolved problems, such as 
straw management and weed control and seeding, it is still rarely practised. = 

3. Conservation Tillageand Water nintbn-anon 
\ . Re‘ .its _ir..sented in Table 1 and l_‘*ig-ares 2 and 3 demonstrate that surface runoff is 

Increased after conventiorni tillage. This is due to the bare soil surface after the 
protective cover of mulch or crop residues have been incorporated into the soil by the 
plough. Consequently, raindrops ex_e'_rt direct destructive impacts on soil aggregates on 
the surface during heavy rain -stonns. This induces soil sealing and crusting. In 
addition. pennanent ploughing directly and indirectly promotes excessive pan 
fonnation and subsoil compaction, and interrupts macropores produced by earthwomts 
or plant roots, All this inhibits water infiltration [3]. Reduced or prevented water 
infiltration then leads to water runoff and water erosion on sloped l_and.« 

TABLE 1. Water infiltration. runoff. and soil loss after conventional and conservation tillage during 
two subsequent (dry and wet) heavy rainfall events with a duration of one hour. 
(Plot size: 44 m’. rainfall intensity: 0.7 r_nm"‘rnin". duration: 60 rnin) 

Rain simulation (dry) __ . Rain simulation (wet) 
Infiltration Runoff soil loss Infiltration Runoff Soil loss 

Texture Tillage 1%, ofrainfall] [t"ha"] [% 3ga_inran1 [t“ha"].. 
Silly Convent." 55I4 44.6 82.8 32.9 

‘ " 
67.1 45.3 

loam Conserv.~' 
, 92.1 7.9 ’ 

0.2 70.9 29.l__. 1.2 
Loam ‘Convent’. 94.0 6.0 0.1 63.8' 

' 7' 

36.2’ 
_v 0.7 

Conserv.’ 99.9 0.1 0 97.4 _. _ ,_.2.6 0.02 
Mulclfcoverage? l) 60 %. 2) 10 ‘lo 

TABLE 2. Mulch cover. soil organic matter. aggregate stability. infiltration rate and soil _loss by water 
runoff after c‘onvfentiot'ial tillage, conservation tillage (8 years) and direct seeding (8 years). 
(Plot size: l m‘. rainfall ‘intensity: 0.7 mm*min". duration: 60 min) 

Conventional tillage Conservation tillage Direct 
‘ 

, ,, , seeding 
Mulch cover 196]" 

' ' 

1.0 30.0 70.0’ 
Soil organic matter {Q6} 2.0 _2.6 ~ 2.5 
Aggregate stability [95] 30.] . 43.1 48.7 
Infiltration rate We] 49.4 ‘70.9 92.4 
Soil loss [g=-m'=t 317.5 '137.5 t 33.7 , 

On the other hand, conservation tillage combined with mulch seeding ensures 
high infiltration rates and thereby reduces direct water runoff and consequently soil 
erosion during a sequence of heavy rainfall events on different soils. This positive 
effect is due to the mulch layer (Table 2). which restrains the force of raindrops hitting‘ 
the soil surface, thereby protecting the soil aggreg'ates_. Also, conservation tillage 

ma 
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increases the content of soil organic matter and biological activities in the top 5 to 
10 cm of soil. This has a positive effect on the soil aggregate stability (Table 2), 
Increased earthworm activity provides for further stability. Due to the ingestion of 
mineral and organic matter by the earthworms [4], organornineral complexes are 
formed and deposited on the soil surface. 

Macropores or biopores are crucial for rapid drainage of rainwater into the soil 
during heavy rai_n_fall. These are constructed by -anectic earthworms or left behind by 
dead roots. For infiltration the continuity of these pores from the soil surface into the 
subsoil is essential [5]. Ploughing _regularly destroys the macropores down to the 
ploughing depth, so that at any given time only newly constructed pores are available. 
On the other hand the soil stratification and the macropores are conserved when 
conservation tillage methods are used.

V 

In addition, the mulch layer of organic crop residues, left on the soil surface 
when conservation tillage methods are applied (Table 2). serves as food source for 
anectic earthworms [4]. This food supply and the reduced soil disturbance promote the 
development of earthwonn populations under long-term conservation tillage, thus 
allowing for a further increase in rnacropores. 

’ 
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05 ....... .-. .... ................ - 

0.5 — ....... ............. -. .................................. -- 

D.4 - --------- -- ------------------ -- — ------------- 

o_3 .. ...... ..
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Infiltration 

[mm] 

0.2 - -— plough 
o_1 .. -—-— cons.tilla§e 

-0- direct seeding 
0-0 *1’ fr I” 

I 
if’ 

I 
I“ I" ‘I 

I 
'1” "IN: 

_I 15 9131721252933374145495357 
Time [min] 

Figur: 2. Cour_se_ of infiltration on arable land (texture s_i_l_ty learn) after conventional tillage and con- 
servation tillage (8 years). (Plot size: 1 In’. rainfall intensity: 0.7 min‘min". duration: 60 
min) .

‘ 

Altogether. the effects of conservation tillage lead to an increase in infiltration 
(Tables 1 and 2). The results presented in Figure 2 clearly show the differences in 
infiltration during the course of the irrigation on crop land cultivated with different 
tillage methods. The rapid increase in water runoff on the ploughed site, as opposed to 
the continuous high infiltration rates on sites. with conservation tillage and direct
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seeding, is conspicuous (Table 2, Fig. 2). As shown in Figure 3, sites with 
conservation tillage have a high infiltration capacity during a longer period of time, even under the circumstances of unusually heavy rainfall events (e. g. 38 mm over a 
period of 20 min) as compared to ploughed sites;

V 

2,0
'

EE
C 
.9. O-5 
9.’t 
37-‘E 

0:4 “ QBF plough‘ """"""""""" "-‘-"- """"" “9 """ "9 
0,2 - _:.. :':,=;:f'.'.:,,,. .................................. .... -- 

. ma_xl_r_rin 
_ N o'Ol|ll’llllllllll_’l‘l'l|l 12 3 4 5 6 7 8 910111213'14151617181920 

Time [min] 
Figure 3. Course of infiltration on arable land (texture silty loam) after conventional tillage and con- 

servation tillage (2 years). (Plot s_i_z_e: l rn’. rainfall intensity: 1.9 mm‘rnin". duration: 20 
min) 

4. Conservation "Tillage and Flood Control 

1 
Observations of the siltation ‘of the soil surface and the associated effects observed in 
irrigation experiments with heavy rainfall exhibit good repeatability. Siltation reduces 
water infiltration into the soil and causes water runoff even before the topsoil is 
saturated so that the water holding capacity of the soil is not utilised. Rapid surface 
runoff "can contribute to river flooding. 

