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Diagnosis of Headwater Sedinment DyMmics in 
Nepal's Middle Mountains: Implications for Land Management 

An waluation of headwater erosion and sediment dynamics was carried out to assess the heaItl 

of the Middle Mountain agricuitnral system in Nepai. Contcoversial statements predicting this system' 

imminent demise ami identifying Middle Mountain fatming ptaaices as major conm'butors to downstreaa 

seQimentation and f l d i n g  have long been promoted and have suggested the folbwing researd 

hypothesis: mil and sediment dynamics and the indigenous management techniques within headwate 

Middle Mountains basins do not indicate a deterioration in the health of the agricultural system. Thm 

questions were addressed in this research. What are the main controls on normal-regime erosion? Hou 

effective is the system of indigenous management at modiQiig sediment dynamics? What do headwate 

sediment budgets (erosion, storage, and yield) reveal about the health of the agricultural system? Answeri 

to these questions are suggesteâ and development initiatives proposed. 

Intensive monitoring was carried out during 1992-1994 within nested basins ranging in size fron 

72 to 11 141 ha. Variation of storm-period variables in t h e  and space was assessed using five recordin4 

tain gauges and a network of up to fi9 24-hour gauges. Surface erosion was measured h m  €ive erosioi 

plots on steep bari (rainfed cultivated land). Suspended sediment behaviour was examineci through even' 

sampling at seven hydrometric stations. Basin sediment yield was determined for three of these nestec 

basins. Sediment storage was assessed using accumulation pins in khet fields (iigated cultivated land)! 

k t  canals, and buri ditches and through erosion and chamel surveys. 

An annual average of 77 storms were identified over the three-year period with 3.5% of chesr 

delivering more than 30 mm total rainfall and a pealr l&mimite rainfall intensity of more than 50 m m h  

About 113 of al1 storms regardless of magnitude occurred during the pre-monswn season. Pre-monsoon 

and monsoon s t o m  delivered equivalent high-intensity short-term rainfall disputing the hypothesis thai 

it is a higher rainfall intensity in the pre-monsoon seasun which causes an elevated sediment regime 
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during that season. Total storm raiddl was significantly higher during the moosoon season whereas thi 

pdod without rain More a storm b e g h  was longer for pre-monsoon stonns. 

The source of suspended sedimeut was found to vary with season and spatial scale. Dunng thc 

premonsoon season, surface emsion from ban' was severe when high-intensity rain fell on bare ground 

Indigenous Edtming practices were found to be effective at limiting surface erosion except during the pre 

monsoon season when targeted intervention may be usefui. During the pre-monsoon season, nutrient los! 

from headwater basins due to sediment enport was at its highest. Severely degraded land remained ban 

throughout the rainy seasan, prduchg sediment at an elevated rate and in relation to total rainfall. 

The omet of the m o m n  season reduced this ban' source markedly due to the cornpletc 

development of a vegetative cover under conventional management. The pre-monsoon-season surface 

erosion mechanism of sediment production was replaced with scaldependent mechanisms resulting fron 

the higher total rainfall of monsoon-season storms. Within the steep terracesi hillslopes, the capaciw O: 

runoff ditches was more often exceeded resulting in episodic-regime rilling, guIIying, and in somt 

instances, terrace failure. When sufficientiy heavy and widespread, monsoon stonn rainfall led also tc 

Stream discharge high enough to damage riparian areas and the system of irrigation dams. 

The farmers alter the sediment regimes profoundly and their management activities reduce soi1 

loss collectively over al1 spatial scales. Sediment budgets reveal that a significant component of th€ 

sediment procluced in the study basin (5.3 km?) was recaptured (35% to 50%) because of these indigenous 

farming practices. Objective calibration of indigenous howledge showed it to be well founded bu1 

inçonsistent. Famers practise techniques which are well adapted to this envuonment reflecting their stated 

receptiveness to innovation and outside support. 

The detailed measurements show that the important controls on erosion are variable temporally 

and spatially over scales too smaI1 to be considered by conventional monitoring programs in these 

environments. Spatial differences in rainfall delivery, hysteresis effects, variability in land-surface 

response, and management activities conspire to yield sediment dynamics which are difficult or impossible 
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to quantify with typical lirnited monitoring. Site-specific opportunities for investigation should b 

exploited and a high degree of uncertainty be anticipated. 

Management recommendations focus on two topics. An improved vegetative cover during the prc 

monsoon season is required to reduce soil erosion during that period. Greater retention of these nutrieni 

rich soils would directiy benefit the upland h e r .  Rehabiiitation of degraded lands and the halting c 

revershg of furthet degradation would benefit al1 -ers by providing a greater land base for b iom 

production ospecially in light of an increasing population. Both strategies would benefit hydropowt 

developments by Iimiting resemoir sedimenration. Above dl, proposed changes should enhance - M: 

undetmine - indigenous management. 

Current soii dynamics may be sustainable but it is uniikely that they can remain so in the futux 

under the incceased landuse intensification that may be necessary witb projected population increase 

unless support is provided strategically from outside sources. Working with the farmers to develo 

techniques to improve their abiiity to cecapture previously-eroded soi1 is a useful area of applied research 

The high degm of ski11 and adaptability of the farmers within this environment suggest that carefull 

designed intervention which targets vulnerable aspects of the agricultural systern whiie not underminin 

the present mectiods have a reasonable likelihood for success. 
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PART 1 Biophysicai Analyses 

1. General Introduction 

1.1 Problem Statement 

Nepal's dramatic mouatainous relief, frequeatly incompetent bedrock, rapid tectonic uplift, 

ami warm monsoonai climate dl indicate that weathering and erosion have long been intense and an 

important aspect of life in Nepal for a very long tirne. More recently, wiîh expandiag populations 

both in Nepal and in downstream neighbouring regions, there has been increasing alarm about 

steepland cultivation and 0 t h  agricultural landuse practices in the mountainous regions due to the 

presumed acceleration of erosion. Concern about Stream sediment levels and their potential both for 

endangering the viability of upland farming and for yielding negative consequences downstream have 

led to many strong statements about sediment dynamics on these southeni slopes of the Himalaya 

(World Bank 1979; Eckholm 1975). Unfortunately, when the bases of these statements are examined, 

little or no quantitative scientific data are available to substantiate the statements made. 

A clearer picture of the fertility and landuse dynamics of these hdwater catchments is 

emerging. Detailed measurements in the Jhikhu River basin show that although there have been 

signifiant increases in both forest cover and cultivateci land h m  1972 to 1990 (Schreier et al. 1994) 

the fertility of the agricultural land (Wymann 1993) anci the quality of the forests (Schmidt 1992) are 

declining. We do not, however, have equivalent quantitative measurements of erosion and sediment 

transport even though tolerable rates of surface erosion are an essential underpinning to a sustainable 

agricultural system. No matter how good the economy might be, and no matter how many inputs c m  

be brought in fiom the outside, if erosion is excessive, widespread site degradation will put the entire 

system into decline. 

'It is clear that rates of erosion in the steepland agriculturai areas of Nepal are high. What is 

fat Iess clear is what these rates are over various spatial and temporal scales, whether these rates are 



acceptable wiîhii the ftamework of a sustainable agricultucal system, and how effective the 

indigenous population is at controiiing erosion. By looking in detail at sediient dynamics in low- 

order Middle Mountains catchments of varying size, this study tries to answer some of these 

questions. 

This study is also relevant to a debate which has persisted for the past two decades concerniq 

the influence of laaduse practices in the uplands on flooding in the distant lowlands. Eckholm (1975), 

Myets (1986) and others have promoted the notion that deforestation in the upland agricultural areas 

of Nepal is causing massive Stream sedimentation and consequent devastating f l d s  in the lowlands 

of Bangladesh and that there wifl be w forests lefi in Nepal by the turn of the century. These 

forecasts of Hiialayan environmental catastrophe gceatly influenced development activity until the 

mid-1980s. Many other authors and cesearchers (e.g., Gimour 1988; Ives and Messerli 1989; 

Lauterburg 1993) have tried to show that the linkages are mythical and statements of imminent forest 

and agriculturai demise are unfounded. 

No one study can answer al1 of the questions posed and suggested above. In this study, the 

focus is on headwater catchments. The s t q  topography and intense rainfall in these areas present a 

challenging environment b r  agriculture. These natural facturs, combinai with the heavily manipula& 

agricultural lands, render these headwater areas vulnerable to severe erosion. Because of population 

increase, the headwater areas are under tremendous pressures €rom landuse intensification. Thus, 

important baseline information must be established if we hope to Mprove the diagnosis of this 

agricultucal system to enhance its future viability. 

1.2 R d  Context 

Ives and Messerli (1989) bave summarised others' hypotheses of this region's imminent 

catastrophe callhg it the Theory of Himalayan Environmental Degradation. In the theory, it is 

asswned that population growth is the mot cause of al1 environmental degradation in the Himalayan 



region. The mountain farmer is seen as an ignorant accomplice in a vicious cycle of cesource 

extraction and environmental demise. The upland degradation is soon fbllowed by widespread 

flooding and sedimentation causing futther disruption and demise for a far greater population, Thougi 

based on ecowmic indicators and real data describing landuse change, these statements ignored 

scientific understanding about highland-lowlaad linkages. 

Until the late 1970s, there was an absence of any quantitative measucements of erosion and 

sediment transport in the Middle Mountains. From the late 1970s t h u g &  the late 1980s, a number 01 

independent studies (Kandel 1978; Mulder 1978; Laban 1978; Upadbaya et ul. 1991; DSCWM 1991; 

Sherchan et al. 1991) attempted to examine erosion quantitatively in the southem HimaIaya and in the 

Middle Mountains. These initial attempts to assess erosion in the Middle Mountains, reviewed later in 

Chapter 5, emphasise surface-erosion estimates over fixed spatial ami temporal scales. Spatial scales 

varied fiom an erosion-plot scale (10 to 100 mZ) to specific catchment scaies (10 to 1000 hnz) with 

little or no intermediate remlution. Similarly, the results were generally preseuted as annual rates witl 

little or no temporal remlution. 

There was a growing awareness in the 1980s rhat the Theory of HimaIayan Enviconmental 

Degradation should be challenged on the bais of its inadequate data and fundamental 

misunderstandings about both the behaviour of highiand-lowland systems and the nile of the peuple 

living withii the area. This recognition was formalised at the Mohonk Mountain Conference in 1985 

which set the stage for integrated studies of landuse, erosion, and management. Thompson and 

Warburton (1985) put forth the thesis that uncextainty in the Himalaya is so extceme that uncertainty 

itself contains the problem and thecefore standard scientific approaches to understanding and 

addressing the Theocy of Himalayan Environmental Degradation cannot succeed. 

in the 1990s, several long-term integrated studies were initiated, incorporating measurements 

of sutface erosion and mass wastiog with related precipitation and landuse parameters (Perim 1993; 

Ries 1994; Overseas Development Agency 1995). These studies are attempting to reach more 



meaningful conclusions about catchment-scale processes. For instance, Perim (1993) described a 

paired-catchment study evalulting the consequences of improved farming mettiods on total basin 

sediment output. This study integrated agrometeorologic variables with comprehensive sediment and 

water measurements for basins of about two hectares. Ries (1994) measured rainfdi input, surface 

erosion, and Stream suspended-sediient yield in the High Mountains for low, medium, and high 

landuse intensity. Overseas Development Agency (1995) described resuits fiom three years of 

research looking at the relations amoagst soi1 erosion, water quality, landuse change, management 

practices, and in-stream f a m .  The conclusions of these studies generally point to a strong, 

indigenous @cultural system helping to sustain - not undermine - food production. 

The above comments point out how limited the database is on erosion and sedimentation in 

Nepal. In cornparison, we bave a reasonable understandimg of many catchment-scaie processes withiin 

small temperate-region basins. However, the characteristics of these Middle Momtain catchrnents are 

quite distinct from their temperate countecparts. In particular, aspects such as the steep topography, 

heavy precipitation concentrateci within a few months, soi1 types, and high level of human 

manipulation over every part of the landscape are likely to mate  very different outcornes than have 

been observed elsewhere. 

This study tries to fil1 this gap thtough an intensive monitoring program over a range of 

spatial scales from the plot sale (0.01 ha) through basin spatial scales of 100 to 500 to 10 000 ha in 

size and coveing temporal scales fiom a single flood event (over 300 individual floods are examined) 

to seasonal and m u a i  timescaies during a three-yeac period. A range of related biophysical 

measurements are made to describe sediment dynamics within thess headwater catchrnents. 

The hi ings  of this study are assembled to produce a diagnostic evaluation of the heuith of 

these headwater agricultucal systems with respect to soi1 erosion. Ehrenfeld (1992) described 

ecosystem heaith as a bridging concept: 

He& is an idea rhat transcends scientiic definition ... it contains values t h  ore not 



menable to sciènti'c mthuds of eploration.. . Healzh is a bridging concept connecting hw 

worlds: ït is nor 0 p e r ~ ~ 0 d  in science ifyou try to pin it down, yet it can be he@@ in 

cwnmunicating with non-scienriStsS E q d y  importm, qused with care in ecology, it cm 

enrich scientrpc thought W h  the d u e s  and judgments ,&u make science a vvali human 

endeawur. (Ehrenfeld 1992) 

The o v d l  diagnosis is non-scientific but draws headiy from the scientific findiigs. It is put fonh 

because there is an urgent need for a diagnosis. It is thi need which was the genetic influence for the 

research. 

1 3  Goais and Objectives 

Spatial and temporal scales impose a number of constraints on research of this kind. The 

Jhikhu River basin has been chosen for a case study because it is typical of the Middle Mountains 

with respect to climate, physiography, landuse, and soi1 type and is representative of the level of 

landuse intensity Iikely to affect most other basins in the region in the near future. Further, there 

already exists a large inventocy of physiographic data in a GIS for this basin (Shah et al. 1994). 

in applying well-established scientific concepts over manageable spatial and temporal scales in 

low-order basins of the Middle Mountains of Nepai, this thesis sets out to accomplish four central 

goals, eaçh with specific research objectives: 

1) Diagnose causes of sediment dynamics 

O Identiîy the sources of suspended sedimat in Middle Mountain streams. 

O Evaluate the importaace of topgraphy, rainfâll, and landuse (and other management 
practices) in shaping the sediment regime over relevant spatial and temporal scales. 

Research questions: 

What are the signifiant sedient  sources? 
Do seasonal changes in &al1 regime (intensity, duration, frequency, spatial variation), 

surface condition, and management cause important changes in the sediment regime? 
What is the extent of seasonai changes in sediment loss? 



Assees the efficacy of indigemus management techniques 

Document all important iadigeaous mil-management appmaches related to erosion and 
sedmentation. 

Evaiuate the influence of ttiese techniques on sediment dynamics. 

Research questions: 

Are local -ers efiixtive in modifying sediment dynamics? Do their activities teduce or 
increase basin sediment loss? 

To what extent are the farmers able to favourably influence the erosive fate of th& soils? 
At wbat point does thek management regime become ineffective? 

Determine sediment and nutrient budgeîs 

For the three-year period of study, construct sediment budgets over specific spatial (plot, sub- 
basins, basin) and temporal (event, season, year) scales to determine the relative importance 
of sediment sources and sediient storage to basin yield. 

Using phosphorus as a representative Iïmiting nutrieut, examine its relative redistribution 
wittiin sub-basins and net loss from sub-basins; identifj the Ianduse(s) which provide the 
dominant phosphorus conaibutions to basin phosphorus 105s. 

Re~eafch questions: 

How does the spatial scale of a basin affect its sediment output? 
What proportion of the annuai basin sediient loss is accounted for in the biggest floods? 
Can predictive relations be developed for sediment output? 
What is the significance of surface degradation to basin budgets? 
To what extent are nutrients redistributed within (but not "lost from") sub-bains? 

P r d b e  soiUsediment management rwrnmendations 

If appropriate, suggest management recomrnendations to irnprove the effectiveness of present 
fatming techniques. 

h v i d e  a statement clarifyig the contribution of headwater areas to downstream 
concentrations of suspended sediment. 

Provide a statement of sustainability regarding the current management regime with respect to 
emsion. 

Research questions: 

To what extent are the mils redistributed rather than lost in this highlaiad-1owIand system? 
Are there feasible options available to the m e r s  to reduce theu risk of soi1 loss? 
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The completion of these fout cesearch objectives wilt make it possible to assess the following 

hypothesis: soi1 and sediment dynamics and the indigenous management techniques within headwater 

Middle Mountains bains do not themselves indicate a deterioration of the health of the agriculairal 

sy stem. 

The thesis comprises two parts - one, Biophysical Analyses and two, Management and 

Implications. The first part focuses on quantitative field measurements and their detaüed analyses. 

Chapter 2 provides a description of the study a m  and Chapter 3 gives a summary of methods used in 

the entire study. Chapters 4 üirough 6 aâdtess specific biophysical concerns associated with the causes 

of sediment dynamics laid out as the first goal. Specifically, Chapter 4 presents the precipitation 

regime of the study ara, developing appropriate temporal and spatial scales for relating the 

precipitation regime to the sediment regime. Chapter 5 examines the many interacting f'actors involved 

in sediment transport in the study area - for example, rainfall characteristics, surface cover, soi1 

characteristics, management. and topography. Chapter 6 uses sediment properties (particle-size 

distribution, colour, and phosphonis content) to look at some fuadamental dynamics associated with 

suspended-sediment transport. These insights have implications for the causes of obsecved sediment 

regimes presented in Chapter 5. 

The second part is concerneci with management and the implications of the tindings presented 

in Part 1. Chapter 7 evaluates the effe*iveness of indigenous management techniques. Chapter 8 

presents sediment budgets based on the relations developed earlier in Chapters 5 and 6. Finally, 

Chapter 9 addresses integration and overall conclusions and suggests recommendations for 

management and further research. 



2.1 Jhikhu River brisin 

2.1.1 Location and physiography 

The Jhikhu River basin is located 35 hn east of Kathmandu in Nepal's Middle Mountains as 

shown in Figure 2.1 and illustrateû in Appendix Al. It has an area of 111 km2 and elevations rangin, 

h m  800 to 2030 m. The topography within the basin, presented quantitatively in Table 2.1, include 

large areas of steep land. Landuse is dominated by subsistence agriculture though, with recent 

political changes, a market economy is rapidly developing. The population in this basin was 32 956 i 

1990, growing at a rate of 2.9% per annm (Shrestha rtad Brown 1995). The Arniko highway, a 

major east-west wrridor in Nepal, passes through the watershed providiig good access to Kathmandi 

and the Tibem border. 

The geology of the Jhikhu River basin consists of sedimentary rocks which have been affecte 

by low- and high-grade metamorphism (Dong01 199 1). These metasediments include phyllite, 

quartzite, schists and mica-schists. 