On the other hand. higher i_nfi_ltr__ation rates on arable land cultivated with 
conservation tillage methods can sustainably reduce water runoff by improving the 
utilisation of the water holding capacity of the soil (Tables 1 and 2, Figs. 2' and 3). 
Although for a small area rapid drainage of the infiltrated water through compacted 
deeper soil layers or drainage systems can not be excluded, ‘on the larger scale of a 
catchment area it» can be assumed that a distinct time lag is achieved in drainage which 
can be important for the course of a flood. 

The infiltration rates and their variation in time, shown in Tables 1 and 2 and in 
Figures 2 and 3, were assessed in irrigation experiments with a rainfall simulator on 
differently cultivated sites with a maximum irrigated area of 44 in’, on the basis of
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data collected in these plot experiments and applying a.v'va_ter balance simulation 
model, these concepts are presently being evaluated in a research project, which is 
financially supported by the German Federal Foundation for the Environment The 
main i_ssue is to establish to what extent widespread conservation tillage contributes to 
the suppression of flooding. In this context, a broad implementation of conservation 
tillage in the whole catchment area is an important requirement to influence flooding 
in this way.’ .

« 

It can be assumed that this could be achieved in Saxony. Due to the fact, that 
vast areas are endangered by water erosion (60 % of the arable land, equivalent to 
450.000 h:.-.) it is required that conservation tillage and mulch seeding, which promote 

. infiltration and erosion control, be implemented on a broad scale. Mulch seeding 
techniques are, therefore, promoted by the agricultural extension services and are 
financially supported through the program for environmental farming methods 
(Programm Umweltgerechte Landwirtschaft) of the Saxony state. 

TABLE3. Development of the mulch seeded area due to the program for environmental ‘farming
‘ 

methods in Saxony from 1993/94 till 1998/99 

Year ' 

Arable land Proportion or tiitalarable” 
[ha] land in Saxony 

[Vol 
1993/ 1994 4.146 0.6 
1994/ 1995 27.096 3.8 
1995/1996 

9 

44.585 6.] 
1996/1997 54.188 7.5 
1997/1998 74.721 10.3 
1998/1999 79.084 10.9 

After five years of operation of the environmental farming program, in 1998/99 
' 

the mulch seeded area amounted to nearly 80,000 ha and covered 10.9 % of the arable 
land in Saxony (Table 3). Presently conservation tillage methods are applied to various 
crops on about 30 % of thearable land in Saxony. in individual years. Durable 
conservation tillage with mulch seeding in the course of a complete crop rotation is 
presently practised on single fanns, with each farm covering a maximum of 3000 ha. 

These figures show, that conservation tillage and mulch seeding are already 
applied in Saxony to an extent at which an influential effect on flooding in catchment 
areas can be expected._ 

5. Summary and Future Prospects 

Since arable land usually comprises the main portion of a riverscatchment area. 
‘flooding and water protective cultivation methods are of great irnportance. Converting 
from conventional plough tillage to conservation tillage with mulch seeding drastically 
changes a number of physical and hydrological soil parameters. Especially, the 
vulnerability to soil erosion, surface water runoff and nutrient. leaching from the 
surface layer are reduced by these cultivation systems. As confirmed by a number of 
irrigation experiments and soil loss measurements in Saxony, the use of conservation 
tillage on a larger scale has the potential to reduce flooding and to reduce the 
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contatnination of surface waters. Therefore. conset vation tillage with mulch seeding is 
recommended to farmers and is financially supported. - 

Due to the effect on erosion control, conservation tillage methods are 
mentioned in the German soil protection legislation as imponant measures for soil 
conservation on famtland. Since the resulting application of conservation tillage 
methods is also profitable for farmers, it can be assumed that the use of this cultivation 
method will expand. To quantify the effects of extensive conservation tillage on the 
course of flooding events, further development of water balance simulation programs 
is needed. ‘ 
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is shifted to small~scale decentralised facilities. As a consequence, the interests of 
water managers will extend to the smallest parts, of the water system In order for 
small-scale measures to be successful, large numbers of people and groups of people 
must co-operate. They needto be persuaded to rally behind the formulated policy and 
to demonstrate their commitment - and it must never be taken for granted that people 
will actually do so. The mere publication of a convincing memorandum explaining the 
various water management plans will not persuade people to saw off their downpipe in 

~ order to have the rainwater from their roof run into their garden. It takes alot more " 

than that. » 

5. Creating Public Support‘ 

Water managers believe that it is possible to create the public support required for 
water management measures. Their argumentation is thatthe government defines 
objectives to be met by water management. and these objectives are considered as an 
indisputable fact. In order to meet these objectives, the bodies in charge of water 
m_anagemen_t are obliged to conceive sets of measures that represent the best possible 
solution. Obtaining ma_xir'num results at minimum cost is what the water manager 
owes the taxpayer — the citizen. If the set of measures does yield maximum results at 
minimuam cost, then it may objectively be regarded as the optimum. However, the 
implementation of the m_eas‘u_res will not always be the exclusive responsibility of the 
water management body: the co-operation of other parties, including citizens, is an 
absolute prerequisite, which means that public support »must be created. Good 
information will create awareness among the public; it will stimulate active support 
and make people ready to take action.

_ 

Many of the elements of this line of argumentation are understandable. Good 
information, for example, is of the utmost essence. But the arguments put forward are 
also a little naive’: they are based on the assumption that individual citizens feel some 
sort of commitment to water management because such is in the interest of the 
collective - and this is far from the truth. Hardly anyone perceives water management 
as something worthy of their commitment. To most people, it simply is not an issue - 
until their basement is flooded, their gutters leak or the water from the tap comes out 
brown. Nowadays, the average citizen is swamped with appeals for all kinds of good 
causes: runaway children, criminality, social segregation, chronic illnesses, traffic 
safety, alcoholism, education, famines and the ever-increasing number of overstressed 
people, etc. These are very important matters, so what would make water management 
such a special issue that people should find it in themselves to approach it with extra 
comrnitmen_t? ‘ ' ‘ ’ 

This is why the key line of argumentation that has governed daily practice so 
it 

far must be called into question with some urgency, particularly in circles that tend to 
underestimate the challenge of creating public support.

~
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to bridge the gap between technicians and social scientists in order to implement .. 

source—control measures in existing urban areas. 