The geomorphological development of this region has been intluenced by tectonic uplift 

leading to over-steepened slopes that are prone to instability (Saijo 1991). The highly dissected 

landscape contains tidge slopes formed by soi1 meep and the weathering of bedrock, erosional dopes 

fomed by landslides, and landforms originating from sediment deposition. The ridge slopes remain 

active and are the most vulnerable to gully and sheetlrill erosion. Large terraces exist above the 

Jhikhu River valley bottom, created in the Quaternary Period when this drainage was tectonically 

dammed (Dongo1 1991). 

Red soils are dominantly Ultisols and some Alfisols whereas the non-red mils are dominantly 

Entisols a d  Inceptisols and some Alfisols. The Ultisols are the oldest mils in the study a m ;  they 

dominate the tenaces above the main valley bottom, though they can be found up to elevations as 

high as 1400 m. These red mils have a generaliy lower soil fertility than do the non-red soils. 



Figure 2.1 Location of the hikhu River basin within Nepal 
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Table 2.1 Slope, aspect, and elevation of the Jhikhu River basin (ftom 1:20 000 mapping). 

E 12.8 
SE, S, SW 29.7 

W 7.2 
Elevation (m) 800-999 39.6 

- -- 

Note: slope does not cmider terrachg. 

The highly dissected Iandscape signifies a dense namal drainage network. Tributaries of the 

Jhikhu River are steep, confined, boulder-bed channels. The J h i i u  River, in contrast, is a 

meandering sand-bed river in some of its lower reaches with a slope of about 0.1' (0.2 96). 

2.1.2 Farming system and landuse 

Table 2.2 shows the landuse breakdown in the Jhiildiu River basin for 1990. The landscape is 

dominated by cultiviftion on slopes of up to 40'. Annually, up to three crops are grown on the 

irrigated Wiet fields and two crops on the rainfed ban' land. Rice is the dominant crop on the Wlet 

land, though recently cash m p s  such as tomatoes and peppers have risen in importance. Maize 

continues to dominate on the upland rainfed fields, with millet and wheat grown during the dry 

season. Legumes are typically intercropped on many fields. 

The agricultural system has traditionally relied on the forests for nutrient inputs. Forests 

provide about 40% of the feed for livestock (Carson 1992) whose dung is inwrporated into compost, 



Table 2.2 Landuse of the Jhilzhu River basin in 1990. 

becoming the prime source of added nutrients to the cultivated fields. Over the past 20 years, 

synthetic fertilizers have gained in prominence as landuse pressures have increased (Chitrakar 1990). 

In the past few years, the cost of these amendments bas risen drarnatically, placing the cash-poor 

f m e r s  in a difficult situation. Further, much of the forest land is in a degraded condition with crow 

cuver below 10% and little or no surface cover. 

Landuse mapping over the past 50 years shows a steady conversion of land into cultivation 

(Schmidt 1992). Schreier et al. (1994) showed that between 1947 and 1981, this conversion was at th 

expense of forest cover. More recent mapping (1972-1990) documents an increase in forest cover and 

agricultural land at the expense of both s h b  land and grassland. Schreier et al. (1994) explhed tha' 

these changes in forest cover reflect widespread deforestation earlier this century followed more 

recently by both affiorestation associated with plantations during the past 15 years and increased tree 

planting on private land (Gilmour 1931). 

2.13 Regional climate 

The climate of Nepal is strongly iduenced by the southwest monsoon across the Indian 

Subcontinent and by its own abrupt relief. The seasonal reversal of wiads associated with the South 

Asian Monsoon brings warm humid air to much of northern India and southeru Nepal during the 

summer months. Nepal rises h m  the Mo-Gangetic Plain to the highest mountains on Earth within 



only 150 km. These two factors combine to yield muai precipitation of over five metres in parts of 

the country and cold desetts on some leeward mountainsides (Departmeut of Hydrology and 

Meteorology lm). Unforninately, these regional variations are not well described because of the 

lack of monitoring stations in the country's dificult mountainow regions (Ramanathau 1981). 

The Middle Mountains physiographic region (see Figure 2.1) does not expecience the 

extremes of climate fouiad in much of the rest of Nepal. At about 25' wrth latitude, the climate of 

this physiographic region varies from warm temperate on high mountain cidges to subtropical in the 

low valleys. Locally, climatic patterns cm Vary sttongly due to elevation and aspect. Air tempexatur~ 

span O'C to #'C annually (Kenting Earh Sciences Ltd. 1986). 

2.1.4 Laal climate 

In the Jhikhu River basin, the rainy season starts normally in the beginning of June, endimg 1 

the end of September. Precipitation in this basin is in the form of rainfall only and varies typically 

between 900 and 1600 mm annually. Up to 90% of the annual rainfall Mls duing the monsoon 

period with a distinct prolonged period of drought throughout most of the rest of the year. 

The local climate of the Jhikhu River basin cm be characterised using data from several 

stations covering a range of elevations. Sources include a long-term monitoring station nin by His 

Majesty's Govenunent (HMG) and found within the valley lowland at 865 m, other long-term HMG 

climate stations found in the region of the Ihikhu basin, and stations which bave been maintainai by 

the present study for three to five years at several points within the study area. The HMG data are 

used to describe long-term trends in climate in this region. The data from within the fiilchu basin 

provide the best picaire of the variation in weather occurring within the study site. 

-fou 
One of the longest records of precipitation masurement mailable near the study basin is that 



Figure 2.2 Mean, maximum, and minimum monthly rainiàii at (a) Kathmandu aUport (ESMG 
Records 1968-1990) and (b) Panchkhal (HMG Records 1978-lW,, means based on 
1978-1985 aad 1988-1994). 
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of the Kathmarsdu airport. At chi station, data h m  1968 to 1990 are currently avaiIable in published 

goverment records (Department of Hydrology and Meteorology 1992 etc.). These precipitation 

measurements are summarised in Figure 2.2a. Aa HMG climate station at P a n M d  is located within 

the study area itseif with data available from 1978-1994 (Department of Hydrology and Meteorology 

1992 etc.). These data are summarised in Figure 2.2b. 

Together these data sets provide a long-tenu indication of average and extrema expected in 

the study site. The Panchkhal station is a vailey-bottom station indicative of the subtropical lowland 

areas while the station at the Kathmandu airport is indicative of the more-temperate regions. &th 

figures show that average monthly precipitation peaks in July at about 300-350 mm per month. 

Interestingly, the mmsimm monthly precipitation p e h  in June at bot. locations. In each case, this 

peak is from dEerent events, each of unusual magnitude for the month: in 1971 at the Kathmandu 

airport and in 1978 in Panchülal. In fact, while the one station experienced very high W l ,  the 

other experienced a rainfall of average magnitude yet the two stations are only 30 lan apart, within 

the same Middle Mountain physiographic region. 

Figures 2.3 provides summary statistics of precipitation data gathered by the present study at 

three point. within the Jhikhu River basin. The Baluwa station (1992-1994) is within the Andhen 

River catchment at 90 m, 4 km from the HMG Panchlchal station (also in the valley bottom). The 

Bela station (1990-1994) is at 1211 m, in the Andheri catchment and aiso in the upland Kukhuri 

catchment. The DhuIüdiel station (1990-1994) is at 1500 m. The locations of these stations are 

indicated on Figure 3.1. 

As indicated in Figure 2.4a, across these five sites, the average monthly precipitation does aot 

vary greatly. Though the periods of record differ, there appears to be a tendency for the peak 

monthly rainfall to be higher at the Dhulikhel and Baluwa locations. 

Comparing the longer-term records (Figure 2.2) with the records from this study, one can see 

an obvious difference in the lack of a peak montbly rainfall in June for Baiuwa, Bela, and Dhulikhel. 



Figure 2.3 Mean, maximum, and minimum monthly rainfall at (a) Baluwa (1992-1994; means 
based on 1993-1994), (b) Bela (199&1994), and (c) Dhulikhel(1990-1994). 
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Figure 2.4 Mean monthly tainfa11 (a) a d  maximum 24410~  rainfall (b) at Kathmandu Airport 
(1W-1990), Pauchkhai (1978-1985 and 1988-1994), Baluwa (1993-1994), Bela 
(1990-1994), and Dhuiikhel(1990-1994). 
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Presuniably, this suggests that heavy June rainfall can occu but it is infrequent and has wt happened 

in the Jbikhu River basin during this period of sbdy (1990-IN). 

Figure 2.4b contrasts the maximum 24-hour minhl1 measured at al1 five sites during the 

periods of record. Though the mean precipitation in June is lower than in July on average at ail sites, 

this figure reveals a tendency for the highest 24-hour precipitation to occur in June. These 

cornparisons hint at patterns which will be more fdly examinai in Chapter 4. A srritring result in 

Figure 2.4b is the heavy post-monsuon raididl measured on October 20, 1987 at the Kathmandu 

Airport. Finally, al1 of these descriptive rainîàil statistics are summarised in tabular form in Appendb 

A2. 

Tmrpo- 

Temperature data for the three valley-bottom climate stations are presented in Figure 2.5. 

Figure 2.5a shows the mean maximum and mean minimum temperatures and Figure 2.5b shows the 

extreme maximum and minimum temperatures. Though the data are taken from different periods, the! 

provide a consistent characterisation of the vaüey-bottom temperature regime: April through 

September have mean monthly temperatures well above 30'C, temperatures fiequently exceed 35'C 

and, during the monitored periods, the minimum has rarely gone below fieezing. 

Figures 2 . 5 ~  and 2.5d present the equivalent temperature data for the two high-elevation sites 

and provide the mean result from the Kathmandu airport for cornparison. The mean maximum 

monthly temperature at the high-elevation sites is several degrees cooler than at the valley-bottom 

sites. During the indicated periods, the temperature rarely exceeded 35'C and weat below fieezing 

especiaily at the Kathmandu station. 

Summary statistics taken fiom these monthly results are given in Table 2.3. Not unexpectedly 

elevation influences the mean annual temperature. The high-elevation sites show a slightly lower 

average mean annual temperature than the vailey-bottom sites. However, the lower elevation sites 



Figure 2.5 Mean-monthly and extreme-monthIy maxixnum/minimum temperatures at (a) t h e  
low-elevationsites (Panchkhal, 1978-1 994; Baluwa, 1993-1994; Bhimsenthan, 1993- 
1994) and (b) îhree high-elevation sites (Kathmandu airport 1%8-1990;, Bela, 1990- 
1994; Bhetwaltok, 1993-1994). 
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Table 2.3 Descriptive temperature sbtistiw from the six climate stations. 

Site Eiev. Mean Mean Meen Extreme Extreme Period 
(m) Annuai M y  Daily Min Daiiy Max Daily of Data 

Max Min 

Kathmandu 1336 17.9 d a  d a  34.0 -3.5 68-86 
m r t  (1978) 

appear to have lower minima providing evidence for inversions. The annual extremes and mean 

monthly temperatures are comparable at al1 sites. There does not appear to be a large effect on 

temperature due to aspect at these sites. 

23 Study catchments 

A total of six smaller catchments and sub-catchments in the lower regions of the Jhikhu Rive1 

basin are the focus of this study. ûther catchments have been exarnined as part of the larger study no1 

included in this thesis. Some of these catchments are nested as illustrated in Figure 2.6. The 

topography of these six study catchments is contrasted in Table 2.4. Two sources of topographic data 

are used in this study's analyses. A topographic map at 1:20 000 scaie was produced in 1990 for the 

entire basin and a detailed digital topographic map at 1 5  000 scaie was produced in 1994 for a cross- 



Figure 2.6 Locations of the nested catchmenîs, the hydrorneîric stations, and the erosion plots. 



Table 2.4 Topography of the six study catchments based cm 1994 1 5  000 mapping. Data for 
the Dhap catcbment are taken h m  1990 mapping at 1:20 000 scale. - - 

D m  Andheri Aadheri Andheri UPP= Kukburi 
Mid #l Mid #2 Andheri 

St. No. 3 2 11 12 9 10 
h a  @a) 558 532 401 299 178 72 

Elev. (m) 
800-1000 98.3% 24.8% 15.2% 0.0% 0.0% 0.0% 
1000-1200 1.7 34.9 31.8 28.9 14.3 27.7 
> 1200 0.0 40.3 53.0 71.1 85.7 72.3 

Aspect 
Flat 35.4% 6.3% 5.2% 3.4% 3.2% 3.2% 
N, NE, NW 9.8 53.1 53.5 56.3 63.8 51.1 
E 7.3 9.54 9.1 9.6 12.9 0.9 
S, SE, SW 36.4 15.8 17.1 14.7 6.6 22.3 
W 11.1 15.3 15.1 16.0 13.5 22.5 

Note: numbers teptesent percentage of total area. 

section of the Jhiiu River valley, containhg the Andheri River study catchments. Al1 digital 

topographie data have been incorporated into a Geographic Information System to produce 

quantitative information on elevation, aspect, and slope (see section 3.3.4). The results for the Jhikhu 

basin appeared eadier in Table 2.1. 

The landuse of these six catchments is presented in Table 2.5. Mapping was carried out in 

1990 at 1:20 000 scale for the entire Jhüthu River basin and these results appeared in Table 2.2. 

Table 2.6 summarises the features of these streams in terms of chamel slope and stream orda 

at the hydrometric station (Leopold et d. 1%4) and their estunated bankfull discharge @unne and 

Leopold 1978). The streams in these catchments are contrastai in profile Ui Figure 2.7. 



Table 2.5 1990 landuse distribution of study sub-catchments within the Andheri basin, mapped 
at 1:20 000 scale. (Total area based on 1994 15 000 photogrammettic map.) 

D h a ~  Andheri Andheri Andheri Andheri Kukhuri 
Lower Mid R1 Mid #2 UPP= 

St. No. 3 2 11 12 9 10 
Ares (ha) 558 532 401 299 178 72 

Note: numbers refer to percentage of total area. 

Table 2.6 Slope, order, and banlrfull discharge of the study streams at each hydrometric 
station. 

Station Order Slope Banbll  Discharge 
(7 (dis) 

1 6 0.3 85 

Andheri c~chmenr 

The Andheri catchment is characterised by intensively-managed cultivated uplands and 

degraded, often-gullied, red soils in the lowland. It is north-facing with a moderate temperature 

regime. Station 2 is situated at 850 m near the Andheri River's confluence with the Jhikhu River. 



Figue 2.7 Elevational profiles of the study streams (vertical sale is exaggerated by 10 times). 
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KmUri catchment 

The Kuldiuri River catchment forms part of the headwater area of the Andheri catchment. 

This catchment is dominateci by well-managed rainféd cultivated steeplands with only a small red-soi1 

component. The KuLburi River is monitored at 1 0  m at station 10, 40 m upstream of its confluence 

with the M e r i  River. 

Upper Andheri catchntent 

Along with the Kukùuri River catchment, this catchment forms the headwaters of the Andheri 

River. niough the characteristics of these catchments are generally s i d a ,  the Kukhuri catchment is 

propoctionately steeper and its irrigated land is consequently of lower productivity. A relict landdide 

(occupying about 1% of the basin) dong with some smaller pockets of mildlydegraded red soils are 

located in the noahwestern portion of the catchment. This upland section of the Andberi River is 

monitored at Station 9 at 1060 m about 200 m upstream of its confiuence with the Kukhuri River 

(station 10). 

Mid-Reach Andheri catchments 

Stations 11  and 12 are hydrometric stations located between the headwater area (stations 9/10) 

and the mouth (station 2) of the Andheri River. These monitoring positions better isolate the iramition 

in this basin between the steep, intensively-managed headwaters and the gullied, red-mil, partly- 

abandoneci lowland. Specifically, station 12 (elevation 1020 m) includes al1 of the Upper Andheri and 

Kukhuri sub-catchments along with a portion of degraded forest along the Andheri River. Station 11 

(elevation 880 m) includes al1 of the station 12 drainage as well as extensive forest and degraded 

s h b  land and a small amount of the gullied lowland. These are referred to as the Andheri Mid #1 

(station 11) and Andheri Mid ü2 (station 12) catchments. 

Dhap cachment 

The Dhap River catchment, largely flat and south-fhcing, provides a strong contrast to the 

characteristics of the catchments within the Andheri catchment. Domlliated by red mils, its land is 
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o h  in a degraded condition. Its drainage is mmposed of two distinct uni& - one in a steep location 

near the river's confluence with the JhilEhu River and the other flatter and more distant. This affects 

hydrological behaviour at its mouth accordingly. This river is monitored at station 3 at 825 m, 675 m 

upstream of its confluence with the Jhikhu River. 



Methods used in the study are described accordiig to field and laboratory approaches. A 

selection of procedures usai for data syntbesis is presented in the chaptet's final section. 

3.1 Fied methods 

3.1.1 Climrite 

Climate measurements carried out in this study consist of rainfall and temperature ushg both 

maaual and automated instruments. 

RoinfUU 

Figure 3.1 shows the locations of al1 raiafall monitoring stations in the study area. At these 

locations, a mix of storage and recordhg gauges has been in place from three to seventeen years witb 

most records being of a three- to five-year duration. Appendix A3 provides a summary of the gauges, 

including gauge number, location, and elevation. Most gauges are located between 850 and 1350 rn 

elevation. 

Measurement of raidaIl intensity has b e n  made at five sites for tbree years using recording 

rab  gauges (tipping buckets - Middleton and Spilhaus 1953) complete with pulse data loggers. 

M a l 1  resolution is 1.0 mm at the two monitoring sites withii the Andheri Basin (Baluwa and Bela) 

and 0.25 mm at the other three sites (Bhetwaltok, Bhimsenthan, and Kamidanda). The tipping buckets 

were installai on a permanent table, one metre from ground level, and have a circular opening of 

eight inches (324.3 cm?. Generally, they were visited monthly, though during the rainy season this 

fiequency was increased. Files were converted into ASCII format and manipulated as described in 

section 3.3.3. The calibration for each tipping bucka was checked twice annually. Samplbg 

frequency varied fkom 2 to 10 minutes in the earlier period of monitoring (depending on the 

resolution of the tipping mechanism) and was fixed throughout at 2 minutes for subsequent 

monitoring. 



Figure 3.1 Lay-out of monitoring network for rainfall and temperature within the Jhikhu River basi: 

Climate Monitoring Network 

- Major Rivers 
24-hour Rain Gauge 

A Tipping Bucket (includes a 24-hr rain gauge) 

0 Air (manuai, rnaxhin) 
0 AirfSoii (automateci) 
@ Manual & Automatecl both present 



To assure data continuity, a 24-hour d coliector was installed nearby each tippiug bucket, 

Occasionally, the automated gauge record is incomplere as a r d t  of data logger maitùnction; in 

these instances, the supplementary gauge is used to complete the data record (though the short-term 

rainfall-intensity result clearly is lost). 