3. Adaptive Management 

It will take time for the two parties to climb out of their trenches, although they have 
begun to emerge. There is now growing interest in a concept known as adaptive 
management [1], which involves not two but three parties. with the third one being 
positioned somewhere in between. What used to be no man’s land has been discovered 
by a few pioneers to ‘be a world of complexity (see e.g. [2]). It’-is a fas,cinatin'g'"and 
attractive world in which instead of making a compromise between technology and 
social processes. they are merged. Complexity manifests itself between too much and 
too little, between order and chaos, between certainty and uncertainty. Necessity and 
coincidence take turns. The essence of adaptive management is that efforts are aimed 
at making manageable the complexity within that grey area, rather-than counteracting 
it.» 

The world of complexity is a meeting place for people from various disciplines. 
It is a breeding ground for synthesis, one which offers promising opportunities to 
manage the application of source control. 

95./-_ ’ 
sent: :0 e 1

' 
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Figure 2. The dis:ove'ry of complexity. 

This paper outlines ways in which to deal with the involvement of citizens. it 
illustrates how complexity can be made manageable. To start with, we look at what is 
common practice among toda'y’s technicians. We then highlight a few characteristics 
of adaptive management, and provide an example of how such can be put into 
practice. 

4. Need for Involvement 

A key characteristic of source control is that, the prevention is better than cure 
principle. Thus, the number of large—scale facilities will decrease while the emphasis

\
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_I_. Introduction 

In the late 1980s, source control was practically unheard of in the Netherlands. Urban 
water management was perceived as synonymous with sewer system management. 
Hardly any attention was paid to surface waters in the city, and just about the only 
residents who made use of it were grandmothers taking their grandchildren to feed the 
ducks. Measures taken with regard to sewer systerns were in a_ maintenance context or 
consisted of end-o_f.=pipe co_n_tr0l_. However, all this changed in the early 19905, Source 
control was put on the agenda by, among others, the Socoma working group of the 
Joint Committee of Urban Storm Drainage. 

Thefirst projects involving source control on a larger scale (most of which 
were located in newly built urban areas) were launched "in 1993. At the outset, 
subsurface infiltration facilities were the only i_n,s“tiurn_ent used; other methods followed/ 
later. At the time, the key issues were of a technical nature: would the infiltration of 
rainwater contarninfate the soil? Would it result in clogging? Could infiltration be 
applied in areas with a high groundwater level? What materials should be used? 
Would they remain operational at low temperatures in wintertime? Would infiltration 
contribute to the abatement of depletion? Would it help reduce peak discharges? 
Would source-control techniques, from an emission-abatement point of ‘view, be a 
valid a_lte_rr.;at_i-ve to storage settling tanks? Would infiltration mean savings on sewage 

' treatment plants? In the meantime, research findings and - most of all - practical 
experience have yielded the answers to all these-questions. and to many more. 

Source control has been fully accepted since 1995. The results obtained from 
field studies have r'e'r’noved the last obstacles to its application. Practically all newly 
built residential areas are now equipped with a sustainable urban water system. The 
Fourth National Policy Paper on Water Management (1998) - which formulates the 
official Dutch water inanagernent policy a makes it mandatory to apply source-control 
measures "in newly built urban areas. It is no longer acceptable to simply pump the 
stormwater run-off from paved surfaces into sewage treatrnent plants together with 
wastewater. 

’M§
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In the years to come, the real challenge will be posed by existing urban areas, 
where considerably less progress has been made in introducing source-control 
measures. The obstacles are no longer exclusively of a technical nature: legal. 
financial and communicative matters are now also an issue.‘ as are social _ma_ttefrs. 

Nowadays, the use of technology needs to be fine-tuned to the needs of society. The 
work by different disciplines must be integrated in order to achieve success, and 
such integr'ation'is not easy" to realise. 

2. Different Worlds 

Ex_isti_ng urban areas have various di_scipl_ines Working in them. On thc one hand, 
.technicians are in charge of constructing new infrastructure and managing and 
maintaining public spaces. If sewer pipesneed to bereplaced, roads are broken up and 
new pipes are laid. If drivers take short cuts and drive too fast through residential 
areas, speed ramps are built. On the other hand, there is also plenty of work for social 
scientists. They co-ordinate district redevelopment and initiate. activities aimed at \ 
fostering social cohe'r'ence’a‘nd a sense of security. They also counsel neighbourhood 
interest groups.

’ 

In the past, the two disciplines operated independently of each other. They did 
not need each other and perceived their respective disciplines as being diametrically 
opposite. And in fact, they are paradigmatically different from each other. Thus, both 
groups found themselves dug in in their respective trenches. While technicians 
mocked social scientists for their alleged vagueness and irrelevance, the latter accused 
the former of being inflexible and insensitive to change. Asa result, the no man's land 
between the two disciplines was not a place anyone wanted to be. 

. social-c‘anco 
W J 

\_____g 
Figure 1. The ‘tre.nc2',1:es' dug by social and l_e,'-‘hnical S.¢i¢tIxists. with no man's land between tlrern. 

The approach to urban areas is changing rapidly. Where parties used to act and 
react from their own point of view, they are now expected to anticipatematters and to 
co-operate very closely. Although integrated approach benefits the quality of the V 

living environment, source-control techniques cannot be integrated by technicians 
working in isolation: such measures are diffuse and small scale by definition, and 
cannot be implemented without the co-operation of the local residents. It is imperative

.2
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6. Why People Tend not to Spontaneously Jump with Joy 
We know from our experience in urban redevelopment and the management of public 
open spaces that to most people water is not an issue. Anyone n_tal_ting an effort to 
involve himself or herself in urban redevelopment processes will find that the really 
hot items are the lack of parking spaces, drivers taking short cuts through residential 
areas, the shortage of playgrounds for children and the abundance of dog faeces. These 
items stir up emotions. Water may be interesting, but it touches a tender spot in only a 
very few‘ people. Consequently, few visit their local water board building on_ its open 
dry, and even fewer panicipate in the elections for a new boar;l_,=member. For. many 
ytars, the public has been kept at a distance from anything related ‘to water 
management. The basic messagesent out by the government was ‘Don't worry, we’ll 
take care of you’. Pr'ofess_i_ona,l water management experts ensured that the water from 
our taps was fresh and that the level of surface waters always remained under control. We are now experiencing the backlash. It will take a while for"? the public to shift from 
years of non—involvernei1t to com_mi_tment. Involvement does not develop overnight, 
nor is it delivered on demand. 