Two types of storage gauges were instailed for measuring rahfdl over 24 h o u  and were 

visited daily at 7:O am focal t he .  The fb t  is of the type used by the Department of Hydrology and 

Meteorology of HMG. It has an opeuhg of eight inches (324.3 cm2) which stands 1.5 m from the 

surface. The tain flows directly into a cyliader calibrated for the openhg. Fout of ihese tain gauges 

have been in place in the Jhiiu River basin during the study period. 

The second rain collector was custom designed using off-the-shelf ABS (bardened plastic). 

This collector was produced inexpensively so tbat over 50 could be installai in the field. Its opening 

is four inches (81.1 cm2) and it sits 55 cm from ground Wei. This compares well with the standard 

gauge of the Atmospheric Envitonment Service (of Canada) which has a 64.5-cm2 opening, sitting 

30.5 cm off the ground (Storr and Ferguson 1972). The custom gauge has a straight 5-inch-long 

entranceway, tapered at the bottom, and a storage capacity equal to a total rainfall of 250 mm (doublc 

that of the AES standard gauge). The rainfall readiig (mm) is made by measuring the volume of 

water in the storage bottle (mi) and then applying a conversion factor of 0.1233 to account for the 

size of the collecter's opening. 

The catches from these three gauge types have been compared at seven locations to test for 

consistency across gauges as shown in Table 3.1. The catch ratio for each measurement at each test 

site has been calculated for al1 s t o m  and the results appear in Appendù A3. The well-known 

negative bias associated with wind exposure of a gauge (Brown and Peck 1962) should be responsible 

for most of this variability. It is to be expected that the custom gauge best represents rainfall because 

of its smaller opening and its installation closer to the ground. Keller (1972) pointed out bat a tain 

gauge in a network in uniform terrain with the highest catch should be the gauge least affected by 



wiad. McGuinness and Vaughan (1969) observed a seasonal change in rainf'all and snowfàil catch and 

determineci tbat it was in fact a wind &ect due to seasonal wind regimes. They aiso found a large 

difference in the ability of different instruments to cope with the wind efkct. The design of the 

cusbm gauge minimises wind bias which serves to increase the catch of the custom gauges relative ta 

the two "standard" gauges. The averages and distributions of ail catch ratios at each site are given in 

TabIe 3.1 and suggest îhat the standard gauges underpredict raidhl1 by an average of 20.5% 

(0.258J1.258) using the six cornparisons which faif in the tight range of 1.23-1.29 having an average 

of 1.258. (A catch ratio of 1.258 means that 0.258 mm out of each 1.258 mm is not measured by the 

standard instruments; this represents an rrnderpredktion of 20.5% and can be corrected using a 

multiplier adjusment of 1.258 on the rainfidl measured by the standard instruments.) As a result of 

îhis findig, al1 measurements from the standard gauges have been increased by 25.8% from that 

measured. 

Table 3.1 Cornparison of catch ratios of the rain gauges at seven test sites. 

Test Location Gauges Insîailed Catch Ratio 
Site Custom/Tipping Bucket Custom/AMG 

N x u N x u 

1 Baiuwa 111 1.28 0.18 

2 Bela (1) 58 1.00 0.083 

3 Bhimsenthan 78 1.23 0.17 

4 Kamidanch 95 1.44 O. 13 

5 Bhetwaltok 82 1.24 0.30 104 1.29 0.24 

6 Dhulikhel 70 1.27 0.21 

7 Bela (2) 93 1.24 0.19 

It is expected that the wind bias is variable dependhg on w h i  speed. Measurements of wind 

speed within the study area are unavailable. However, observations during the study period suggest 

that oniy infrequently is wind speed signifiant during heavy rain. As a result, the effect of wind 



speed is neglected in adjusting rainfall records. 

Fucther examination of Table 3.1 Micates that the catch ratios at Sites 2 and 4 are very 

different fiom the 1.258 average. Site 4 (catch ratio of 1-44)? and the tipping bucka in pactidar at 

this site, is exposed to a higher degree of wind than at the other sites and as a result the catch ratio ai 

this site is higher than the average catch ratio at the other sites. At Site 2, the custom tain gauge is 

installed on a small ridge which efktively raises its point of installation above the ground. As a 

result, bolh the custom aad standard gages experience a similar wind bias at Site 2 and the catch 

ratio is unity. These two anomalies are not used to calculate the average catch ratio. 

The adjutment is applied to every measurement of the tipping bucket regardless of rainfall 

intensity. The bias associated with the moderate- and high-intensity rainfall dominates the aggregate 

bias, here calted the catch ratio. Since moderate- and high-intensity rainfall are of the greatest interesî 

in this study, it is reasonable to adjust al1 rainfall intensities consistently by the overall catch ratio. 

Tempe- 

Ai temperature was monitored using a combination of manual and recordiig devices. These 

sites are shown in Figure 3.1 and are summarised in Table 3.2. Temperature was measured manually 

at a total of six locations. In each case, the max-min thermometer was installed in a standard 

Stevenson's screen (Middleton and Spilhaus, 1953). Five of these were rnaintained by this study and 

provide a record of the daily maximum and minimum air temperatures during the past four years. Th1 

sixth site was maintainai by HMG and provides a daily record of maximum and minimum 

temperature cuvering 17 years . 

Automated temperature monitoring, reçording every 10 minutes, was begun in 1992 at three 

sita as shown in Figure 3.1. In these cases, b t h  air and soil temperature (depth of 20 cm) are 

measured. These sites were chosen to reflect the characteristics of nocth-facing, south-facing, and 

valley-bottom microclimates as summarised in Table 3.2. 



Table 3.2 installation information of tempetatute measurements. 

Location Aspect Elev. Installation Type 
(ml Date 

Baluwa Hat 865 M y  29, 1W air; manual 
Baluwa Flat 865 Jun 12, 1992 aiclwil; autoalated 

Pmchkhal Flat 865 N w  1970 air; maaual 
Bhiientûan Hat 895 May 30, 1992 air; manual 
Bhetwaltok South 1300 $un 6, 1992 air; maaual 
Bbetw altok South 1300 May 27, 1993 airlsoil; automated 
Bela North 1255 Jan 1,1990 air; manual 
Bela North 1255 Jun 12, 1992 airfsoii; automateci 
Dhuiikhel North 1545 Jun1,1989 air; manual 

Note: Automated measurernents are sampled at IO-minute intervals. 

3.13 Stream mea~ucements 

Flow measurements or suspended-sediment sampliog, or both, were carrieci out a& seven 

h y d r o d c  stations during 1992-1994 as shown earIiec in Figure 2.6. These measurements were 

challenging because the floods are generally of short duration and most occur at night following 

afternoon aad evenhg convectional showets. A monitoring ream was trained for each station to 

iinprove measurement succas. Bridges were constnicted at five of these cross-sections (stations 1, 2, 

3, 9, ami IO) to take discharge measurements at high flow. Flow measurements were made using 

Price AA curreat meters. At low flow, readings were talcen by wading in the stream and recording 

the flow velocity at frequent lateral intervals (Buchanan and Somers 1969). Due to the very brief 

nature of high-flow wnditions and to prevent damage to the meter, flow measurements of the surface 

were taken and estimates made of the average velocities at tôree lateral positions in the stream cross- 

section. Following an approach modified from Hoyt (1912), a conversion factor was applied to the 

flow velocity of the surfaçe. Rathg curves have been wnstructed for each station using the three 

years of flow measurements and are discussed later in Section 3.3.1. 

Event and annual hydrographs have been constnicted ushg both automated and manual 
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records of gauge height (stage). Manual records consist of daily (700 am) measurements throughout 

the years 1992-1994 a d  flood measucements when possible. Manual measurements form the entire 

record of stage for stations 3, 11, and 12. Automated readings provide the large majority of the flow 

record at the other four stations and are augmented when necessary with the manual record. At each 

of stations 1,2,9, and 10, an automated m o n i t o ~ g  system was installed in 1992. nie equipment 

consisted of a pressure transducer installed near the gauge, a data logger, and a 12-volt power sup 

A two-minute sampling interval was selected during most of the study period. 

Samples of suspended sediments were taken during f l d  events at all stations. A DH48 

depth-integrating sediment sampler (Guy and Norman 1970) was used at stations 1, 2, 3, 9, and 1' 

whiie dipping-bottie samples were taken at stations 11 ami 12. When safe to do so, the rivers were 

waded in order to sample the thalweg. For safety reasons, sampling at higher flows was d e d  out at 

a position a& or near the bank. These streams are steep and weli-mixed when in flood, permitting this 

varied approach. 

Sampling ftequency was changed according to station and flood size- In the steeper 

catchments such as stations 9, 10, and 12, as many samples as possibb were taken - generally up to 

ten samples per flood. At stations 1, 2, 3, and 11, between 5 and 15 samples were taken per flood. 

At Station 1, as many as 30 samples are avai!able for some floods. 

3.13 m i o n  plots 

Five erosion plots were built in 1991 and then monitored throughout 1992-1994. Some 

features of the plots are sumrnarised in Table 3.3 and their locations are indicated in Figure 2.6. Each 

plot containesi two tenaces wmected by a steep terrace riser. In each case, the cropping practice was 

the same: maize during the rainy season and either millet or wheat during the dry period. The fanners 

were encouraged to manage the plots in the same way that they managed theit other fields. Each plot 

was on red soils because it is widely accepted that red soils are more difficult to manage and erode at 



Table 3.3 Characteristics of erosion plots in the study. 
- ,  . . m .  i 

Plot Elev Aspect Hïlislope AFeo Upper Tmsce Tetrsce Lowet T m u e  USDA 
No. Angle SlopeJLeagth Riser Slope/Length Soi1 Type 

Height 

1 1240 NNE 30 70 W 4 . 3  1.6 1815.0 H a p l u d f  

2 1240 NNW 27 68 23/10 0.8 2313 Rhodustrilf 

5 1260 SSW 25 100 8110 5.0 1519 Ustochrept 
(rnincated 

Rhodustal f) 

a greater rate than non-red soils vurton et al. 1994). 

Erosion and runoff were measuced on an event basis. Three drums were located in series at 

the outlet of each plot. Ine soi1 and water mixture in the drums was sampled d e r  each erosion- 

causing stom event. The methodology used to acbieve this evolved during the study period. For each 

dnim, the total height of soi1 and water was recorded. The water column was sampled and drained ofi 

to lave behind the eroded soi1 which had settled to the bottom of the d m .  The height of this soi1 

was also recorded and this material sampled. Using these measurements and the samples, and 

knowing the dimensions of the dnuns, total erosion and total nuioff were caiculated for each storm 

event . 

3.1.4 Soi1 propesties 

In the field, a selection of soi1 properties was measured including compactness and infiltration 

rate. In addition, a complete profle description was recorded at 20 sites. 
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A penetrometer was used to estimate swfâcemil compactness. The instrument was used at te 

locations within a field and the r d t s  averaged for the entire fieid. The penetrometer was inserted 

into the surface using roughiy the same hrce for the surface (0-15 cm) and the subsurface (15-40 cm1 

soiis. The value noted was the highest value r e a W  while the penetrometer was being pushed 

downward in each vertical section. Soil moisaire content and bulk density wexe measured 

concurrentiy in most cases. The penemimeter measwements provide a reIative index of the 

çompactness of agricultucal fields in the study area. This index cm be easüy qualitaîively calibrated tl 

other quantitative measures of compaction. 

Infiltration rates of sutfaçe soils were measured using doublering infiltrometers following 

Booker Agriculture International Limited (1984). For each meastuement, three sets of ifltrorneters 

were installai and monitored simuitaneously. The test was nin for 4-6 hours, though in clay-rich soii! 

this often had to be extended to up to 10-12 hours. 

Soil profile descriptions were recorded at al1 sites where infiltration was measured. At each 

site, the depth and type of each horizon d o m  to the parent materid was noted. For each horizon, the 

following soi1 paramecen were determined (Rmker Agriculture Intemationai Limited 1984): 

colollc 
texture (of the fraction 5 2 mm in size) 
structure 
consistency 
porosity 
presence of mots 
horizon transition 
coarse-fragment content (percentage of sample > 2 mm in size) 
moisture content 

In addition, the landuse, physiographic position and topogtaphy of the site were recorded. The 

indigenous soii classification was alsa determined for the surface horizon (see Chapter 7). 

3.1.5 Soi1 movement 

A collection of techniques was employed to provide spatial estimates of soi1 movement. 



Erosion and accumulation pias were installed to i n d i c .  change in soii level at specific spatial 

locations. Surveys provided information on the spatial variation of erosion and deposition across an 

area. 

Bamboo pegs were used in k t ,  buri, and in gullies to assess rates of soii l o s  and 

accumulation. In the Wiet where they were used to measure soi1 a d a t i o n ,  between 4 and 12 

accumulation pins were insralled in each individual field. In the fitst year, pins were installed at 

entranceways and exits to the fields to estirnate deposition and scouring occurring there and to relate 

îhese areas to the average field values. It was found that these edge effects can be signifiant but are 

generally confined to the perimeser of the field due to the cornplex routing water taks in the fields. 

Therefore in subsequent Yeats, pins were placed in oniy the centre of Wler fields. For each pin, an 

average of al1 four sides was taken of the soil height relative to the notch showing the original soil 

level. 

In the ban, soil pins were used to estimate mil accumulation in permanent and temporary 

drainage ditches. In each case, three pins were installed - at the beginning, the middle, and at the end 

of the ditch length. Al1 pins were placed in the lateral centre of the ditch. These pins were also 

measured on d l  four sides. 

Finally, in gullied land, pegs were installed near active gullies to estimate rate of change of 

gully dimensions. For each monitored gully, about five to ten pins were installed and maintained as 

permanent control points. They were installed flush with soil level to rnake them invisible to passers- 

by. Detailed records were kept of the relative locations to faditate quick celocation of the pins, to 

have many lines fiom which to measure the gully sides, and to cope with pins lost to gully growth. 

Survey techniques were wed on severai occasions to record the spatial variation of mil 

erosion and deposition. Surveys of surface erosion and mass wasting were carried out after several 

major events during 1992-1994. At its mostdetailed level, the entire basin was examinai on foot for 

evidence of erosion and deposition. For each example found, its location was noted on the aerial 



photograph and the following characteristics were recorded: 

type of m i o n  
cause 
volume of matenal moved (estimate) 
description of eroûeû material 
connection (if any) to othef observed erosion 

Where deposition was observed, the volume aud type of material involved were noted. 

Later in the snidy, surveys of stream deposition were carried out to quantify changes in 

sedient storage withii the bed of the Andheri and Kukhuri Rivers. Rather than attempting a 

complete inventory over t h e  of bed storage, locations were chosen to monitor bed stability and 

changes in bed storage over tirne. The following observations and measurements were made at these 

points of ceference: 

photograpbs 
rate of sd-bar accretion/loss using barnboa pegs 
description of sediment sizes present 
grab sample of fuie sediment (for colour) 

This information was used to evaluate the extent of storage within the bed of the Andheri and Kukhw 

3.1.6 Mapping 

Topography, resource attributes, and landuse have b e n  mapped variously at 150 000 (1947), 

1:20 000 (1972, 1990), and 1:s 000 (1994) within the Jhikhu River basin. For this study, the 

1:20 000 topogaphic base map with 50-metre contours is used for overall assessments within the 

hikhu basin and the 1:s 000 topographic base map with 10-mare contours is used for detaiied 

evaluations within the Andberi basin. The 1990 landuse was mapped using photo interpretation and 

follow-up field verification (Schmidt 1992). Ln 1994, the 1:s 000 map was developed from the 1990 

map using analytical photogrammetry techniques. The landuse was updated by field checking to yield 

a 1994 landuse map for use with this 1 5  000 topographic map. Both maps were converted for use in 

a Terrasol? Geographic Information System. 



Landuse mapping used in this study fOUows six categories (Schmidt 1992): 

ban' cultivated rainfed 

khet cultivated irrigated 

forest trees with a crown covec of more than 1096 and a height greater than 2 m 

shrub trees less tban 2 m in height or with a crown wver of 140% if gceater than 2 m 

grassiand undtivated with less than 1% m w n  cover 

other outcrop; built-up areas. 

Forests in the Middle Mountains are heaviiy coppiced and hwested but s a1  maintained as "fbraaN 

hence the low value of 10% crown cover a distinguish forest and shmb classes. Note that forest, 

s h b ,  and grassland definitions are not tied to litter or surface wver. 

A new legend is deveioped in this study to evaluate land degradation. Its three classes are: 

moderately degraded 

- little or no vegetation with minor gullies; or 

- forests with less than 2596 crown çover and no understorey vegetation; or 

- shmb with crown cover less than 25% 

severely degraded 

- heavily gullied with little or w, vegetation 

produmcnve 

- active ban'; active Wtet 

- built-up areas 

- forests with more than 2596 mm çover or wiîh good uaderstorey vegetation 

- shrub with crown cover p a t e r  than W%.  

The 25% crown cover value distinguishing forests between the productive and moderately degraded 

classes cemgnises that many forests in the study artxi are in a moderately degraded state (i.e., 10-2596 

crown cover). 



3.1.7 Interviews and Questionnaires 

Throughout the period of fieldwork, constant contact was made with the local fatmers to 

improve understanding of their knowledge about their enviconment. Of particular interest were the 

techniques they employ to manage their agricuiturai laadscape and the rationale on which these 

approaches are based. A great deal of this fia-firadhg was informai and completely unstnictured. 

However, several attempts were made to formalise this part of the saidy using interviews and 

questioauaires. A wmplete list of the interviews which were carried out is provided in Table 3.4. 

Table 3.4 Topics examined for h u e r  indigenous kwiwledge. 

Year Interview Type Subjecî No. 

199 1 uns tructured Perceptions, attitudes, and approaches 5 
1992 semi-structured Soil classification 12 
1992f 3 structured Miet-accumulation management 32 
1993 structureci Soil classification 11 
1993 stnictured Bari-erosion management 21 
1993 structured irrigationdam management 32 

Interviews were unstnictured, semi-structured, and stnictured. Unstructurecl interviews were 

carried out only in the fist  year of the study to improve overall understanding. Semi-structured 

interviews were used to pursue a more narrowlydefined subject and to allow the farmer to reveal as 

much of hw or his knowledge as possible. Structured interviews were used to evaiuate farmer 

approaches for specific subjects afier unstmctured and semi-stnictured techniques were exhausted. 

These enquines cunsisted of questions which wuid be answered quantitatively. Questions were writte 

into forma1 questionnaires so that the results wuld be compiled easily on a spreadsheet. 