7. Accelerating the Process does ‘not Work 
It is clearly understood that policy objectives will not be achieved if people are not 
committed. Especially the abatement of depletion and non-point sources. for which 
broad public support is a prerequisite, is a difficult process. At present, there is a 
tendency not to discuss the current daily practice, but to strengthen it and speed it up. 
This is counterproductive’. By artificially maintaining the old practice, the principle of 
more haste, less speed is engendered. Processes become ten_se and success does not

_ 

materialise. .- 

8. A Different Approach 
As stated, adaptive management offers good prospects because it does not 
communicate i_n only one direction, as the previously described practice does. 
Operations must be carried out interactively, and such interaction must not be limited 
to planning that involves the main stakeholders, but should primarily be aimed at 
concrete projects in the immediate living environment of people. Important focal’ 
points are as follows [3]. 

Dare to be inconsistent. 
Leap before you look. 4 
Support those who deal with concrete matters. ' 

Do not avoid conflicts. 
:"!~"!°."‘ 

These four points are briefly explained below.

~
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Rel. ' When searching for solutions, uniformity and standardisation are ‘no longer 
the aim, It is diversity and identity that are appreciated in the urban area; and 
because each situation is unique, the risk of creating a precedent is small. 
Especially where sustainable development is the goal, the wheel may be 
reinvented again and again. . 

Re 2. All the matters stated above are closely connected and, for the most part, the 
.pro_cesses involved in urban watermanagement are unpredictable. The idea of 
actually finding optimum solutions in advance in order to present them to the 
involved public — so as to obtain its support - does not work. In such a 
con _.\lex”work situation, learning by doing is the preferred mode of operation, 

"in which information, experience and public support run parallel to each 
other. People concemed should be given a chance to live through a design 
process i_nste_ad of having to accept a design that was drawn up prior to the 
creation of public support and then executed. 

Re 3. Differences in views that have a high level of abstraction often seem to be 
irreconcilable. A well-known example is the unremitting discussion between 
municipalities and water boards about the assignment of‘ tasks in the 
management and maintenance of watercourses. The municipality sees to the 
drainage, and the water board sees to its discharge. For over 15 years now, the 
point of discussion has been where drainage stops and discharge begins. In 
practice, however, agreement could easily be attained in 90% of cases. as 
each specific situation exacts its own logic. Those working in the field are 

- able to convert abstract ideas into concrete ‘products’ and should be more 
appreciated. Too many people are sitting at a computer devising optimum 
solutions from too great _a distance. 

Re 4. Often, a consensus is striven for in which conflicts are seen as ripples in the 
smooth surface of the optimum solution. Change is not possible this way. It is 
better to reveal and even er_nph_asi_'se points of conflict as early as possible. so 

I 
that all arguments can be thoroughly debated. 

Water managers will remain responsible for the direction in this approach to adaptive 
management. Changes can be made quickly, as long as they are given enough time. 

9. Trust and Mutual Dependency 

‘Time after time, trust has proven to be of importance. If involved parties do not have 
confidence in each other, public support evaporates. Trust is an important building 
block dime. social capi.t.a1. ‘ 

_ 
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Processes in residential areas often prove that the public"s confidence in the 
government is low. Meetings with the community sometimes end in slanging matches. 
If confidence is low, resistance will increase. often fed by si_irfip1istic.or even incorrect 
information Ontop of that, people do notforget negative experiences. For example, in 
Biezenstraat in Nijmegen, the municipalityproposed infiltrating rainwater from paved 
surfaces into the subsoil_-.- This evoked fierce reactions during a community meeting. 
Some residents were afraid that their basement would become The discussion

a 

showed that the residents had little faith in the municipality. A brothel at the end of the
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street. was causing quite some nuisance in the area, mainly due to the extra cars that 
were parked there. The municipality had not dealt with complaints adequately in the 
past and the problem continued to exist, according to the residents. Resisting the 
infiltration of rainwater was a way for them to express their dissatisfaction. 

It is therefore essential to win the confidence of the community and thus lay the 
foundation for constructive co-operation. With an adaptive approach, the involved 
agents act on the basis of equality. Hierarchical structures are less important than 
network relations, and the initiators of the process (in urban water management, 
mostly the municipality, water board and province) look for points of mutual 
depender :v. It is clear that the collective authorities depend on the residents fora 
son’ ::-r t: ‘ed approach for wat. i. The residents, on the other hand, will have many 
'-quests with regard to parking, traffic short cuts, playgrounds for children and other 
aspects of liveability within the public urban spacejln turn, they largely depend on the 
collective authorities. Therefore, the parties are mutually dependent. By viewing water 
as an essential part of the I/ivingenvironment and not as _a separate issue, it becomes 
possible to create win-win situations. 

10. De Vlicrt 

The adaptive process is illustrated by dc Vlicrt in Den Bosch, a residential area largely 
built in the 19305 and home to about 5,000 inhabitants. De Vlicrt exemplifies how 
objectives in urban water management can be realised in existing urban areas. The 
municipality was the initiator. together with De Maaskant water board. The main 
reason to start a project in de Vlicrt was the need to replace the sewer system. Usually, 
this entails digging up the streets, replacing the sewers and then resurfacing. Such a 
project means a great deal of nuisance for the residents without a visible improvement 
as recompense. In this case, however, the municipality believed that the residents were 
entitled to some visible improvements if work of this nature was to be carried out. In 
addition, any opportunity to improve the water system should be made use of. 

The municipality and the water board started by drawing up a concept of 
desirable improvements of the water system, which befits their authority and 
competence. This concept was then embedded in a municipal sewer plan-. The 
authorities opted for a source control-related approach, which involved making as 
much use as possible of the rainwater in and round the house. or else infiltrating it into 
the soil. The use of durable materials and an increased awareness of the residents can 
cause a reduction of the number of non-point sources in the surface water. There was a 
clear understanding that such a concept is realistic only if the process is characterised 
by openness and reciprocity. It is simply not possible to force residents to cut their 
downpipes in two in order to infiltrate rainwater into their own property unless they 
benefit from this directly. Another point clear to the ‘authorities was that the 
confidence the residents had in them was low. On many occasions in the past. the 
municipality had not exerted itself to deal with requests and comments from the 
residents, and realised that this sudden change in policy could arouse suspicion. 
Confidence had to be restored. - ‘ 