Questionnaires were brief, taking at most ten minutes to wmplete. Typically, they were translated to 

the farmer by a Nepaii staff member who also recorded the farmer's response. An example of each 

questionnaire appears in Appendix A4. 



Analysis of Stream suspended sediient was wried out in the field headquarters and at the 

University of British Columbia. Before filterkg, both the conductivity and the pH were measured 

ushg a Hanna HI 9025 meter. The samples were fütered benerally overnight) through a pre-weighed 

Whatman 40 filter (medium - 0.008-mm mesh). Some clay-rich samples with a high amorphous 

content were filtwed twice. Each filter paper was au  dried and then sent to Kaîhmandu from the field 

where it was ovendried and weighed. 

Further analyses of the suspended sediient were carried out at the University of British 

CoIumbia. The Munsell colour designation of al1 samples was noted first before aay destructive 

analyses took place. Chernical analyses carried out on these sediments were Iirnited to phosphorus, 

carbon, and pH due to the smdl sample sizes generally available. Phosphorus was measured as 

octhophosphate with a Lachat instrument. Total carbon was determined with the Leco Analyser 

(Lavkulich 1978). pH was measured using a Radiometer Copenhagen PHM62 Standard pH Meter. 

A sub-sample of no more than 3 g of sediment was taken manually from a thoroughly mixed 

sample. Sediment particle-size distribution was determinai by first dry-sieving this sub-sample to 

0.250 mm. In each case, the sediment was separated into the following size classes: 

1.4 -2.0 (mm) 
1.0 - 1.4 (m) 
0.710 - 1.000 (mm) 
0.500 - 0.710 (mm) 
0.355 - 0.500 (mm) 
0.250 - 0.355 (mm) 

The size distribution of the remaining sample (though not l a s  than 1.5 g) was determined using a 

Sedigrapb 5100 Particle Size Analysis System. The two sets of results were reconciled to the original 

sample using a spreadsheet. 
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33.2 Siream water samples 

Stream water samples were analysed in Kathmandu in the Water Labotatory operated by the 

Department of Hydrology and Meteorology @MG), Conductivity, pH, sediment concentration, and 

dissolved sodium, potassium, calcium, magnesium and octhophosphate contents were measured. 

Comiuctivity and pH were measured in the same way as they were in our field laboratory. Sediment 

concentration was virtually nil because filtering was wrmally cattied out in the field before sending 

the sample br water anaiysis. Dissolved phosphocus was measuted as orthophosphate. Sodium and 

potassium were analysed using a flame photometer. Calcium and magnesium were measured by 

tiîration. 

323 Soi1 samples 

Soil analyses were carriecl out on mils fkom upland ban', surface and cumulic soils fiom 

irrigated Met, and soi1 horizons samples caken fiom mil pits dug nearby where measurements of 

infiltration capacity were taken. Dependiag on the type of soii sample, a variety of physical and 

chemical parameters was deterrnined. 

Soil chemical analyses included pH, total wbon, available phosphate, exchangeable cations, 

cation exchange capacity, and base saturation (Lavkulich 1978). The Leco Analyser gave total wbon 

for a 0.5-g sub-simple through complete combustion. Available phosphocus was measured as 

orthophosphate using a Lachat Autoanalyser. Exchangeable cations (Ca, Mg, K, and Na) and cation 

exchange capacity were determined using ammonium acetate extraction and atomic adsorption 

spectrophotometry. 

Physical parameters Încluded particIe-size analysis and colour. Particle-size distribution was 

determined using a hydrometer and Stokes' Law (Lavhlich 1978). The coarse fragment content was 

calculated from dry sieving to 2 mm. Colour was detennined according to the Munsell colour system. 
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3 3  Data s p ~ i  

To prepve the data for d d e d  Pnalysis, some basic assimüatïon proC8dures were used. Four 

important examples are: 

Development of stagedischarge relations 
Parsing of automatcd data. 
Reconstruction of raiafall record from tipping-bucket record. 
Use of a geographic information system to integrate spatial data 

33.1 Stagdkharge reiations 

Stage-discharge relations have been developed at five hydrometric stations: Jhikhu River 

below Bhendabaribesi (station L), Lower Andheri Rivet (station 2), Dbap River at Shree Rampati 

(station 3), Upper Andheri River above Kukhuri River (station 9), and Kukhuri River at Andheri 

River (station 10). For each point on the stagedischarge relation, individual velocity measurements 

are combineci to yield an estimate of total flow at the recordeci gauge height. Total flow is determineci 

by fist measuring flow velocity and depth at a selection of laterai points in the stream cross-section. 

At each lateral point, at least one velocity measurement is taken at a vertical position chosen to 

represent the average velocity over the entire depth at that lateral position as described by Buchanan 

and Somers (1969). If the lateral slice is less than one metre in depth, a vertical distance of 0.6 of the 

depth below the surface is acceptable. If the depth is greater than one metre, two measurements are 

recommended - one each at 0.2 and 0.8 of the total depth. Where the 0.6 or 0.2f0.8 m & d  bas been 

successfdly carried out, the entire flowrate is determineci by addition kwwing the area of each slice 

(ushg stream depth aad the amount of the stream width represented by the measurement at that lateral 

position). 

As explained in subsection 3.1.2, many flow mmurements cannot be d e d  out in this 

standard way. Instead, a fiow measurement is made at the Stream surface which is at a higher point in 

the flow than the 0.6 and 0.210.8 methods suggest. In these instances, a correction faaor (CF, 

modified Rom Hoyt 1912 based on cornparison of surface and 0.6 measurements taken at medium 



flows) has been applied to the calculated velocity ( V A  as fol1ows: 

Once the flows are calculated and summed for each measurement, the stage-discharge pairs 

are assemblai in an x-y plot. Linear tegression using a logarithmic transform is used to develop 

relationships of diicharge as a tùnction of gauge height. The five stage-discharge relations which are 

used in tbis study are provided in Appeadi AS. 

33.2 Automated data 

Automated data fiom the twelve data loggers in this shidy were parsed using in-house 

algorithms. Typicaliy, long periods pass with Iittie or no change in data reading. This applies to rive 

stage, rainfall, and airlsoil temperature. Data parsing folbws the general principie of retainhg ody 

the f i n t  and last readings within an allowable, userdefined tolerance. Thus, when a gap in the passa 

record exists (other than data gaps due to equiprnent error etc. which were appropriately flagged), it 

is known that the "missing" data fall between the values bounding them sübject to the tolerance 

applied by the parsiag algorithm. 

Table 3.5 shows the tolerances used to parse al1 automated data. The value of zero for the 

rainfall data indicates that only non-zero readings were retained and therefore the rainfall record can 

be reconstructed with absoluteiy no loss of information. In contriut, the stage and temperature record 

suffer a srnall Ioss in tesolution according to the magnitude of the tolerance. The tolerances used in 

both cases were Ear srnaller than any value which would threaten the integrity of the database. 

333 Tipping-bucicet rainfall data 

Any tipping-bucket rain gauge records total rainfall during small time periods continuously, 

No information is retained over timescales smaller than the basic tirne period of integration. At high 



Table 3.5 ToIerances used to parse automateci data. 

- - 

Data Type Tolerance 
Stage, station 1 6-6 cm 
Stage, station 2 3,044 cm 
Stage, stations 9 and 10 2.6 cm 
Rainfall O mm 
Air temperature OS'C 
Soi1 temperature 0.8-C 

Note: In each case, if the &ange in reading is l e s  than or qua1 to the tolerance, then the 
subsequent reading is not retained. 

rainfall rates, this is essentially of no concern but at low rates, especially those falling below the rate 

of one tipfperiod, the loss of information c m  be important. For instance, if one tip is recorded every 

hour for three hours, did each tip's rainfal1 occur during one period? two periods? or durhg some 

combination of periods up to each entire hout? The tipping bucket does not provide this information 

so some assumptions must be made to deal with these low-rainiàll rates. The assumptions used in this 

study are as follows: 

1) Single tips are averaged over al1 preceding sample periods (within the same storm) for which 
no raidal1 was recorded. This value is also imposed upon a precedhg single tip if it begins 
the s tom record. 

2) If more than one tip occurs in a tipping period then the tips are nd averaged over preceding 
tip periods regardless of the number of tips recorded in these earlier periods. 

The larger study has integrated al1 spatial biophysical and socimnomic data hto a Terrasoft 

Geogcaphic Information System (GIS). The GIS has also been usai to derive a digital terrain mode1 

for the basins under study. n i e  present study uses this GIS and its database fbr three applications: 



1) OWrIoy techniques 

Land and landuse attriiutes are overlaid to determine spatial relationships. For example, the 

soil colour map is overlaid with the digital terrain mode1 to reveal the elevation of red mils. Aiso, 

rainfail isohyets are overlaid on the soil colour map to determine the soil colour where rain is 

heaviest . 
2) Area computaiion 

Areas are computed for various physhgraphic and landuse classes. For example, the area is 

computed within a basin which is in specific bands of elevation, aspect, and slope. 

3) Point data 

A variety of point data are determined from the GIS. For example, stteam profiles are 

developed using point data dong stream couses. 



4.0 Monitoring monsoond rainfaiï for studying erosion and 
sediment transport 

4.1 Introduction 

In Chapter 2, patterns of local and regional climate were characterised descriptively with a 

foais on rainfall over moathly and annual timescales. However, rainfall delivery is highly variable in 

t h e  ami space and, in the Middle Mountains of Nepal, these variabilities have the potential to affect 

prohundiy erosion and sediient transport. Patterns of rainfall behaviour important to erosion and 

sediment transport are thecefore evaluated here to address the significance of rainfall to the overall 

diagnosis of basin sediment dynamics over different spatial and temporal scales. A storm classificatioi 

is developed for use in the erosion analysis. 

In the study ara, erosion and sediment transport can respond quickiy to changes in r a i d l  

delivery. The landscape and its surface form a highiy heterogenous mountainous enviconment, 

resulting from both very steep topography and a high degree of site-specific human manipulation. 

Surface wdition changes both temporally and spatially in response to management. Variabiiity in 

both rainfall delivery and erosion susceptibility interact to yield highiy wmplex basin sediment 

dynamics. 

Rainfail monitoring is a sampling exercise which must pay weful attention to regime 

variability to be successful in its characterisation. Decades of research examinhg the mechanics of 

rainfall measurement have yielded a good understanding of how to sample rainfall effectively at a 

point. In contrast, understanding how to sample for temporal and spatial variabilities is grossly 

inadequate, especially in mountainous environrnents. Logistics, wst, and challenges in measurement 

ail cuntribute to the paucity of studies. 

Some specific questions addressed by this chapter include: 

Tempord ViarhbiliIy 

a) How do storm-period variables (especially storm intensity, total rainfall, duration, and burst 

timing) vary between storms? 



b) Do these storm-period variables change seasonaiiy? 

c) Dues the pattern of spatial variabiiity in storm rainfall change seasonally? 

d) Does storm fiequency change seasonaily? 

e) How ftequently must raidail be measured to adequateiy mess storm-period variabiiity? 

Spatiai Vrrricrbility 

a) How much rain is actually falling over the basin? 

b) Where is the rain failing? 

c) How accurately does the gauge network rnonitor tainfall? 

d) Are îhere predictable locai and elevational changes in rainîàil delivecy? 

This study pmues answers to these questions using recording and storage rain-gauge data 

gathered over a variety of spatial and temporal scales. Recording rain gauges have been in place for 

three years at five different sites (see Figure 3.1). Four of these sites are located to provide resuits fî 

a 2x2 matrix of high and low elevation and south and north aspect. The fifth gauge is located at high 

elevation and north aspect, far removed from the sites of the other four. About 25 storage gauges 

provide spatial resolution of 24-hour rainfail on each of two adjacent hillslopes during the rainy 

season. The monitoring nehvork on the south-facing hillslope was in place for 1992 only while the 

north-fachg network has been in place during each raiay season of 1992-1994. On each hillslope, th 

network is divided into a high- and low-elevation cluster each of at least 10 gauges. Eight storage 

gauges have been in place since 1992 providing unintmpted measurements of 24-hom r a W l  at 

locations Wughout the hikhu River basin. 

After discussing findings from other research which are useful to this study, three anaiyses ai 

presented. Analpis of temporal variability focuses on changes in storm-period variables during a 

storm and across seasons. Spatial variation regionally with elevation and locaily within a storm ce11 

and across a hiilslope form the focus of the following section. Findiigs from these two analyses are 

assembled in the last section to yield a classification approach to addressing the rainfall parameter in 



studies of erosion and dimentation. 

4 3  Rsearcb background 

Though there has been a great deal of study about the mechanics of precipitation, there 

rernain large knowledge gaps in topographie patterns of cainfdl delivery, especially in the Himalaya. 

The extent of variabiiity inherent in systems of muntain precipitation, the diffidty of gathering dat 

- includiig automated data - in the Himalaya, and the cornmon problem of adquate monitoring to 

address spatial variation are tbe most cornmon causes fbr these gaps in understanding. After 

presenting a review of raiafall behaviour emphasising rainEdil delivery at the ground SUfface, frndingr 

from Himalayan studies usehi to the present work are highlighted to caiibrate the understanding 

developed in other regions and to provide a context for this study's data and results. 

4.2.1 Pattern of Wnfall delivery 

Spatial patterns 

Although a wide variety of parameters affects rainfall delivery and its spatial distribution as 

measured at the ground surFace, it is the effect of elevation which has received perhaps the greatest 

interest. Henry (1919) outlined the early studies (of the 19th centliry), di~cussing examples from 

around the wotld of changes in precipitation with elevation. He pointe! out that there is typicaily a 

zone of maximum precipitation - generally below 1000 m in the tropics and between 1400 m and 

1500 m in the temperate regions. He recognised that for mountains to cause an increase in 

precipitation, their axis cannot be parallel to the direction of the winds bringing the storm r a i d l  am 

that the steeper the dope, the greater the rate of change of precipitation. Givone and Meignien (1990) 

recognised this relation in establishing an array of 14 recordiig gauges perpendicular to the mountain 

range under study. They examined the detailed meteorological feaaires of the tainfail before studying 

the influence of topography on it. They found that instability triggered at the footslope of the 
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mouncain yielded rhe heaviest hourly totals at low elevation with the heaviest daily totals occutriag at 

the top of the range. Headerson (1993) examined elevationai effects on stom total-rainîàil in the 

Southern Alps of New Zealand and found the maximum r W l  to occur at 10 to 20 km upwind of 

the elevational maximum. These W i g s  underscore the importance of carefully selecting the storm- 

period variables under consideration and the range of elevation for which extrapolation is acceptable. 

Smith (1989) described the four most likely mechaaisms of orographic precipitation: smooth, 

forced ascent; seeder-feeder mechanism; d i d l y - h c c e d  convectioa; and triggered convection by 

forced ascent or blocking. A cornmon aspect is that precipitation enhancement occurs on the upwind 

slope and can be so reliable as to be used as a crude indicator of regional wind direction. 

Unfortunately, despite signifiant study of precipitation change with elevation, compacatively little is 

understood about the specific mechanisms involved. He suggested that this lack of understandhg musi 

change if we are to better predict spatial variability in mountainous terrain. 

The rainfallelevation effect, however, is far from alone in shaping spatial patterns of rainfall 

delivery. Spreen (1947) realised this and included slope, exposure, and orientation as independent 

variables important to rainfall spatial variability. Spreen's ability to predict precipitation Iocally 

increased dramatically when these other factors were also considered (R2=55% elevation only; 

R2=94% al1 factors). Irnpoctantly, he found that in steep mountainous terrain, these non-elevational 

factors dominate locally. Sinclair (1993) blamed this ladr of "orographic resolution" on the inability 

of elevationallydriven approaches to predict r a i d l  spatial variation in an extreme eveat. 

These studies have one thing in c o m a :  they examine spatial variability over large scales 

(> 100 k d ) .  In the Middle Mountains, and certainly in many other mountainous aceas of the world, 

though the average rainfall over many storrns may Vary spatially in a predictable way, individual 

events may not. This temporal variability over a fixed spatial sa le  is a topic rarely discussed in the 

literature. There are few examinations of the behaviour of individuai cells of limited spatial extent (1 

to 10 ba2) in mountainous terrain. For instance, Paturel and Chocat (1993) used measurements from 



a network with average density of one gauge per 20 km2 by asserthg tbat this figure corresponds to 

the smallest convective ce11 likely to have an influence on the drainage network. They mted and did 

not explain, however, that a high degree of spatial hetemgeneity resulted in their raididl data. 

Tempurai patterns 

Another common approach to examining dynamics of storm rainf'all uses descriptive statistics 

of myriad storm-period variables. There appear to be as many analyses of stom-period variables as 

there are authors. For instance as shown in Table 4.1, the definition of a storm (when it is given) is 

rarely the same ftom author to author. M i u m  total rainfâll (R) and time-without-rain (S) 

requirements are the dominant criteria. How these are applied appears to depend on the nature of 

available data. For instance, Reid et ai. (1981) had 24-hour tain data and established the definition of 

storm on that basis. Tropeano (1991) discussed 280 events in detail but did not present his storm 

definition. These studies tend to define a Storm to accommodate the data available and do not evaluate 

the appropriateness of the definition chosen. Depending on the goal of the analysis, there exists the 

potential of introducing an error at a fundamental level. 

Table 4.1 Published storm defmitions. 

Autho r (s) Storm Definition 

Huff (1%7) S r 6 h  
RT r threshold ftom network 

Collinge and Jarnieson (1968) RT 2 25 mm anywhere in basin 
Reid et al. (1981) RT 2 0.5 mm in 24 hours with a day of 

RT < 0.5mm on each side 
Tropeano (1991) None provided 
Farmer and Fletcher (1972) S r 1 h and R, 2 2.5 mm 
Patural and Chocat (1993) S 2 4 b  
Overseas Development Agency (1995) S 2 1 h 

Note: R, = total storm raiafall (m) 
S = length of time without rain before and after a storm (h) 
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Having established the definition of a storm, there are many approaches to analyshg the 

storm-petiod variables. Henchfield (1962) presented extensive analyses of stom-peciod variables am 

Huff (1967) pointed out the importance of tailorhg such analyses to a specific application with 

specific spatial and temporal scales of concem. Unfortunately, afbr analysing 261 storms using a 

quartile-separation approach, Huff (1%7) determined that q u d e  separation does not Vary 

consistently with storm type. 

The results of these analyses uncover some interesthg temporal dynamics in rainfall 

behaviour at a point. Fatmer and Fletcher (1972) examined convectional, high-elevation burst-rainfai 

behaviour in Utah finding that over haif of storms yielded more than 50% of the stom rainfall in a 

IO-minute burst. Also, in most storms the period of heaviest rainfall occurred in the first quartile. 