’_ 

This process was started in de Vlicrt in September 1997 with an information 
evening in the community centre De Slinger. Despite the fact that Ajax was playing 
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that evening, the turnout was over a hundred residents attended, the slight 
majority of whom were women. That evening, the municipality (a representative of the 
water board was present but did ‘not play an active role) presented its concept and put 
forward some ideas. However, it deliberately did not present a plan; in fact, there was 
no plan. The local residents were asked to makedesigns. They could also sign up for‘ a 
walk through their area, which was to take place as week and a half later on a Saturday 
afternoon, and be followed by a workshop where they would be able to make the 
designs. There was a lot of scepticism at the beginning of the evening. Such comments 
as ‘The municipality already has a plan anyway!’ and ‘Where can I get a complaint 
forn _i" tl_1fngs go wrong?’ v‘ xre made. Nevertheless, a rather sudden turn for the better 
occurred about thirty minutes into the discussion, It seemed as though the negative 
reactions of the ‘notorious complainers' had triggered an extra positive attitude from 
other local residents. Many of them sensed that the officials presentreally meant what 
they were saying this time, and thus were annoyed by the residents who tried to 
ridicule their ideas. In the end, about 25 residents signed up for the walk and 
workshop, and this was the maximum number indicated by the municipality. 

Such a notion as integrated water 'management does not real_ly i_nte_rest people 
unless it is put in the context of their own living environment. During the workshop, 
designs were made for four areas by means of the principle calculation, design and 
argument. The designs may not have been completely up to the mark with regard to 
water management, but they matched the demands of the residents regarding parking, 
combating traffic taking short cuts through the area, the quality of local green areas, 
playgrounds for. children and even senior citizen’s_ schemes. People were actually 
thinking together. Ideas were also put forward for a work of art featuring a rainwater 
column. The column would slowly release its water to a little mill. If it were mining, 
the mill would turn quickly. The longer it did no: rain, the slower the mill would turn. 
After a dry spell lasting a couple of weeks, it would stop completely. Such a piece of 
art does not have any environmental output but is very valuable for residents. 

ln the design phase, the residents provided some basic ideas for a design ‘atlas’. 
In a later phase, these ideas were distributed in the area in consultation with experts. 
The solutions and techniques often varied from street to street. In one street, for 
instance, the residents were against the i_nfil_tration ditch (wadi) planned for the grass 
strip between street and pavement, because they feared it would lead to inconvenience 
when getting in and out of a parked car. Infiltration ditches were not acceptable there. 

The process went very smoothly, especially at the beginning. However, when 
the time came to establish the details, viewpoints became less flexible and it took quite 
some effort to retai_n the residents’ contribution. A few traffic experts thought their 
professional input was considerably more valuable than that of the residents, and this 
almost brought about the collapse of the carefully built basis of trust. There were also 
a few financial setbacks, which meant that certain promises had to be broken. Looking 
back. three phases in the process can be distinguished: V 

. . ... 

Phase 1. Uninforrned optirnisrn. 
Phase 2. Informed pessimism 
Phase 3. lnformed optimism. V 
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The second phase took quite some time. However, the organisers at the 
municipality were quite determined and finally managed to reach phase 3 with the help 
of the water board. The plan is now being implemented. Perhaps the biggest surprise — 
especially for the municipality - was that when the process was evaluated, the 
residents were full of praise for it. . .

- 

11. Start with Water 

The process in de Vliert — and also in r- her Dutch residential a"-.as - has made it clear 
that water has a special posit‘ ..1 ‘.1 relation to other _e..:ments of the living. 
environment. For projects aimed at the quality of the living environment. it can 
certainly be said that ‘Water wbrks!‘ Perhaps water i_s not people's main interest, but it 
does appeal as it mainly evokes positive emotions. By starting with water in this type 
of process, trust can be rebuilt or can grow between the involved parties. This is an 
investment in the social capital as it were. If there is plenty of trust, such more 
sensitive issues as parl_t_i_ng, dog faeces and speed ramps can be discussed in the 
process. These subjects often‘ evoke negative emotions. Water is a good ‘trailblazer' 
with an adaptive approach as its precondition, 

The example shows how technologists can interact with those from other 
disciplines — a process in which technology does not follow but leads the way. 
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A UNITED KINGDOM PERSPECTIVE ON INSTITUTIONAL CONSTRAINTS LIMITING ADVANCES IN STORMWATER MANAGEMENT 
M 
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1. Introduction 

The traditional approach to water supply and wastewater transport systems in Europe 
is to supply high quality potable water to the urban community and to transport the 
resulting ‘consumed’ wastewater to receiving waters beyond the margins of the urban 
area. The principle of centralised water supply and wastewater treatment, underpinned 
by high levels of investment in infrastructures and associated maintenance and renewal 
costs, is still largely unchallenged due to the assumed risks to health and quality of life 
in the city. Similarly, the traditional approach to urban expansion has been to extend 
the catchment area for the importation of water for potable supplyand the exportation 
oftreated wastewater. Increasing demands for clean water in the city and the resulting 
burden of pollution loads and ecological damage from urban wastewater can no longer 
be sustained without causing environmental degradation and societal disbenefits 
coupled to economic constraints on future growth and development. Within this 
context, stonnwater generated by rainfall on impermeablesurfaces within the ci_ty is 
usually regarded as an inconvenience and a potential risk to property and life; for 
example, as evidenced by catastrophic flooding following extreme rainfall events. 

Typically-, the urban manager/engineer's approach to storrnwater i_s to develop a 
structural network of channels and pipes for the collection and transport of storrnwater 
away from the city ‘as quickly as possible. With expansion of cities over the last 
decades it has become common practice to separate storrnwater from urban wastewater 
‘in the foul sewer system to reduce the capacity needed for foul sewers and wastewater 
treatment facilities. As stormwater can be rapidly generated and can contain a range of 
significant pollutants washed off the urban area, this approach can result in 
considerable degradation of downstream environments while incurring major costs in 
providing protection to the urban population, cultural heritage structures and other 
infrastructures.

_ 

h 
While supplies of clean water were readily available from outside the city there 

was no incentive to treat and re-use stormwater within the cit)’. However, as pressure 
on finite water resources is increasing and it "is now recognised that a major proportion 
of the water used within a city does not need to be of potable quality, there is a 
potential beneficial role for storrnwater. Achieving this benefit will require innovative 
management strategies for stormwater. A key innovation that is required is to make 
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storrnwater manag.-ment both sustainable and optimally integrated with other urban 
needs. 