They used their burst information to define storms for planning purposes in soi1 erosion and flood 

protection. Their study illustrates bat relevant rainfall statistics ultimately depend upon precipitation 

mechanisms, in this case semidesert to desert convectionai showers driven by extensive surface 

heating. Bryant (1991) documented an apparent worldwide maximum envelope of rainfall intensity fa 

any given timescale. Presumably such a relation could help develop an appreciation for the relative 

severity of different mountain precipitation regimes. Bryant also empbasises the lack of rainfall data 

over short timescales of less than 5 minutes. Given the many hurdles to adequately measuring storm 

rainfail distribution in both time and space including the instrumentation concerns reviewed in sectio~ 

3.1.1, it is w t  surprising tbat many researchers have turned to rainfall models for their rain data 

(e.g., Rodriguez-Iturbe and Eagleson 1987). 

Another approach to estimate rainfail in mountainous terrain is to use streamflow data 

distributed back over the catchment and corcected for evapotranspiration (Danard 1971; Anderson 

1972; Ishihara and Ikebuchi 1972; Dingman 1981; Griffiths 1981). Unforhinately, it is for flood 

prediction in mountainous terrain that storm characterisation is most needed (e.g., Collinge and 

Jarnieson 1%8; Dingman 1981). 



4 3 3  The A s i i  Monmon 

The Asian monsoon which brings the raiddl examined in this study occues because of the 

seasonal reversal of winds across the Indian subcontinent. Webster (1987) identified the three 

fundamentai driving mechanisms behind the planetary moasoon: 

1) the diffetential heating of the land and ocean creating the pressure gradient which drives the winds 

fkom high pressure to low pressure; 

2) the rotation of the Eartb which introduces a swicl to the winds; and 

3) moist processes that store, redistribute, and selectively release the solar energy arriving over most 

of the tropics and subtropics. 

The Asian monsoon is notable for its immense extent and the penetration of its influence beyond 

tropical latitudes (Barry and Chorley 1992). The potential magnitude of rainfall in this region and 

both spatial and temporal variability of the monsoon are important to the present study and are 

discussed in b i s  section in relation to synoptic-sale precipitation mechanisms. 

The Asian moIlsoon is lmown for its ability to deliver huge quantities of rainfall. In 

developing the concept of an envelope of maximum possible rainfall in relation to total measurement 

time (Bryant 1991), the data for al1 time periods greater than one week came from Asian monsoon 

measurements in Cherrapunji India. The highest 24-hour rainfail ever recorded in the Ganges basin 

was 823 mm (at Nagina in Uttar Pradesh), in the Brahmaputra basin it was 1036 mm (at Cherrapunji) 

and in Nepal it was 539.5 mm at Tistung (Dhital et ul. 1993). 

The mechanisms responsible for these extreme rates of rainfall delivery include cyclonic 

storms near the Bay of Bengal, various types of low-pressure (widespread across the Subcontinent), 

and orographic mechanisms due to wmplex topography and, at times, extreme relief (Talcahashi and 

Arakawa 1981). The variety of large-scaie effects and the contrasts in topography over this vast 

region result in considerable spatial variation in rainfall delivery across the Subcontinent. 

Because the coastal cyclonic storms generally do w t  adequately penettate the Subcontinent to 
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reach the Middle Mountains near IGihmüu, it ig the monsoon depressions (areas of moderate low- 

pressure covering tens to hundreds of thousands of sqyare kilomares) originating near the Bay of 

Bengal which brhg mwt of the precipitation to the study area during the period of the southwest 

mnsoon. The atea is prone to thunderstorms pakahashi and Arakawa 1981). lkely triggered by the 

suite of omgraphic effects resulting nom the area's complex topogcaphy. The Middle Mountains 

possess adequate relief (in contrast to the Siwalik and Mahabharat Ranges to the southwest) to cause 

smooth for& ascent and to trigger conditiouai aad convective instabüities. Also, convection is 

triggered by upslope winds and the considerable d i u d  heating of slopes (Barry and Chorley 1992). 

Undoubtedly, these effects may al1 be present in addition to topographicaiiy-created preferred 

pathways. 

Superimposed on the large-sale regional spatial variability in mountain precipitation are 

significant local variations. For example, Upadhyay and Babadur (1982) studied rah gauge data in the 

Dehang catchment in the Brahmaputra basin and found that correlation between adjacent stations 

became negligible at about 35 km. Dittmaa (1970, in Domroes 1979) found that there was "no 

systematic connection" between the daily totals of ralnfall for five gauges - located in a mixture of 

vailey bottoms and ridge tops - within a few kilometces of each other in the elevation range of 1860- 

2130 m near Jiri, Nepal. LRMP (1984) suggested that rainfall intensity is higher at lower elevations. 

Despite the extent of these important local differences, they are poorly researched (Bruijnzeel and 

Bremmer 1989) and, unforauiately, the overall density of rain gauges is also low - in Nepal, 1 in 

490 km2 in 1984 (Department of Hydrology and Meteorology 1984). The World Meteorological 

Organisation recommends that in mountainous regions of tropical zones rainfall monitoring stations be 

installeci in altitude zones of 500 m pet zone and with a minimum density of 1 station for 100-250 

hn2 (World Meteorological Organisation 1981). Given the emphasis on vdley-bottom gauge sites in 

Nepai and the other factors mentioned above, there is considerable uncertainty about actual 

precipitation rates at ungauged mountainous locations. 
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Otography causes total precipitation generally to increase because of the relation between 

temperaïme and saturation vapour pressure. But since less moistute ceaches still higher (and colder) 

elevations, precipitation declines (üpadhyay and Bahadur 1982). This behaviour bas been obswed in 

for example, the Canadian Coast Range (bukas 1994). In the eastern part of the Ganges- 

Brahmaputra basin, a decrease in rainfall with elevation bas also been observed (Bniijnzeel and 

Bremmer 1989). In his work in the High Mountains, Ries (1991) found rainfall to be inversely 

proportional to elevation between 2000 and 3300 m. RaiaEall intensities were found to be greater in 

the valleys than on the hillslopes. Unfortunately. these authors do wt report how well gauge catch 

biases were wntrolled in their studies. 

Although the Asian monsoon demonstrates considerable predictability, temporal variability cai 

be signifiant. Das (1987) illustrated the annual arrival date of monsoon rains across the Indian 

subcontinent. Near Kathmandu where the study area of the present research is located, the initial 

monsoon burst typically cornes in the second week of June. This start date is defined by an increase 

in the moisuire content of the atmosphere and a sustained increase in rainîàil @as, 1987). Although 

80% of annual precipitation fails during the monsoonal months of June, July, August, and September, 

there is a variable pulse alternating between active and break periods (Barry and Chorley 1992). This 

wet-season variability in moasoonaI cainfall delivery is similar to the widely-recognised variability in 

tropical rainfall (Jackson 1989). Although breaks in the Asian monsoon are most cornmon in August 

and September and last on average five days, they may occur at any tirne during the summer and can 

last as long as five weels. 

Rainfall delivery in the Middle Mountains shows a nocturnal maximum. W i e r ,  Skeeter, 

and Yamamoto (1988) found this for hourly precipitation in the United States, particularly at high 

intensities. This behaviour is likely related to regular diurnal cooling of convective showers (Shaw 

1972). 



4 3  DeCinitions 

How storm-period variables are defined strongly influences how effectively they c m  be used 

in this study's diagnosis of basin sedi int  dynamics. The Storm and seven storm~eriod variables arc 

defined in thii section. In each case, the choice of spatial and temporai scales is guided by the 

application to erosion and sediment transport of interest here (100 m2 to 10 km2 in particuiar). 

4.3.1 Stmn 

in quantitatively representing Storm rainfall-intensity data, the coatimous record of rainfall iz 

l k t  divided dto distinct events. After storms have been delineated, stom-period variables caa be 

quantitatively extracted. Two steps are applied in defining a storm. In the first step, a minimum 

"tirne-without-tain" or storm separation tirne (S,d is used and is applied to the beginning and end O 

a period of rain. Because storm events will later be related to flood events, this approach is 

convenient because it creates a stom characterisation which parallels that of the floods. In the seconc 

criterion, "storms" of inconsequence for sediment dynamics are filtered out ehrough a minimum total 

rain constraint (R,,). 

At what value should SM, be set? Two practical considerations nartow the range initially: 

avoid combining storm rainfall arising h m  distinctly separate rainfall events and 

avoid cesolution effects of the tipping bucket rain gauge. 

The first of these suggests that SM, should be l e s  than the tirne it takes for a synoptic s a l e  event to 

wme and go - no less than about half a day and generally much more. To assess the quantitative 

extent of the resolution e f f a ,  we divide the poorest resolution (1.258 mm - adjusted) by the lowest 

intensity of coasequence for erosion in a storm event, about 10 mm/h. With these numbers, we expa 

7.5 minutes to occur between measurements by the instrument even under continuous rain. If we 

make Sm, less than 7.5 minutes, we will create separate storm events as a result of this resolution 

limit. 



To fix this variable's timescale within this "operathg range", consider the variation in the 

number of storms (N) as a function of S,. As illustrated in Figure 4. la, as S, becomes large, N 

becomes small and eventually reaches unity. Conversely, as S, becomes small, N will grow large 

up to a maximum related to the length of the record and the propensity for and the fiequency of 

rainfall in the specific location. 

The coatimous data for al1 five recording gauges in this study bave been subjected to this 

sensitivity analysis and the w d i s e d  results are presented in Figure 4. lb  for the range SM,= 0.1 to 

12 hours. This graph confkrns the intuitive trend illustrated in Figure 4.la. Additioaally, between 

SM,= 1 and 2 hours, a major change develops in N. In other words, as SM, is reduced from 12 to 2 

hours, littie change in total number of storms results, but when the criterion is varied further to 1 

hou, a large increase occurs. This is the lumping together of separate fiood-causing convective bursts 

which we set out to avoid. 

We can get further help in choosing S,, within this range by also considering the flood 

events which result fkom these storms. Ideally, S,, should be chosen to avoid unnecessary splitting 

and lumping so that d l  the rainfall that contributes to a certain flood event gets accounted for in an 

individual storm. In these headwater areas, it takes typically only a few hours for a flood to rise and 

retum to a srna11 percentage of its peak flow. If SMN is significantly Iess than these few hours, then 

undesirable storm splitting wiil occur. Specifically, in this case, it is b a t  to use the highest value in 

the range being considemi, namely SM, = 2 hours. 

Having divided the continuous rainfall record into discrete events, a minimum-size criterion 

(R,,) is applied to the results. Storms of less than 3 mm are excluded from fuaher analysis because 

they are unimportant to erosion and in addition, the measurement of single-tip and double-tip storms 

can be unfavourably affected by resolution limitations of the instrumentation. The combined 

application of these criteria yields, typically, 80 storm events per year at each of the five sites. It is 

these storms which are the subject of the analyses in the following sections. 



Figure 4.1 Number of stonas in reiation to (a) ggeeraîised minimum~without  min, a d  (i 
specific minimum-timewithout-rain at the five study locations. 
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43.2 !brm-period variables 

Appropriate storm characterisation underpins any examination of the effect of rainfall on 

erosion and sediient ttanspoa. Storm-period variables mu t  be extracted fiom the rainfall record so 

bat  rainfall aspects most germane to erosion WU be ~uantitatively and comparatively expressed. For 

example, it is known (Hudson 1981) that raididl intensity plays an important role in initiating surface 

erosion, but what is the best expression of this storm-pxiod variable? Which timescale(s) is most 

appropriate? 

Short-term rainfail intensity and total rainfall are the two raintàil characteristics which most 

strongly shape the character of the erosion process (see Cbapter 5). High-intensity bursts are effective 

at initiating surface erosion at the plot scale as a result of the kinetic energy they possess. Antecedent 

moisture conditions (iiuenced by prior rain activity) can aIso greatly affect the abiiity of these bursts 

to cause surface erosion. Large rainfall volumes (usually over a long period) shift the emphasis within 

the sediment budget from surface erosion at the plot scale to slumping, streambank erosion and bed 

scouring (ofien farther downstream) due to large, channelised flows. 

Several storm-period variables are proposed to address surface erosion. A characteristic of 

tropical and subtropical r a i d l  is heavy burst r-1 k i n g  only a few minutes. Several minutes of 

rainfall at high intensity c m  cause damaging surface erosion on sloping agcicultural fields. In 

choosing a timescale to characterise this intensity, the resolution of the recording rain gauge is the 

major constraint in accurately quantiQing the short-term rainfall intensity. in this study, most 

measurements of r a W l  intensity are for twci minutes, though 5-minute and 10-minute intervals have 

also been used. If this short-term intensity timescaie is set smailer than ten minutes, the intensity 

parameter cannot be calculated for al1 the storms. Further, if it is set too close to the resolution of the 

instrument, then the intensity parameter will be undesùably affected by how the instrument randomly 

measutes the event. For these reasons, the maximum rab  that fails in a ten-minute period of a storm 



(i,J is mea~uced for each storm. 

The h'ming of the peak 10-minute burst P,,J aaâ antedent moisaite conditions can both 

gceatiy influence the erosivity of the burst. For this ceason, two other storm-period variables are 

considered: 

Tl,, The start t h e  of the peak 10-minute rainfatl intensity relative to storm start 

S The period @) before a storm since the ead of the previous stonn ("period-without- 

raw) 

Together, these variables provide a good relative indication of t&e antecedent moisture conditions as 

1, begins. 

Several storm-period variables are defïned to address the effect of large amounts of storm 

rainfall. Since total stonn rainfall &) and duration (T,,,,,J are frequently cited in other studies thes 

are also considered in this analysis. In these steep headwater çatçhments, the flood-causing rain of a 

Storm o f b  does not occur over the duration of the stonn (somwimes it is delayed as long as ten 

hours). It appears that the bulk of the rainfail of most s t o m  occus over a p e n d  of about one hour. 

What timescale best represents this characteristic? As the value becomes iarger, more storms will not 

be characterised because of inadequate duration. As the value is made smaller, it will not properly 

represent the total-flood-causing-rainfall concept. One hour is chosen and I, is defined as the 

maximum amount of rainfall occurring in a 6û-minute pend  of the storm. Consistent with Tl,, T, i! 

defined as the start t h e  of the peak 60-minute rainfall intensity. 

4.4 Storm-period variables 

This section describes the temporal vaciability of raiddl by examining stonn-period variable 

in the study area and assessing the seasonal change in the distribution of th& cbaracteristics. To 

make the storm ~Iassification relevant to the observed geomorphic thresholds for erosion over 

contrasting spatial scales, findings from Chaptets 5 and 8 are brought in to the quantitative discussior 



which bllows. 

4.4.1 Distributions 

Seven storrn-pend variables - total rainfall&), event duration (Twa), maximum 10- 

minute (T,J and 60-minute &J rainfall intensities, within-storm timing of lGminute FI,,) and 60- 

minute &,) peak intensities, and the min-free period before each storm (S) - have been detetmined 

f i r  ail the events at the five recording tain gauges. Distributions of these variables are discussed on 

both annual and seasonal bases. Cumulative frequency diagrams are used to examine gcoss trends and 

similarities. Occurrence fiequencies by class are examined for statisticai differences. Class intervals 

for frequency distributions follow Conrad and Pollak (1950). 

Figure 4.2 shows the cumulative frequency distributions of the seven studied storm-period 

variables. These cumulative plots exaggerate similarities and highlight only large diffkrences. All 

these plots indicate a preponderance of storms at the low-value end of the distributions. This is 

consistent with the field observation that the majority of storms is not flood-producing. 

Figures 4.2a and 4.2b show the cumulative frequencies of 1,  and I, in terms of percentage of 

total occurrences for each of the five recording rain gauges within the Jhikhu River basin (1992- 

1994). Figure 4.2a reveals a consistent pattern across al1 gauges: about 75% of storms have a 

maximum 10-minute rainfall intensity of less than 30 mm/hr. h Chapter 5, this value is found to 

represent a threshold for initiation of signifiant surface erosion. Only 10% of ail stonns exceed 50 

mmlhr, a minimum threshold (of I,a determined in Chapter 8 to be required for significant basin soil 

loss to occur (see also section 4.6). 1, exhibits the same coherent pattem, the values being 

compondingly lower. R, (Fig 4.2~) shows more variability between sites with 75% of dl storms 

delivering less dian 15 mm and only 10% of al1 storms bcinging more tban 25 mm. 

Although stonn duration is ofien cited in studies describing stom characteristics, the 

distributions of TDm given in Figure 4.2d reved the inadequacy of this storm-period variable for this 



Figure 4.2 Cumulative ftequency disttîbutions of storm-penod variables (1992-1994) at the fiv, 
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purpose: the result is sensitive to the resolution of the instrumentation. Whereas TlO (Fig 4.2e) is alsc 

sensitive to gauge resolution, Ta is not becme the efFecî of gauge resolution is lost over the longer 

periad. Figures 4.2e and 4.2f show that burst rainfall occurs very soon after the beginning of a stom 

For instance, in half of ail storms the 10-minute and 60-minute peak intensities begin in the first 15 

minutes of the storm. 

Figure 4.2g shows how many hours without rain precede stotms. About 50% of al1 storms 

foliow only 12 hours without rain. A further 25% follow 12-24 hous without rain. The final 25% 

can follow long periods without rain, often of many days. This timescaie has important implications 

for surface erosion, especially if the stonn rainfall arrives abniptly on dry ground. 

For the variables not sensitive to the measuring instrument, Table 4.2 summarises the ranges 

of the variables in the three classes: 0-7596,75-90%,90-100%. These distributions provide an 

o v e ~ e w  of the nature of storms in the study area, one which will be useful in section 4.6 when a 

storm classification system is described and applied to these data. 

Table 4.2 Frequency of occurrence of four stonn-period variabtes in t h e .  classes. 

Percentage R, 110 Kla Tm S 
Occurrence (mm) mm ( m m )  (hl (hl 
First 75 96 0-15 0-30 0-7.5 0 . 5  0-17 
Next 15% 15-25 30-50 7.5-15 0.5-1 17-34 
Last 10% 225 r 50 2 15 rl 234 

The distributions shown cumulatively in Figure 4.2 were testeà for differences using a Chi- 

Squared Goodness of Fit analysis for the five storm-period variables not sensitive to the measuring 

instrument. Occurrence frequencies were classified using a five-class systern with the class boundarie 

established so that each class contaioed about 20% of al1 occurrences. For each of the five variables, 

three tests were carried out. In the finit, the distributions at al1 five sites were tested in a combined 5 

x 5 test with 24 degrees of fteedom. In the other two, occurrences from the high- and low-elevation 



sites were pooled to form two gcoups which were tested in a combined 5 x 2 test with 9 degrees of 

freedom, Only R, showed a signüicant differeace (0.90 < P < 0.95). Aspect appeared to drive 

thii difference (0.95 < P < 0.975) though no consistent t r d  between the two distributions pooled 

by elevation was observed. 