Traditional management paradigms. including lack of understanding of system 
behaviour, lack of appropriate technology, and, insufficient investment in research and 
infrasuucture have produced expensive suboptimal systems which degrade both the 
urban environment and downstream receiving waters. Driven by European legislation, 
a change in management perception has already started to occur with urban wastewater 
management. As a result, new wastewater technologies and holistic design and 
operation are becoming common place to optimise infrasuucture and reduce the 
impact on the envirotment to so sally and econornica’ v acceptable levels. The 
management of eater ' an benefit froth this experience particularly as in many 
urban areas there are interactions between the wastewater and_ storrnwaterr systems 
with combined sewers and combined sewer overflows. This paper reviews recent 
developments in the UK to improve the provision of stormwater management and 
identifies where current institutional constraints limit the application of sustainable, 
beneficial practices. 

2_. An Overview of Stormwater Management Practices in the UK 
The last decade has seen a progressive development in technical know-how, cost- 
effective planning and evaluation t_oo_l_s for use by the UK water industry for tackling 
the problems associated with urban wet weather ‘discharges through the technical 
framework provided by the Urban Pollution Management Manual [1]. This procedure 
has placed the UK in a position to address a backlog of improvements to wastewater 
treatment works and combined sewer overflows (CSOs). However, as yet, the full 
extent of problems associated with untreated stormwater discharges has still to be 
evaluated." The difficulties and frustrations of effecting changes in urban runoff 
management are clearly identified by‘ reference to the current edition of the Sewers for 

’ Adoption manual [2]. This makes no mention at all of surface storage and infiltration 
systems, thereby reinforcing a policy of continued discharge of untreated stormwater 
to rreceiving waters. This has meant that developers have retained a traditional 
conservatism to urban drainage design. At the same time, the regulatory authorities 
have espoused strategies for the sustainable management of water resources and 
integrated catchment planning which are _consistent with the UK government position 
on sustainable development. Key catchment.planning issues contained within Regional 
Planning Guidance also place emphasis on sustainability principles for surface water 
quality [3]. Clearly, the approaches to storrnwater management lag behind the 
scientific understanding of a source‘ control approach to pollution management. 
gsirnilarly, discharge of ' stonnwater is the responsibility of several organ_isa_tions. 
, 

' In terms of urban surface water management, the diversion, attenuation and 
disposal of stonnwater discharges at source is seen as a key concept supporting 
sustainability as it is focused on pre-emptive prevention of downstream water flow and 
quality problems, both in sewers and within receiving water bodies [4]. In addition, it 
can be argued that strategic, ‘at-source disposal of surface runoff may provide a 
valuable contribution to aquifer storage and recovery, although no current schemes in 
the UK involve direct storrnwater recharge. lilowever, rising urban groundwater levels
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have been widely recognised as a problem and there are considerable uncertainties as 
to whether long-terrn source disposal of urban stormwater is likely to cause 

\ widespread contamination of urban groundwaters. 
The impacts of stormwater discharges on receiving water systems are.now well 

documented [5]. In contrast, there are relatively few field assessments available to 
evaluate actual impacts of stormwater infiltration to urban groundwaters. The potential’ 
_for highway discharges to contaminate local aquifers has certainly been recognised, 
especially where roadside filter or fin drains outflows can directly infiltrate to 
underlying fissured strata [6]. The type and range of pollutants associated with urban 
stofin‘-xater is egrtremely variable, but five..polluta'nt groups are of principal - zricem in 
terms of the potential use of urban runoff [7]. These are solids ”nea ty metals, 
hydrocarbons, pesticides and bacteriaf ' " 

'
T 

Within the context of integrated catchment planning, regulatory authorities are 
increasingly identifying a range of source control techniques which are perceived as 
constituting a suite of Best Management _Practices (B_MPs) or Sustainable Urban 
Drainage Systems (SUDS) for the sustainable management of intermittent urban 
runoff ‘[6]. As most source control systems divert surface runoff to groundwater. it 
could be argued that they constitute a valuable source of aquifer recharge. The 
theoretical risks they present to groundwater pollution must therefore be set against the 
potential benefits tobe gained. -

” 

3. Development and Application of SUDS 
Most new development in the UK continues to be constructed with separate sewer 
systems as .1 matter of course. However, the promotion of SUDS particularly by the 

‘ Scottish Environment Protection Agency [8] and the Environment Agency in England 
and_Wales [9] is a key factor in promoting the uptake of alternative approaches by 
developers and builders. These include source control and soft engineered treatment 
techniques to modify traditionally engineered pipe-based approaches for the 
attenuation and disposal of runoff. All developments require consideration of surface 
water drainage. This should be incorporated into development plans which require 
planning consent. The UK’s Town and Country Planning System is operated by local 
authorities supported by national planning policy guidance statements and 
regional/local development plans to prevent -future problems arising from new 
development [10]. The relevant environmental regulator and sewerage undertaker will 
normally advise the planning authority on appropriate surface water drainage systems 
and techniques. Currently, larger surface water discharges may require a consent to 
‘discharge by the environmental regulator. Normally this would be some fonn of 
qu_al_i_tat_ive emission standard based on a design related to perceived current good 
engineering practice. Surface water discharges to infiltration systems, including 
soakaways, are subject to control under water pollution and groundwater regulations if 
polluting substances are present in the discharge; for example, from highways, parking 
areas and industrial sites. 

SUDS are promoted as a concept that focuses decisions about drainage design, 
construction and maintenance on the quality of the receiving water and surrounding 
urban environment. As physical structures, SUDS include ponds, wetlands, swales and
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porous surfaces to provide attenuation and treatment of runoff. The variety of options 
available allows the design to be fitted to local circumstances as well as to account for 
more traditional design criteria, such as peak flow and storage capacity. The 
advantages ‘of SUDS are recognised by most organisations involved in the planning 
process and offer a Best Practicable Environmental Option [1 1] that is entirely 
compatible with the requirements for sustainability. The key benefits are: 

protect and enhancetbiodiversity in receiving waters: 
‘ " 

maintain or restore the natural flow regime ii urban st_r'ea'ins'; 
provide protection from flooding; 
protect receiving waters from pollution: 
extend the capacity of existing sewerage systems; 
provide amenity benefits; 
allow for groundwater recharge; 
simplify construction; and. 
reduce construction costs. 