4.43 Seosonal distributions 

Figures 2.3 and 2.4 demonstrated that average and extrema of total monthly raiafall Vary 

during the year suggesthg haî Storm charaderistics rnight change seasonally. The data on storm- 

period variables are used to determine quantitatively how storm characteristics change seasonally. 

The majority of the annual rainfall occurs during the months of June through September with 

a distinct dry season from November to April. During May and June, the tains first start to arrive 

while the land surface is desiccated and the cultivated fields generdly bare. This peciod is known as 

the pre-monsoon season. During the months of July, August, and September, vegetative cover is well 

deveioped - this season is termed the monsoon season. n i e  date of onset of the monsoon season is 

variable but in this study, the end of the pre-monsoon season is determined to be June 30, followed 

by a transition season of 19 days' duration (from July 1-19) at the end of which the "monsoon" 

season begins. The choice of these dates is made on the basis of Stream suspended-sediment regimes 

(see section 5.4.2) so in a sense, this is to some degree a "land-surface responseW monsoon definition 

rather than a strictly hydrometeorologic one. 

For consistency, the same seasonal definitions are used to characterise both the rainfail and 

sediment regimes. Before contiming, it had to be decided whether the 19day transition season - 

designed to facilitate the analysis of sediment dynamics - will be included with the pre-monsoon 

season or with the monsoon season. 

A sensitivity analysis using three options was evaiuated for demarcating the end of the pre- 

monsoon and the beginning of the monsoon season: (midnight) Juae 30, July IO, and July 20. 



4: 

Initially, data h m  the two gauges on the norih-fking hillslope were used to assess the sensitivity of 

al1 the variables to changes in the date separating the seasons. 1 ,  was the most important to surface 

erosion and thecefixe was used as the key iadicator in examinhg the data ftom al1 five sites. The 

seasonal difierence in 1, was the peatest using June 30. As the separation date advanced, the 

diffaences tend to decline at ail five sites suggesting a dilution of real seasonal differences as 

"monsoon" storms of July 1-19 are added io the "pre-monswn" storm population. Hence, in this 

seasonal aoalysis, the pre-monsoon season ends on June 30 (midnight) and the moasoon season begins 

on July 1. 

A second s a  of Chi-Squared Goodness of Fit analyses containhg two parts is carried out on 

these seasonal Storm data. In the first, the analyses carried out for the combined data are repeated for 

the separate seasonal groups. These tests examine difierences within seasons. In the second, 

differences benveen seasons are examineci by pooling the data within each season in different ways to 

yield five tests for each variable: al1 sites (24 degrees of freedom), high elevation, low elevation, 

noah aspect, and south aspect (9 degrees of freedom). To limit the accumulation of Type I Emr,  

only differences limited to 0.5% should be considered significant [(16.005)25 = 0.8821 though al1 

differenca within 10% are discussed. 

The within-season analyses revealed no important differences within either season. The test 

using data pooled by elevation resulted in a difference in Tm at 90% though no consistent cause or 

result of this difference was evident. 

Differmces between seasons were the most statistically important of al1 the results. Of the 

differences observed, the results for S were the strongest. The high-elevation and north-aspect 

groupings showed differences of 99% and 97.5% respeaively whiie the result for the seasonal 

contrast for the south aspect p l  was 90%. Consisteatly, S was higher in storms of the pre-monmon 

season. This is an important difference because a longer period without tain before the start of a 

storm suggests drier conditions and can point to more erodible surface soiis. 



The test results suggest that Tm cornes earlier in pre-mollsoon storms: differences in south- 

ficing pooled data were signifiant at 97.5% and in low-devation pooled data at 90%. Early arrivai 

of a storm's heavy rain should increase its emsivity. If combined with a longer pre-storm dry period, 

the effect can be important. 

Consistent with the non-seasonal analyses, some differences were found in b. Not 

surprisingiy, R, foc the monsoon storms was s h i M  towacd higher values. Al1 distributions showed 

this characteristic. The seasonal contrast using al1 five sites was significant at 90% and it was at the 

south-facing sites where this effect was the greatest (99.5%). 

In summary, the simiiarities between seasom far outweigh the differences. Storm 

characteristics in the study area are conducive to surface erosion as heavy rain can fail over dry 

ground throughout the year. The seasonal contrasts suggest that the premonsoon stom regime is 

somewhat more liable to generate surface erosion, exacerbating a situation where the surface mil is 

already vulnerable to erosion due to its bare condition. 

4.43 Evmt mking 

Rainfdl 

Figure 4.3 illustrates the ranking of the largest monitored storms within the Andheri basin by 

R, and Ilo. Though the previous section showed that storm-period variables are not significantly 

different bezween the upland and lowland, these distributions reveal them to be slighuy larger in 

magnitude at the upland recording tain gauge location. These distributions also reveal that there is 

Iittle correspondence between the upland and lowland areas for the rankings of the largest events - 

only two events appear in the top five for both the upland and lowland areas. Only the July 10, 1992 

event appears in ail categories, suggesting that it is a significant event of the study period. 

Though the three-year record is inadequate to justify the development of intensityduration- 

frequency relations, these rankings are useful to illustrate the relative magnitude of the major 



Figure 4.3 Ranking of largest monitored storms in upland and lowland of Andberi basin by (a) 
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monitored storm events. The uplaad experienced two or three events mticeably heavier (with respect 

to both R, and I,d than al1 the other eveats at both the upland and lowland stations. Overseas 

Development Agency (1995) report a maximum measured rainfgll intensity of 144 mmlhr (for one 

minute) from a three-year monitoring study at several nearby locations. 

High-)lm 

A r&g of hi&-flow peaks at Khukuri, Lower Anciheri, and Jhikhu sbtions is presented in 

Figure 4.4. The continuous nature of the data from Khukuri and Jhikhu suggests that these 

distributions represent events with low reaini period of perhaps less than three years. The result for 

Lower Andheri stands in stark contrast suggesting tbat îhe return period of the flood event of July 10 

1992 is significantly higher than that of the other events during the study period. The local fanners 

indicated that a flood event like that of July IO, 1992 had not been experienced in over ten years. 

Though it is difficult to provide a confident estimate of this event's reaun period, it may be 

reasonable to consider that it was a ten-year flood event. This event was the highest measured at al1 

three scales providing further confidence in this estimate. With analysis of the subsequent three years' 

data, thiï estimate can be improved. 

ïhough the five biggest events at the Khukuri and Lower Andheri stations exhibit some 

consistency, the ranirings of the high-flow events at these two stations shows no relation to that of 

3hikhu (except for the July 10, 1992 event). These changes in ranking with scale hint at spatial 

variability in the rainfall-nuioff process. In addition, a cornparison of the flaod ranlrings at 

Khukuri/Andheri to the rainfall rankings provided in Figure 4.3 suggests that it is the large total- 

r a W  events of the upland that are most able to shape the high-ranking events of Lower Andheri 

station. Rainfall is an important control on ihe flood regime but it is clearly not the only important 

control. These cornparisons will be useful in Chapter 8 where individual events are examined further. 
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Figure 4.4 Ranlring of monitored floods at (a) Lower Aadheri, (b) Kukhuri, and (c) bürhu stations. 

(b) Lower Andheri (2), partial (a) Lower Andheri (2) 

Rank 
1 
2 
3 
4 
5 

Date 
Juiy 10,1992 
July 30,1992 
May 27,1993 
Sept 3.1994 

Aug. 28, 1994 

Rank 

(c) Kukhuri (10) 

Rank 
1 
2 
3 
4 
5 

Date 
July 10,1992 

Rank 
1 
2 
3 

45  

Date 
Juty 10.1992 
Aug. 8. 1994 
Aug. 10,1993 
Sept. 3,1994 
Juiy 9.1994 

M& 27,1993 
June 9,1992 
Juîy 30, 1992 
Aug. 3,1992 

O 10 20 30 40 50 
Rank 

O 20 40 60 80 100 120 
Rank 



The effect of elevation oves tbree diffwent scaies (1, 10, and 100 km? and local variation 

within individual storm cells (1 km? are examioed using 2 4 4 0 ~  rainfall measurements. The 100-km 

analysis (the Jhikhu Rivet basin) uses data from long-tecm climate stations. The 10-km2 (bdlslope) an 

1-km2 (stonn cell) analyses use data fiom the derailed wet-season rain-gauge network (see section 

4.5.1 Eievation 

Over the spatial s a l e  of the Jhikhu basin (100 kd), how does elevation influence rainfall? 

Rainy-season (June-September) data fcom eight long-term monitoring stations within the basin are 

presented in Figure 4.5a. The graph suggests tbat total June-September rainfall increases with 

elevation, pechaps at a rate of about 0.5 d m .  These data are also piotted monthly in Figures 4.5b 

through 4.5e: the same trend is evident in each month. The data are too few to justiw further 

quantitative analysis. 

Data from the detailed no&-facing sbdy basin in Figure 4.6a show that on the Andheri 

hillsIope (5 km2), June-September rainfall declines with elevation, driven by the behaviour during 

June and September. The two groups, separated elevationaily at 1150 m, were tested using the Mann- 

Whitney U-Test. In June and September, the rainlàll in these two groups is significantly different 

(September: 9596, P=0.014; June: 99.9%, P=0.0001). Reporting on rainfall dynamics in the L i u  

basin near Kathmandu, Oveneas Development Agency (1995) found that the areas which are the fist 

to receive a system are also the areas with îhe higher rallifall. This is generally the case on this 

hillslope: systems arrive in the Jhildiu River valley and move up into the Andheri sub-basin. The 

shoulder months also exhibit a tighter pattern suggesting that wind effects may be minimised during 

thii period. The variability in rainfâll measured over the hillslope during July and August may be 

attributed largely to the negative bias of wind. The high measutements at Gauge 19 (1 182 m) situated 



Figure 4.5 Effect of devation on rainy-season raînîdl at eight monitoring stations distriiuted a m  
the Jhikhu River basin (100 km? 1992-1994): (a) Juue-September, (b) June, (c) July, ( 
August, and (e) seqtember. 
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Figure 4.6 Effect of elevation on rainy-season minMI at 20 monitoring stations located on tt 
Anmieri basin hillsiope (10 hn2; 1992-1994): (a) June-September, (b) June, (c) Juiy, (a 
Au t, (e) September. 
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at the break in slope below the Kulrburi sub-basin (10) suggests that there may be a mid-dope 

maximum - perhaps due to a modest exhadon effect - but the data are too few to confirm or refute 

this hypothesis. 

Data are available fiom 1992 for the south-king hillslope anci are presented monthly in 

Figures 4.7a thtough 4.7~. The July data are too few to infs any trend in rainfall with elevation on 

the hiilslope. In wntrast, data fix August reveal a strong increase with elevation, one which 

experiences no exhaustion upslope. This wn-t to the north-king hillslope could be due to the 

abrupt nature of the south-facing slope. 

These findings have important implications for rainfall m o n i t o ~ g  in these mountainous 

regions. Spatially, measured rainfall c m  Vary by 50% on a 5-km2 hillslope reflecting the combination 

of real spatial variability of rainfall and the variability due to gauge perfcrmance as affectai by wind 

patterns. Real rainfall spatial variabiiity is dependent on the elevation of the slope and on topographie 

peculiarities of the are. especially in relation to prevailing patterns of the region whereas the 

variability due to gauge performance is undoubtedly affected by seasonal changes in wind strength, a 

well known control on tainfaIl catch - unstudied here. 

4.5.2 Storm ceIl 

The rain-gauge clusters located on the Andheri hillslope are used to examine the variability in 

rainfall delivecy within a storm ce11 (1 la@. n i e  monthly changes in total rainfall revealed in the last 

section suggest that elevation may affect within-storm spatial variability; because the elevation of these 

clusters is wntrasting, the extent of influence of elevation can also be investigated. 

The 24-hour rain-gauge network, in place for three rainy seasons on the Andheri hillslope, 

has yielded hundreds of days of rainfall data, each day's data wmprising simultaneous measurements 

at up to 30 locations. The gauge locations form two clusters. One cluster is over steep, intensively- 

managed agricultural land in the headwater Kukhuri basin. The other cluster is over the lower reaches 



Figure 4.7 Effect of elevation on total rainfall at 18 monitoring stations Iocated on the muth-faci 
hiilslope (10 km2; 1992): (a) July - only 7 data mailable, (b) August, and (c) Septembc 
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of the Andheri basin where bare and heaviiy-gullied, red mils prevail. 

To examine the variation of midail wiîhii a storm d l ,  only the daily 24-hour measurements 

which derive h m  Uidividual stom events are cousidered. Initially, following the storm definition 

developed in section 4.3.1, only storms with an average of at least 3 mm of rainfall (from either the 

upland oc lowland rain-gauge cluster) are used. To remove the data for which more than one storm 

contributes, the detailed record from the tipphg bucket within each rain-gauge cluster is used. Eight 

diicrete 24-hour periods contain two distinct events (none contains three); the raidail foc these events 

cannot be b w n .  In addition, storm rainfail cannot be b w n  for the five events which straddle the 

measurement t h e  (7:00 am) and are followed immediately by a 24-hour period with a storm (or 

storms). After removing other data, 90 events remain for coasidecation. 

For each of these 90 stom events, eleven welldistcibuted gauges are chasen from each 

cluster. The mean rainfall and its variance are determined fiom these data for each event in each 

cluster individually and for the two clusters combined. These descriptive statistics are then tested for 

significant difference. Both parametric (t-test, 95%) and non-pararnetric (Mann Whitney U Test) tests 

are applied due to the uncertainty of the underlying distribution. In most cases, the two tests agree. 

When the result from one test is at a lower confidence limit, then the result from the other test is usa 

to rule on the difference. In one case only did the two tests outright disagree: for this data pair, it is 

assumed that no signifiant difference exisrs. 

Using the results from the statistical tests, the data are divideû into three groups. Basin events 

occur wbere there is no significant difference between the data from the two clusters. Where 

significant differences are found, the events are tenned as either upland or lowland depending on 

which has a greater mean rainfall. Finally, the coefficient of variation is calculated for each event. 

The average of the coefficients of variation for ail events within each of the three event-area classes 

(basin, upland, lowland) is presenteû in Table 4.3. A h ,  for aU rainfall over each area (the upland, 

the lowland, and the entire basin) the average coefficient of variation is determined regardless of the 



Tabie 4.3 Spatial variation within a Storm ceIl anâ distniition of events accotding to lowland, 
upland, and basin areaevents for stonns of R, 2 3mm a d  R, 2 IOmm. 

Areal Events Aversige Nurnber Percenta e 
Extent Included Coefficient of Events of To 

of Variation 
S 

Events 
& r 3 mmT; 90 events 
low-elevation lowland 0.283 22 24% 
cluster only 
high-elevation upland 0.480 26 29 
cluster oniy 
entire basin basin 0.459 47 
low-elevation al1 0.445 88 41C* 100 
cluster only 
high-elevation al1 0.426 90 100 
cluster only 
entire basin al1 0.594 90 100 
RT 2 10 mm; 63 events 
low-elevation lowland 0.244 20 32 46 
cluster only 
hifi-elevation upland 0.307 14 22 
cluster only 
entire basin basin 0.328 29 46 
low-elevation al1 0.338 63 LOO 
cluster only 
high-elevation al1 0.332 63 100 
cluster only 
entire basin al1 0.459 63 100 

L ** The events with > 3 mm include those with 2 10 mm. 
Two upland events yielded no rain in the lowland hence CV cannot be calculated. 

event designation (as "upland", "lowland", and "basin"). 

The lowland events (CV=0.28) show less variability than do their upland counterparts 

(CV=0.48). The upland cluster sits in steep topography and the resulting variability is evidenced in 

Table 4.3, this despite the fact that the gauges of the lowland cluster are more widely dispersed than 

those in the upland. The variability of the basin events (CV=0.46) is similar to tbat of the upland 

cluster. Not surprisingly, rainfall for al1 the events over each area type shows generally more 

variability than do the area events when considered on their own. 

About half of these events provide basin coverage with the other half split between the upland 

and the lowland. Though it was not possible to select thii set of stonn events to be representative of 



the entire record, there are 90 events and as such it may be reasonable to assume that the double 

event (and triple-event) days which were removed have the same distribution. 

The entire set of events wnsidered above includes many events of low R, (though p a t e r  

than 3 mm). Events with R, < 10 mm over both the upland and lowland areas are mely flood- 

producing and are thefore of limited interest in this study. These events are removed fiom the data 

set, the summary statistics are rdculated, and the results appear in the bottom half of Table 4.3. 

The spatial variability within a cluster is reduced when only the larger events & r 10 mm) 

are considered. Variability in the upland remains higher than in the lowland. For each area type, the 

variability is always higher if the entire data subset is included ratber than exclusively the local 

events. Note also that there are fat fewer large upland events than large lowland events. By 

subtraction, there are proportionately fat more small (3 to 10 mm) upland events (15) than there are 

equivalent lowland events (2). 

The previous section described changes in monthly rainfall on the north-facing hillslope in 

te- of elevationai differences and possible exhaustion and wind-bias effects. Though the exhaustion 

mechanism may be present and the wind bias mechanism is certainly pcesent, it is clear from the 

findings of this section that 22% of high-rainfail events (RT 2 10 mm) bring a significantly lower 

rainfall to the lowland hence hiilslope exhaution is not an appropriate explanation for al1 storm 

events. Convection is strongly "ce1Iular" in this region at times bringing rainfall to one area but not ti 

the other (50% of cases) and at other times, bringing rainfall to the entire hillslope, perhaps with an 

exhaustion effect. The mechanism for this elevationai difference remains open to speculation. Do 

hillslope exhaution eff' operate during most s t o m  and cause there to be less rainfail over the 

upland? Does the local, convective nature of showers in this region mean that storms arriving via 

distinct topographie pathways bring characteristic levels of rainfall? 

In Table 4.4, the large (R, 2 10 mm) events are stratified accordhg to seasUn. Basin events, 

though cornmon during the monsoon season (49961, occur infrequently during the pre-monsoon 



Table 4.4 Seasonal disîributions of spatial variation within a storm ce11 and distribution of 
events accordhg to lowland, upland, and basin areaevents for storms of R, 2 10 
mm total tain. 