Clearly, SUDS techniques, while relatively new to the UK, are widely practised 
elsewhere in the world. SUDS are widely promoted by environmental regulators and 
planning authorities; particularly for flow control and flooding protection after 
development of greenfield si_tes. However, construction and building regulations 
continue to be based on the use of traditional ‘hard’ drainage approaches. Construction 
methods lag behindmany of new ‘soft’ engineering developrnentsnthat underpin some 
of the benefits of SUDS approaches. particularly in relation to infiltration techniques, 
the use of soil and vegetation in construction and green landscaping. This position is 

~ beginning to improve; for example. through the revision of the Building Regulations to 
provide guidance on the design and construction of sustainable urban drainage systems 
[12]. However, this process will inevitably take a long time and acts as a constraint on 
developers and builders. A further significant constraint is on the legal position of 
SUDS based drainage in relation to subsequent ownership and rnai_ntenance 

‘ 

respon‘sibilities post development. This is a cornplexylegal area, including public safety 
issues, and one in which sewerage undertakers, whose main area of activity is the 
provision of wastewater transport and treatment-, may have little incentive to adopt 
non-tra_tiition_al stortnwater drainage systems. This is partic'ula'rly' the case with the 
privatised sewerage undertakers in England and Wales. In Scotland and Northern 
lreland, where the sewerage undenakers remain as public bodies, and legigslation’ is 
more clear, there have been major projects based on the use of SUDS and a guidance 
manual ha been produced to assist developers and planners [13]. similar manual for C 

England and Wales has also been produced [14]. 

4. Do SUDS provide all the answers? 

There are clearly appreciated benefits in using source control treatment techniques 
for stonnwater management to improve the sustainability of storrnwater 
infrastructures However, two areas of concern are beginning to appear in the UK, and
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elsewhere, based on experience of the SUDS approach. The first is the ability to 
provide satisfactory protection to the quality of the receiving water ecosystem in terms 
of the quality of flow. The second is the degree of sustainability of SUDS, which 
remains to be identified and quantified. While the SUDS approach is better than 
traditional approaches in many cases, it may not provide an optimum solution as 
promoted by some advocates. 

4.1 RECEIVING WATER PROTECTION‘
. 

As originally conceived, the prime function of stormwater management is to provide 
_ 

protection from flca.-ding and reduce peak flows. Sedimentation, adsorption and 
‘biological degradation of pollutants can alsorbe achieved by appropriate selection of 

’ designs. This pollution control capability is also being actively promoted by the 
environmental regulators. Table 1 presents guidance provided by the Environment 
Agency on the pollutant removal capacity of a selection of ‘SUDS designs [9]. 

TABLE 1. Pollutant removal capacity for selected SUDS design [9] 
SUDS Design 

1 

Pollut_ant,re_r_noval (96) 
7 g 

V 

Solids Nutrients Metals BOD 
Grass s_wale 30 30 10 30 
Porous pavement I00 

_ 

80 100 100 

Infiltration basin 
' 100 80 lO0 100 

Wet pond 100 50 S0 80 
Detention basin with 100 - 80 80 60 
vegetative treatment 

Detention basin 
i 

so so so so 

While those designspcan achieve significant levels of pollution removal, the 
resulting concentrations in the discharge will be related to the initial concentrations, 
which are known to be highly variable in relation to land use and event characteristics. 
Despite major research efforts it has not been possible‘togprov_ide reliable methods for 
predicting stormwater pollutant concentrations [7, 15]. Hence, while the impact of a 
discharge from a SUDS based drainage system should be less than that from a 
traditional system in similar circumstances, it may not be acceptable in terms of 
receiving water quality and ecosystem impact. In some cases, it appears that the 
ecological impact of the discharges from traditional systems and SUDS may be 
comparable. To address these issues, the discharge has to be related to the assimilative 
capacity of the receiving water. 

Ar approach based on the achievement of receiving water quality standards to ‘ 

enable beneficial uses to be met has been the accepted UK practise, as required by the 
en‘vi‘ronment_al regulators‘ policy, for controlling urban wastewater discharges for a 
number of years. Major combined sewer ‘overflow improvement programmes are in 
place based on this approach, termed Urban Pollution Management, and commonly

IE I I 

l 
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refened to as UPM [1, 16]. This is underpinned by the use of wt weather specific 
environmental criteria applied to receiving waters to control the impact of discharges 
to an acceptable level. These criteria [16] are designed to protect river ecosystems 
from the effects of intermittent wet weather urban discharges. Table 2 illustrates the 
Dissolved Oxygen criteria currently employed by the Environrnerit Agency in England 
and Wales [16]. Similar criteria, based on a concentration/duration/frequency concept. 
are also applied for un.-gionised ammonia. Both sets of criteria‘ are designed to avoid 
fish deaths for pollution episodes up to a return period of 1 year. The environmental 
quality standards approach allows integration of the design and management of the 
wastewater system to inin_irni_se costs and achieve the necesscry e r- ironment benefis 
‘Clearly,’ the current emission criteria approach applied tr. ..'t‘o‘rm‘water dhischaq-,es is at 
odds with the management of urban wastewater. 

TABLE 2 Fundamental Intermittent Standards for Dissolved Oxygen concennationlduration thresholds 
‘ 

' 

not to be breached more fregqttently than shown [16] 

a) Ecosvst§_m suitablefor sustainable salmonid fishery 
Return period Dissolved Oxygen concentrations (mgfl) 

. ,. ._ .. ,l.hour ' 6 hours 24 hours 

1 month 5.0 5.5 6.0 
3 months 4.5 5.0 5.5 

1 year 4.0 4.5 5.0 

b) Ecosvstem suitablefor sustginablenprinid figllgry. ,. .. . , , V 

Return period" 
” D ” 

Dissolved Oxygen concentrations_(myl)_.. _ . 

"l‘h5ur” ' ' 

/6'hours 
‘ 

hours 

1 month 4.0 5.0 ' 5 
3 months 3.5 4.5 5.0 

l year 3.0 4.0 4.5 

c) Marginal cvprinid Iisherv ecosystem , 

Reiurn pe'n'6d 
' ' ' ' " 

Dissolved oxggen concentrationslmgfli. , . _ , 

, 
_ 7 

'1 hot? >"“"’67'hours 
_ W . f.24,hours , 

1 month 3.0 3.5 4_.0 
3 months 2.5 3.0 3.5 
[year . 2.0 2.5 _ 

.. 3.0 

_ Note: « -- - 

-~ - 

l_. '11); ie limits apply when the concurrent un-ionised ammonia (NH3~N) concentration is below 
0.02 mg/l. The following correction factors apply at higher concurrent un—ionised ammonia ' 

concentrations: 
0.02 - 0.15 mg NH3-N/l: correction factor = + (0.91 x loge(mg NH3-Nil) + 3.8) mg Oll . - - — ~ —- ----- 

>0.l5 mg NH3-Nil: correction factor '=' +2 mg Oil. 
2. A correction factor of 3 mg Oil is added for salmonid spawning grounds.

l
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At present much environmental legislation remains single purpose. However. 
driven -by EU Directives. changes are being made to make environmental legislation 
more integrated and enable more holistic, sustainable approaches to be implemented. 
In particular, the forthcoming Water Framework Directive is based on the principles of 
sustainable development. How this will be translated into UK legislation is, at present, 
unclear but will be based on:

. 