Areal Events Coefficient Number Percentage of 
Extent Included of Variation of Events Total Events 

- ---  - -- --- 

Remommsessan;9evaib 
lowelevation lowlarsd 0.282 5 45% 
cluster only 

high-elevation uplaad 0.252 4 37 
cluster only 
entire basin basin 0.346 2 18 

low-elevation al1 0.366 Il 100 
cluster only 

highelevation al1 0.328 11 100 
cluster only 

Monsoon season; 45 events 
low-elevation lowland 0.230 15 29 46 
cluster oniy 

high-elevation upland 0.330 10 19 
cluster only 

low-elevation al1 0.33 1 52 100 
cluster oniy 

high-elevation al1 0.33 1 52 100 
cluster only 

season. In other words, the pre-monsoon season shows a greater propensity for local min. However, 

the spatial variability of the local pre-monsaon events is equivalent to those of the monsmn season. 

Figures 4.8 through 4.10 llustrate the fainfall delivery over the Andheri basin hiilslope for 

representative basin, upland, and lowland storms. Figure 4.8a occurred on July 10, 1992 (transition 

season) and Figure 4.8b shows a basin event wbich is typical of the monsoon season. Aithough it wa 

an upland event, it brought heavy rainfall to the entire basin to be the most signifiant event of the 

study period. Figures 4.9 and 4.10 contrast upland and lowland events of the pre-monsoon and 

monsoon seasons. Upland storms Ike the one presented in Figure 4.9a are infrequent but when they 



Figure 4.8 Raiddl isolines fOr storm rainfhil over Andheri basin h r  (a) an upland evem during thi 
transition season which was also the heaviest evmt of the smdy period ancl (b) a basu 
event typical of the monsoon season. 
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Figure 4 9  Raiafpll isdines fbr Storm ninfill over Andheri basin for upland events during the (a) 
pre-moiisoon season a d  (b) monsoon season. 

(a) June 9, 1992 
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(b) August 3, 1992 
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Figure 4.10 R?infall isolines for Storm minfail over Andheri basin for lowlaid events during the (a) 
pre-monsoon season and (b) moiwon season. 
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occur, they are a major threat to upland soi1 erosion. Lowland pre-moosoon storms (Figure 4.10a) 

appear to be more frequent in occurrence. 

An important application of these data involves the detennination of how awate ly  point 

measurements represent the areal average. This is especiaily important when attempting to coastnict 

basin water budgets. To investigate this representativeness, the following equation 

E = (t) (s) 

(Cochran 1977) relating realised error (E) to the standard error (s) and size (n) of the sample is used 

(t is the appropriate value from student's tdistribution). This equation is solved for the relative or 

acceptable error (AE=E/x, where x is the sample mean) to give 

n = (t)2 ( O 2  (AE)" 

where CV is the coefficient of variation (six) and t is a function of n. This equation is solved 

iteraiively to yield the results which appeax in Figure 4.1 1. 

Figure 4.11 combined with Table 4.4 indicates the number of rainfall monitoring sites 

required to achieve a specified level of relative error for upland, Iowland, and basin events of the prl 

monsoon and monsoon seasons. For example, with a coefficient of variation of 38% (monsoon 

season) and 56% (pre-monsoon season), in the order of 100 monitoring sites are required to measurt 

basin rainfall (for storms of R, r 10 mm) to a confidence of within 10%. If the gauge requirement 

were limited to, Say, 10 sites a level of error of 30% would result. The coefficient of variation of th 

lowland (0.23 to 0.28) and upland (0.154 to O. 196) events is smaller so fewer gauges are required fc 

the same level of relative error: 10% requires 10.40 monitoring sites, 20% requires 5-20,3046 

requires 3-6, and 50% requires 2-4, depending on which areafseason combination is under 

consideration. A 10% level of error appeats unworkabie for most applications due to the excessive 

monitoring requirements - a level of error of 30% appears to be the most practical, if acceptable in 

the management or research application. CeaainIy, if only one gauge is installed in the basin, the da1 

will essentially tell nothing reliable about storm rainfall delivery within a basin. This result casts 



Figure 4.11 Number of tainfall monitoring sites required in relation to the relative error for a raq 
in coefficient of variation. 
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serious concemi on the value of data fiom thinly-spread Cui viilleys) HMG gauges, for example. 

4.6 htegmtion 

The previous sections examined sepacately spatial a d  temporal variability in rainfdi delivery 

as measured throughout the study site. This section attempts to integrate these hâiigs to serve two 

purposes. The first provides guidelines for those attempting to measure rainfall in the Middle 

Mountains. The second establisbes a quantitative reference frpmework to be used in subsequent 

chapters in the diagmsis of erosion. 

4.6.1 Classification 

A storm classification system is proposd based on RT and 1, because these are the storm- 

period variables most important to s h c e  erosion @lot scale, on-site) and mass wasting (larger 

scaies, off-site). Findings from later chapters are combineci with insights from section 4.4.1 to yield 

thresholds. In Chapter 5, a 30 mmh threshold is observed for significant surface erosion at the plot 

sale (similu to Hudson (198 1) who d e s m i  a 25 m m h  threshold). In Chapter 8, it is shown that 

serious buin-sale sediment output corresponds roughiy to stom events with 1, exceeding 50 mm/h 

and R, 2 30 mm. Events with RT < 10 mm rainfall yield insignificant basin sediment output. Table 

4.5 illustrates the class thresholds of each of these parameters and how theu combinations are used to 

derive three storm classes: minor, intemediate, and major. 

For al1 five refording rain gauges, storm-period variables have been analysed to determirie 

storm type for every stom and the resulting distributions appear in Table 4.6. Despite the changes in 

elevation and aspect and the differences in data gaps nom gauge to gauge, there is a strikïng 

consistency in the five distributions. A large majority (77%) of al1 events is minor (either RT < 10 

mm or 1, < 30 mmh), of M e  consepuence for flood generation. One in five events is intemediate 

and lilcely causes floods. The erosionai coiiseqgences of these events focus on either surface erosion 



Table 4.5 Defînitions of minor, intermediate, and major stom classes in relation to total rainfa 
and peak 10-minute raiddl intensity. 

b 

Peak 10-minute Rainfail Intensity (mmîh) 

0-30 I 30-50 I r 50 

Table 4.6 Distribution of storm events in thtee storm classes (minor, intermediate, major) at 
five sites. 

Total 
Raiafall 
(mm) 

Site Total M i o r  Intermediate Major 

North facing; 211 75.4 20.9 3.8 
high elevation (159) (44) (8) 

10-30 

2 30 

North facing; 21 1 76.8 19.0 4.3 
low elevation (162) (40) (9) 

Intermediate 

Major 

South facing; 200 78.5 19.0 2.5 
high elevation (157) (38) (s) 

South facing; 173 78.0 18.5 3.5 
low elevation (135) (32) (6) 

Outside detailed 229 75.1 21.4 3.5 
study area (172) (49) (8) 

Overall averane d a  76.8% 19.7% 3.5% 

(if 1, L 50 mmh) or on slumping and Stream banWbed erosion (if RT 2 50 mm) but not both. The 

major events are erosive in terms of b t h  surface erosion and mass wasting as a result of their high 

intensity and high volume. These events are infrequent, occurring in about 3% of al1 stocms (1 in 33) 

Table 4.7 presents the seasonai distribution of stom clam at al1 sites. On average, 38% of al1 

storms occur in the pre-monsoon period whereas 62% occur during the monsoon season. The natural 

variability around these trends is potentially enhanced by the unequal distribution of data gaps at the 

sites. Though tbz storm class distribution within each season varies from site to site, it is rematkably 



Table 4.7 Seasonal d i b u t i o n  of storm events in three storm classes (minoc, intermediate, 
major) at five sites for 1992-1994 data. 

Site Percenîage of Al1 Percentage of Season's Events Occurring Within 
Events Occurring Each Class 

Within Each 
Season 

Min Int Maj Mn Int Maj 

North facing; 30.3 69.7 76.9 20.9 2.2 74.2 20.8 5.0 

North facing; 43.1 56.9 70.3 23.4 6.3 79.6 17.0 3.4 
low elevation (91) (120) CIO) (19) (2) (89) (25) (6) 
South facing; 42.0 58.0 83.3 16.7 0.0 75.0 20.7 4.3 
high elevation (84) (116) eo> (14) (0) (87) (24) (5) 
South facing; 31.2 68.8 72.2 22.2 5.6 80.7 16.8 2.5 
low elevation (54) (119) (39) (12) (3) (%) (20) (3) 
Outside detailed 41.9 58.1 72.9 24.0 3.1 76.7 19.5 3.8 

ûverall, High Elev. 38.1 61.9 75.8 21.3 2.9 77.3 18.9 3.8 
Overall, Low Elev. 37.8 62.2 75.2 21.4 3.4 77.4 18.8 3.8 

consistent. In fact, the integrated average of al1 sites yields essentially the same distribution for each 

season - 76.8% minor, 19.7% intermediate, 3.5% major (and obvioudy the same as the non-seasonal 

distribution). Observed differences in the s tom class distributions were tested for significance using i 

Chi-Squared Goodness of Fit test. Annual and seasonal disaributions were tested by site, elevation, 

and aspect and each test showed no significant d i eence  (90%). in addition, seasonal différences in 

these categories were found w t  to be significant. The significant differences in storm-period variabla 

hund in section 4.4.1 are insufficient to persist after stem classification. It is the temporal change ia 

storm characteristics at a site that provides the important difference geomorphically. The minor event 

rarely cause a change in stceamflow important to erosion. The intermediate evenrs are significant but 

tend to be easily rnanaged. It is the major events, because of their combineû high intensity and high 



volume which are seciously âmaging. 

While these differences are statisticaily nonsignifiant, the srnall differences in measured 

occurrence of major m s  may be imporîaut if they petsist at other times. Due to their importance ii 

initiaring erosion, a slight systematic departure in frequency of occurrence of major events may make 

some sites more prone to erosion. For instance, at the low-elevation site, 6.3% of pre-monsoon 

storms, 3.4% of monsoon storms, and 4.3% of al1 storms are major storms in contrast with the 3.52 

average overall. If important, these concerns would need consideration in light of total storm 

frequeacy Vable 4.8). 

4.6.2 Storm Frequeney 

In the previous section, conclusions were reached about overall and seasonal distributions of 

wents within the study site, This section seeks to extend those fhdings by examining the annual and 

seasonal frequency of occurrence of storms withii the basin during the three-year study period. 

Table 4.8 presents the total number of storm events at each site for each year (1992-1994) as 

recorded by the tipping buckets. These figures are not exact averages due to the presence of data gaps 

of variable extent at most sites. Because these data gaps are generally small, the estimates form 

reasonable approximations, completed using adjacent 24-hour measurements and inference from the 

neasest recilrding gauge (with data). Sites had between 68 and 87 events per year with most sites 

having between 70 and 80. The overall mean is 77.5 eventsiyear. 

In Table 4.9, the seasonal distributions by Storm class (from Table 4.7) are applied to the 

average annual event frequency (77.5) to yield expeçted annuai stom frequencies in the study area. 

On average, of the 77.5 events which occur each year, 48.0 of them occur in the monsoon season 

while the remaining 29.5 occuc in the pre-mo~lsoon season. Only 17.8 of these are non-minor; of the 

major events, one will occur in the premonsoon season of almost every year while one or two should 

occur each year during the monsoon season. We also expect almost ten intermediate storms during tht 



Table 4.8 Number of stem in each year (1992-1994) at each site as given by recorded data. 

Site Total Annuai Number of Storms 

North faciag; 7 1 87 79 79.0 
high elwation 

Nozth k ing ;  7 1 68 72 70.3 
low elevation 

South facing; 70 74 78 74.0 
high elevation 

South facing; 72 83 78 77.7 
low elevation 

Outside detailed sbudy am;  85 87 87 86.3 
high elevation 

Overall mean 73.8 79.8 78.8 77.5 

Table 4.9 Expected average seasonal storm frequency by class (minor, intermediate, major) 
withii the study area. 

M i r  Intermediate Major Total 

Pre-monsoon 21.9 6.2 1.0 29.2 
season 

Note: Frequencies of ocmence for combined seasons are based on an averaged distribution, 
heace do not identically equal the sum of the two seasonal distributions presented. 

monsoon season and about six intemediate events during the pre-monsoon season. 

4.7 Summary and conclusions 

nie specific quantitative findings fkom this chapter are listed in this section followed by the 



main conclusions derived ftom these detaüed results. 

4.7.1 Summriry of quantifative findinp 

The f W i  from this chapter cm be grouped a r o d  hur topics: temporal variation, spatial 

variation, Storm classificaîion and fiequency, and guidelines h r  monitoring and analysis. In making 

these observations, a Storm is deiked as delivering at l es t  3 mm of raiafal and k ing  separated by ai 

least two hours from odier rainfatl. 

Temporai vonvonation 

1) Storm-perid variables 

Peak 10-minute and 60-minute intensities begin withii the first 15 minutes in half of ail storms. 

in 25% of al1 stotms: 

the peak 10-minute rainfail intensity exceeds 30 mmihc; 

more than 15 mm total rainfail is delivered; and 

more than 24 hours without rain precedes the storms. 

2) Seasonal &ects 

Storm characteristics are similar between the pre-monsoon and monsoon seasons: they deliver both 

high-volume and high-intensity raiafall capabIe of causing severe erosion. 

in cornparison with monsoon storms, pre-monsoon storms: 

deliver less total rainfall; 

are shorter in duration; 

occur afkr longer periods without rain; 

show a delayed occurrence of peak rainfall. 

Spatial Varim-on 

Spatial variation was assessed as a function of elevation and stom ce11 variability in terms of 

total rainfali (over specific time periods) and in terms of stonn-period variables: 



3) Stotrrr-period variables 

Systematic differences in storm-period variables are not evident beîween elevation and aspect; 

differences observed relate to narrow combinations of season and storm characteristic. 

4) Elevation 

Over the d e  of 100 km2, wet-season tainfall (June-Septembet) increases with elevation; the trend 

Is insensitive to season. 

Over the scde of a hillslope (10 km2) rainfail variation shows a trend to increase with elevation 

thougb marked exceptions are observed: 

total pre-mnsoon-season rainfall decreases with elevation; 

total monsoon-season rainfall shows a midslope (1050-1150 m) maximum. 

It is not clear the extent to which these elevation differences are due to hillslope exhaustion and due ti 

the I d  "cellular" nature of convection. 

Over a hillslope (10 kmz), total variation in rainfall can ex& 50% in a month; a large proportion 

of this variance may be due to increased wind bias in measwement over cornplex topography. 

5) Storm cedl 

About haif of al1 hillslope storm events deliver significantly different total rainfall within contrastinl 

1-km2 upland and lowland subregions; 

Hillslope-wide events are uncornmon during the pre-mormon season; 

Low-raid1 events (3 mm 5 RT < 10 mm) are highly variable especially in the mountainous, 

higklevation terrain where CV=0.48; 

Lowlsd and upIand high-rainfall events (R, 2 10m.m) demonstrate rduced variability. 

High-rainfall *arean events (isolated over either the lowland or upland) occur more frequently at 

low elevation than at high elevation and togeîher constitute more than half the total number of 

hiilslope events. 



Sfom ~ ~ ~ C m i O n  and Fre- 

6) Storm classification 

A matrix classification using IIo and R, provides a convenient basis for classification because its 

bais is compatible with the tainfall-nduced variation in character of erosion: 

Miwr events delives R, < 10 mm or have 1, < 30 mmh; 

Major events deliver R, 2 50 mm and have 1, 2 50 m a ;  and 

Intermedia& events fonn the remainder of the storms. 

7) Storm distributions 

Annuaily, 76.8% of al1 storms are mimr events; 19.7% are intermediate events; and 3.5% are 

major events. 

Storm-class distriiutiom are insensitive to aspect, elevation, and season. 

Of the wet-season storms, 37.7% occur during the pre-monsoon season and 62.3% occur during thr 

m o m n  season. 

8) Storm classification and frequency 

Annuaily, an average of 77.5 storms were recorded across al1 five sites: 59.0 minor events, 15.7 

intermediate events, ansi 2.8 major events on average across a11 sites. 

Only 2.8 major storm events are expected annuaily (1.0 pre-monsoon; 1.8 monsoon). 

GuideIUtesfOr monitoring arid analysis 

9) Field Instnunentation 

When measuring rainfall intensity for emsion studies in the Middle Mountains, use a minimum 

cesolution of 0.25 mm and a sampling frequency not exceeding 2 minutes; maintain these 

constant dutiag the monitoring period. 

To measure mean storm rainfall over a fourîh-order tributary basin, data fiom one gauge is 

inadquate; in the 5.3-kd study basin, 2 to 4 gauges are needed to limit the allowable error 

to 50% and about eight gauges are required fir  a maximum allowable error of 25%. 
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Maintain duplicate instnunents at many sites, especially when different types of ipstntmentation are 

used and breakdown cm cause gaps. 

10) Analysis 

A Storm dewtion based on a two-hour minimum @od without raia respects the inhecent 

characteristics of raulfall in the MiddIe Mountains and = 3 mm elhinates gauge 

fesolution effects. 

Il, and I, best reflect rainfall chafactefistics afkctïng surface erosion aad mass wasting respectively 

(provided the sampling fieqyency is S 5 mimites). 

S and Tm provide useful relative indices of antecedent moisaire conditions. 

4-72 Conciusioos 

These finclings suggest this chapter's ttiree principal conclusions: 

Seasonal storm choracteristics 

Sturms of the pre-monsoon and rnonsoon seasons deliver equivalent hi&-intensity, high- 

volume rainfaIl capable of causing severe erosion. However, in cornparison with monwon storms, 

pre-monsoon storms deliver less total rainfafl, are shorter in duration, occur after longer periods 

without rain, and show a delayed occurrence of peak maximum 60-minute rainfall intensity. Spatiaily, 

pre-monsoon stonn cells are smaller than monsoon storms. These conclusions suggest that the 

erosivity of stonn rainfall in these two seasons should be equivalent but the timing of pre-monsoon 

storms may enhance the relative erodibility of the land surface during this season's significant storms 

in contrast with the monmon season. 

Sparial wu~~rzbiiity 

OVK a hillsIope (10 km2), variation in total rainfail often exceeds 50% in a month. This 

variabiiity is driven by a combination of wind bias (due to instrument limitations ami complex 

topography), local storm-cell structure, and hillslope exhaustion. This conclusion raises severe 
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concecm about the usefuiness of raididl data derived h m  single gauges, notably when these gauges 

are wt within the catchment of concem. The data m y  provide useful idonnation regarding broad 

regionai trends but they do not provide any reliable Wrmation on synoptic-scale flood-producing 

storm sainfaIl. 