0 river catchment based planning;
, 

achievement of good ecological status for surface waters; 
protection of groundwaters: ‘ 

« 

. 

- 
A

I 

pollutio..;. control by environmer-I-al quality standards and emission limits; and, 
cr =.’lSIdCl'3tIOn of physical, quantity and quality characteristics for surface waters. 

The impact of these criteria on stormwater management will result in the need 
to integrate storrnwater management and urban wastewater management to enable 
receiving water quantity, quality ‘and ecological criteria to be met cost-effectively. As a 
result, the future approach for consenting significantstormwater discharges is likely to 
be consistent with the policies applied to wastewater system wet weather discharges. 
Ultimately, the benefit will be improved environmental performance by integrating the 
control of all urban wet weather discharges and more sustainable urban infrastructures. 

4.2 SUSTAINABILITY 

SUDS based systems are likely to be more sustainable than traditional systems in 
many cases. However, sustainability covers many issues, from design and construction 
through to full life cycle assessment. At present these issues have only been considered 
at a subjective. qualitative level. To date. no assessment has been made to identify 
sustainability indicators and perform'anc'e levels for urban drainage systems. These 
must be derived before the true, underlying sustainability of stormwater management 
designs and practices can be established and placed within the context of the overall 
sustainability of an increasingly urbanised society. While these wider issues are 
beyond the scope of this review, potential sustainability criteria for storrnwater 
management are presented in Table 3-. 

5. The Way Forward 
While the UK is often looked to by others as leading the way in river basin 
m_a_n_agement the uptake of new ideas is not a strong trait. There have been two major 
research initiatives in the last decade aimed at improving the management of urban 
wastewater and stormwater systems. The first of these is UPM and the second is 
SUDS. However. the implementation of SUDS approaches for urban stonnwater is a 
reflection of a traditionalist approach to urban water management. There is a general 
lack of knowledge and appreciation of the performance of SUDS concepts within the 
wider context of urban development and environmental protection at)a-regional and 
catchment scale. In particular, there is a focus on the disposal aspect of stonnwater 
management rather than its reuse as a beneficial resource. Current institutional 
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arrangements for stormwater management in the seen as a major potential 
con;stra_int to the inn-oduction and uptake of sustainable and beneficial storrnwater 
management through the use of appropriate combinations of technologies that are 
integrated with the wider urban infrastructure. "

- 

These two important approaches, SUDS and UPM, have been developed in 
relative isolation of one another, ‘yet they are potentially compatible techniques for 
managing the impacts of urbanisation. However, little thought has been given to the 
potential synergistic benefits of fully integrating the two approaches. SUDS can have a 
role to play in solving the typical problems addressed in UPM studies aim-‘(l at 
rehabiqlitation of large scale systems. Also SUDS techniques ‘can be represented at he UPM modelling framework. An approach which allows the benefits of bot‘; techniques 
to be fully achieved is likely to be adopted in the future. 

TABLE 3._ ‘_Po,ten_t_i_a_l_ sustainability criteria for stormwater management 

interaction with urban wastewater 
soils. fauna and flora 

Area ' ‘ ‘ 

‘Rélev'an""t"i§'s"ues 

l. Ecological ltnpaet - runoff peaks 
' 

-_ river flow and groundwaterrecharge 
- sedimentation 
- releaseof pollutants 

2. Construction Operation and - efficiency 
__ 

, Maintenance - use of materials and energy — 
- renewable consumption

’ 

- flood control 
local sources of labour and materials 
integration with urban infrastructure 
adaptable to change /. 

3. Social and Urban health and safety 
protect property 
cultural heritage 
visual impact

' 

multiple use

I 

Different approaches to stormwater management exist and are being developed 
within Europe and beyond, particularly in North America. New strategies and novel 
technologies are being introduced which seek to achieve sustainability requirements 
and achieve the traditional needs of flood protection and natural hazard limitation. The 
potential effects of climate change on urban areas also provides a driving force and 
opportunity to increase the benefits of ‘stormwater for retention and re-use in the urban 
water cycle. Future integrated sustainable stormwater management strategies must 
consider the following tenets for system design and operation:

' 

0 protection from flooding by reducing peak rates of urban runoff; 
0 reduction of pollution loads to minimise environmental impact within and 

" 

downstream of the urban area;
_ 

.6 protection of groundwater recharge tosustain baseflows in urban strearns; 

..- '-.a..... .g.._ .-.



-5.‘; 

‘... 

._-

~ 
ft 

"re 

.. 

.-...... 

,.,;,.-..._.m_~....,-..; 

.~.,-_..,‘..._..:,._.. 

.,_..: 

._~.‘;‘-luQ}"¢_§‘.'_f§“:(V;. 

-‘"2. 

'- 

‘A 

..q.,¢—.-.-on. 

_--_ . . _~ . . -. - 4 ~ --~ ~' .;.t..s ;..».._v.t-...'.. 

0 collection and retention of stormwater for re-use as a beneficial resource within 
the urban area; 

0 use of stormwater transport and treatment system components as water features to 
enhance the urban landscape; and,

A 

0 reduction in the use of natural, economic and cultural resources in the 
construction, operation and maintenance of stormwaterinfrastructures. 

To some extent these tenets are being considered in storrnwater system design " 
through the introduction of" SUDS concepts such as source control for flow and 
p .llution reduction couple»: with end of pipe cortrol devices;/ the opening out of 
culverted channel_s v .‘._'nin the urban area; recharge of aquifers from storrrtwater 
collection ponds; soil bioengineering construction and landscape planning, and, 
educational programmes. However, in the UK, there is a general lack of knowledge 
and appreciation of the actual perforrnance and benefits of such approaches as part of 
the wider context of urban planning and development. Hence. there is a need to 
exchange experience and knowledge to identify and promote best practices for 
sustainable and beneficial stormwater and wastewater management. ‘ 
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