Stonn dbtribution 

Under a threeclass storm classification system designed for this study of erosion and sedi 

transport and using class divisions based on maximum 10-minute raiafall intensity and total raiddl 

there is no significant difference in the distributions of Storm classes between site, aspect, and 

elevation within either season. Annually, an average of 77.5 stoms was recorded across al1 five sites 

Of these, an average of 2.8 major events (more than 50 mm/hr maximum 10-minute intensity and 

greater tban 30 mm total rainfall) occurs: 1.0 ment during the pre-monsoon season and 1.8 events 

during tbe moIlsoon season. 



5. Diagnosing headwaters controk on erosion and sediment 

5.1 Inûwdudion 

Factors which shape the erosion regimes of the saidy catchments are examined diagmstically 

to evaluate theh relative effects on sedimeat dynamics. A wide assortment of geomorphologic, 

hydrologie, and agricuitural techniques is available foc measuring rates of erosion over widely- 

contrasting spatial a d  temporal sdes ,  Data ftom erosion plots are used here to evaluate the &ect 01 

individual stonas at the plot (100 rn? scale during al1 seasons. The sediment-ratingcucve technique L 

used to examine the combined e f f m  of al1 erosion processes operathg within the catchments during 

individual flood events over various spatial and temporal scaies. By contrasting the behaviours of 

catchments of different character and over different seasons, dominant causes are inferred. Erosion- 

pin measurements and erosion surveys provide mrroboration of the Mings.  The diagnosis provides 

foundation for the sediment-budget anaiysis in Chapter 8. 

Raintàll is obviousIy the precursor to erosion in this region. RainfalI intensity patterns of the 

pre-monsoon season are strikiogly similar to those of the monsoon season. Eowever, pre-monsoon 

storms tend to be of shocter duration and have longer dry periods between them than do monsoon 

storms. More tainfall occurs at Iower elevations in the study are. yet peak rainfall intensity tends to 

be somewhat higher at higher elevation. These distinct patterns evident in the rainfall regime will be 

examined more closely for their relation to observed pattern of sediment dynamics. 

Having estaHished b w  rainfall behaves in the study ara ,  it is now possible to attempt a 

diagnosis using erosion and sediment-transport data from thii study. The evaluation begins with an 

examination of surface erosion h m  dtivated fidds at the plot scaie. F i i n g s  are tested and 

conclusions extended by examiniag Stream suspended-sediment regimes over contrasting spatial scales 

and basin cbaracter. 
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A wide variety of methods has been used to study patterns of fine-sediment transport, 

includiig erosion plots (Mutchier et d. 1988), Stream hydromettic stations (Gregory and Wdling 

1973), soil-profile deveiopment (Hacden et al. 1979), tracers (Bovis 1982), erosion pins, and erosion 

surveys (ASCE 1975). Each approach focuses on specific processes and spatial and temporal scales. 

Erosion plots and Stream hydromebic stations are the two techniques used in this chapter so a review 

of these two tools fOm the fUcus of this seçtion. Himalayan studies of direct relevance to this study 

are also reviewed. 

5.2.1 Behaviour of finesediment m i o n  and transport 

Erosion plots 

Erosion-plot soil-ecosion research has a long history in agriculture and the Universal Soi1 Los! 

Equation (USLE) represents the most-comprebensive application of this work (Wiichmeier and Smith 

1978). mis  equation predicts average annual sheet and rill erosion and was developed using data from 

over 10 000 plot-years' data h m  standard plots of 72.6 ft (22.1 m) in length and 9 46 slope 

throughout the United States Midwest (Wischmeier 1976). It represents the major controls on plot- 

s d e  erosion using s u  paramers: rainfall erosivity @), mil erodibiiity 0, slope length &), slope 

steepness (S), cover and management (C,P). The Universal Soil Loss Equation (USLE) is useful in 

that it explicitly recognises al1 die controls on soi1 loss operating at the plot scale. For conditions 

withii the range of parameters studied, it provides a convenient and accutate assessrnent of soil 

erosion for management. 

Several attempts have been made to improve upon the USLE. The Revised Universal Soil 

Loss Equation, RUSLE, (Renard et ai. 1991) uses modified USLE factors and computerised 

algorithms. Unfortunately, like the USLE, outside of the conditions for which the equation was 

develaped, it is often aot useful. Increasing cornputer capabilities have led t the development of 



complex mathematical predictors which d e l  the successive detachment, transport, and deposition 

processes within small catcbments. The Water Erosion Prediction Project (WEPP) d e l  (Laflen et 

ui. 1991; Risse et aï. 1995) is the modern replacement to the USLE, building on earlier attempts like 

the Chemicals, Runoff, and Erosion tbr Agriculhuai Management Systems (CREAMS) model (Foster 

1988). 'Iaese mathematical models are limited in their application in developing countries because of 

their high data requirements. 

Despite the limitations, researchers have attempted to extend use of the USLE to other 

regions. The Soil Loss Estimator for Southem Africa (SLEMSA) was developed in Zimbabwe based 

on the USLE model (Wendelaar 1978 in Elwell 1984). Narayana et al. (1983) used the USLE and 

river, reservoir, and mil-los data to estimate an average annual rate of erosion for India as 16.4 

tonnesha. They used work by Babu et d. (1978) in developing an R-factor map of India based on 

climate records. Low (1%7) proposed an estimator of soil loss for developing countries based on 

easily+btained mean terrain attributes. Elwell (1984) stresses that countries which attempt to 

determine local USLE factors face an onerous task and ofien lose interest in prediction techniques 

believing that development costs are weil beyond their resources. 

In situations where a quantitaîive prediction of soil erosion is not directly necessary, erosion 

plots can be efficientiy used to diagnose patterns of sediment production over small spatial scales (< 1 

ha). For example, La1 (1982) studied the effect of terraces on sediment production and delivery in 

small basins (4 ha) in Nigeria and found that while terraces are effective at reducing the delivery of 

soil from the plot, they do not substantially reduçe soil detachment. Young and Onscad (1982) looked 

at the effeçt of soil characteristics on mil erosion and found that the degree of aggregation, aggregate 

stability, and the soil clay content most strongly influenced sheet erosion. Pandey et al. (1983) and 

Pathak et ui. (1984) used plots to assess hydrological aspects of forested and nonforested slopes in the 

Kumaun Himalaya in India. Pinczes (1982) studied sloping, Hungarian vineyards, Ming that erosion 

rates corcelated well to nuioff and rahfdl intensity for low-intensity tain events and wrrelated poorly 
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for hi@-intensity events. Richter and Kertesz (1987) discovered a strongly seasonal pattern of wosioi 

fiom pIots in Gennany and Hungary. 

Hudson (1981) explained the importance of the kinetic energy of rainfall in determining soi1 

loss ftom plots. In developing an alternative to îhe USLE R-factor for use in Africa, he had found 

that 25 mm/hr represents a thtesbold of kinetic energy beîween erosive and non-erosive tain. He 

pointed out that others went on to modify bis concept proposing various combinations of total 

rainfall, raWI htensity, and the energy of the storm (Elwell and Stocking 1975; La1 1976; Morgan 

1977). These studies focus attention on specific erosive storms tather than total annual rainfall at a 

plot. 

Plot-barin SC& linkage 

To address soii loss over larger spatial scales, the concept of a "sediment delivery ratio" has 

been developed (Glymph, 1954; Maner 1958; Roehl 1%2) and applied to erosion data extrapolated 

spatially over a basin to link the plot to the basin scales. Walling (1983) dehed  the sediment deliver 

ratio (SDR) as  the ratio of the sediment delivered at the catchment outlet to the gross erosion within 

the basin on an annual i  areal basis. Unfortunately, the SDR is very hard to predict and depends or 

the sediment sources, the drainage network, relief, slope, soi1 characteristics, vegetatioa, and landuse 

(Wailing 1983; Ichim 1990). 

The SDR concept is a black-box mode1 which lumps al1 spatial and temporal variabilities into 

a single number. Spatiai heîerogeneities have led to distributed application of the delivery-ratio 

concept often in conjunction with the USLE. Burns (1979 in Walling 1983) focuses on individual 

sources and on identifjing theù separate deIivery potentials. With adequate spatial cesolution and a 

thorough diagnosis of the delivery potential of important sediment sources, the SDR concept could 

accommodate spatiai heterogeneity. 

The alluvial erosion and storage component of the basin sediment budget is not genetally 

Uicluded in the calculation of "gross erosion" (Piest et al 1975; Walling 1983) and f o m  the key 



weakness of the delivery-ratio concept. Church and Slaymaker (1989) examineci landscapes in British 

Columbia (Canada) responding to glacial diturbance and found an increase in specific sediment 

delivery downstream due to stream channel bed and bank erosion. Though this has been termed a 

controversy (Bull et al. 1995), it is simply the alluvial component of the basin sediment budget 

operating over very long temporal scales. This relaxation tirne of disturbance is also evident over 

shorter timescales as sediment wedges cascade through a drainage system over decades as a result of 

anthropogenic disturbance associated with logging activities (Roberts and Church, 1986). 

Equivalently, it can also occur over short timescales such as the single event. 

The problem is m e r  complicated by the size distribution of traasported sediment (Walling 

and Moorehead 1989) and the existence of geomorphic thcesholds (Schumm 1977). Considering 

sediment as a homogeneous materiai is to mate another black box akin to the one associated with 

spatial lumping of the delivery-ratio concept. This will be wnsidered in detail in Chapter 6. Extreme 

events occur even for a system in equilibrium and can greatly affect the storage term. The relative 

importance of extreme versus frequent geomorphic events has been well discussed (Wolman and 

Milet 1960) and will be addresseci in Chapter 8. 

The difficulties associated with linking plot-sale measurements to basin sediment yield are 

clear. An effective approach uses multiple methods covering a wide variety of spatial and temporal 

scales. In this study, stream sediment sampling to determine stream sediment yield is the other 

dominant technique used to assess erosion. 

Stream sediment yield 

Patterns of suspended-sediment transport in streams have long been studied to determine 

average areal denudation rates fbr spatial scales that are impractical for the erosion-plot technique (> 

1 to 10 ha). The larger spatial scde expands the range of çontrols under consideration. Campbell and 

Bauder (1940) popularised the concept of a sediment rating cuve to determine the characteristic 

suspended-sediment concentration for any stream dischacge. They identifid the straight-line 



logarithmic relation between suspended load aud stream dicharge, C=aQb where C is suspended- 

sediment concentration, Q is stream discharge, b is the exponent of the relation (or "dope" on 

logarithrnic coordinates) and a is the coefficient (or y-intercept on logarithmic coordinates). Walling 

(1974) pointed out that b is normally between 1.0 and 2.0, though smaller values have been repoaed 

(e.g., Lougbran et ut. 1986 found b=0.68 for a 17Ma basin in New South Wales). This relation has 

been exploiteci extensively for determinhg total f ine-sedi i t  output fiom basins (e-g., Johnson 1942 

Porterfield 1972; Singh and Durgunoglu 1992). Due b the distributed, sbchastic nature of sed ien t  

production and delivery, the technique of regressing C on Q remains a common approach to 

estimating basin sediment yield (Shen and Li 1976). 

The sediment-rating curve represents the net effect of the interaction of sediment availability 

(supply) and its movement through a basin (transport) (van Siclde and Beschta 1983). Most basins 

studied in the literature are supply-limited resuiting in suspended-sedient concentrations which often 

range across two orders of magnitude (Walling 1977a) - tbe combined event, seasonal, and spatial 

variation prevented Brown and Krygier (1971) h m  reaching general conclusions. Anaiysis of 

variance and multiple regcession are frequently used to identiQ dominant controls (e.g., WaIling 

1974, McPherson 1975, Griffirhs 1981). Unfortunately, these methods rest on the appropriate choice 

of independent variables and requue that each variable be measurable and expressed quantitatively; in 

addition, the variables can be confounded (e.g., precipitation and discharge). 

Typical reported high values of annual suspended sediment yield range between 100 and 1 

000 t m k n i 2 * y i i  for small basins (1 to 10 km? (e.g., Nordin 1%3; Griffiths 1979; Doty et al. 1981; 

Tropeano 1991). Tropeano (1991) also reported 5 200 t km-**yrl for a 0.75 km2 basin in 

northwestem Italy. Church et al. (1989) reported almost 20 000 t km'L yr-l for sub-basins (0.2 to 

400 km? in China's Middie Yellow River basin. 

Effective use of the rating-curve technique requires that an adequate number of events be 

sampled, covering a wide range of the controls on sediment yield. In small, especially mountainous 



basins, flow and suspended-sedit cau change rapidly making meastuement dificuit, increasing 

error (Waliiig 1977b), whereas in larger basb more controls cm be operating increasing the 

variability of the net suspeaded-sediment response. Measurement enor and variability in response 

must be considered when ushg sediment rating curves to calculate stream event, seasonal, and annual 

sediment yields (Walling 1977a; Wdling and Webb 1981) as disçussed in Chapter 8. These concetns 

are parricularly problematic in Nepal @akaczi 1985). 

A variety of mechaaisms controls sedient avawity and its transport or retention in a 

basin. To imptove the accuracy of the relation, rathg curves can be stratified according to these 

controls. Ultimately, the relation is established by five primary controls - geology, climate, 

hydrology, topography, and management (adapteai from Griffiths 1981). However, to stratify results 

effectively, measurable parameters important to the wntrolling rnechanisms are the most usehi. 

Effective controls on suspended-sediment rating curves can be grouped into four categories: 

riydrology 
Stream discharge 
storm-petiod variables @eak intensity, total -1) 

SuJace response 
~ ~ ~ W a p h ~  
soil characteristics 
sucface cover 
antecedent soil-moisture conditions 

Scale 
spatialltemporal variability in rainfalllrunoff 
travel time 
antecedent flood bistory 

Management 

modification of surface soillcover 
stnichues 
water diversion 

These controls interact to affect the mobiiisation, transport, and deposition of sediment, yielding a 

spatially- and temporally-heterogenous relation. Measurement difficulties and high variaùility can 

make it difficult to isolate the effects of scme of these controls. Two cornmon approaches are to 
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sttatify by hydrograph stage (rising versus Ming limb) and by season. Frequently, a much smaller 

numôer of controls change with eitfier season or stage and by examinhg these sttatified rathg mes, 

ixûocmaîion cm be gained about the importance of certain controls. Most of the literature reviewed in 

the following discussion uses stratification by season to examine, through inference, the operation of 

the above controls. 

Hysteretic effects complicate analysis of sediment rating cuves by desyncbronishg changes im 

sediment and discharge. Tbough this decoupling introduces diffidties in devdophg an accurate 

predictive relation, it also provides new information about upstream sedixneut dynamics which can 

assist in evaluating the controls. In this discussion, the general importance of hysteresis is indicated 

when it arises - a complete discussion of the mechanics and consequences of hysteresis for sediment 

rating curves is given in Chapter 6. 

Discharge is generdly observed to be the strongest single control on suspended sediment. 

Eigher flows possess a greater ability to carry sediment, especially the larger size classes. Discharge 

cm also induce a change in riparian sediment supply. Sidle and Campbell (1985) suggested that high 

flows in a gravel-bed Stream break the surfa- armour allowing the fines to be flushed out before re- 

annouring again at or near the peak flow. Paustian and Beschta (1979) studying forested basins in the 

Oregon Coast Range found that over 30% of the winter sediment output of gravel-bed saeams was 

stored in the bed. Discharge-induced supply contributes to the well-known cIockwise hysteretic 

behaviour desccibed in Chapter 6. At higher flows, the Stream is also able to access sediment supplies 

not frequently available. Sidle and Campbell (1985) observed a steeper sedimentdischarge relation at 

higher flows - that is, a stronger relation of C to Q. These in-stream supply dynamics compelled Van 

Sickle and Beschta (1983) to propose the partitionhg of supply among several compactments accessed 

at different levels of streamflow. 

Some authors prefer to use rainfail instead of discharge as the independent variable. Griffiths 

(1981) derived regional relations for large basins in South Island New Zealand concluding that mean 
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rainfall is the best predictor of suspended sedment output (6 basins of 4-100 km2, 27 basins of 100- 

1680 km?. He reached similac wnclusiUns for North Island bas& (Griffith 1982). Griffitbs (1981) 

mted the dominance of precipitation found in otber clhatic regions (semiarid, arid, subhumid, 

tropical). Walbg (1974) used multivariate anaiysis to assas the &ect ou suspended sedient  on an 

event basis of three rainfail parameters (15-minute intensity, total rainfall, storm kinetic energy) and 

found them to have a strong relation. Udortunately, because dicharge and ptecipitation are 

confounded in small basins, it is diffidt  with thii appmach to determine the relative importance of 

stotm-peciod variables to suspended-sediment output. 

Burt (1989) stressed that aitbough topography can be a strong control on suspended sediment, 

it is in the sub-basin scale where it is most important. In the headwaters, topography influences how 

fast runoff is concentrated into a powerfui saeam. In very small basins (scale depends on the climate) 

there is inadquate flow to be çompetent in transport. In very Iarge basins, tributary inflows are 

desynchronised reducing the effect of topography. It is in the mid-sized tributary basins whete 

topography cm exercise the greatest effect on the flow regime. Tropeano (1991) echoed these ideas 

pointing out that basin lag time is also a function of basin shape and dimensions - lag tirne is therefor 

çonsidecably shorter in headwater bains. 

S h e  condition - expressed through sufice wver and soi1 characteristics - is important in 

determining the quantity of sediment available for traasport. Because most systems are supply-limited 

(van Siclde and Beschta 1983), this effect can be large. Tropeano (1991) found suspendeù sediment 

output fcom a 6.8-km2 basin in Northern Italy to be greatest in the summer resulting fcom recently- 

ploughed fieIds. WalIing (1974) also attributed a seasonal change in response in a British basin to a 

decrease in vegetative protection during winter. With bue ground, storm-period variables - especially 

short-term venus long-tem rainfall intensity - becorne important to sediment production. 

Infiltration rate and soi1 moisture conditions affect moff  and its ability to entrain material. 

Surfaces with low permeabidity - e.g., built environments - encourage shorter times of concentration 
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resuiting in higher pealr 0ows ad greater sediment production- Wood (1977) pointed w t  that Iong 

periods without msion can cause fines to be in greater supply due to weathering and biologiul 

activity. He also suggested that desiccated surfaces may favour drying and ccumblhg which cause 

fines to be more r d i y  entrained during the onset of precipitation. Conversely, fines may be harder 

to entrain when wet, especially if the surEace is hydmphobic or clay-rich. F i i n g s  of Chapter 4 

indicated that antecedent moisaire conditions of sutface mils during the pre-mormon season should bc 

drier than those of the moIlsoon season - the difference may contribute to seasonal erodibdity of 

cultivated mils in the study basii. 

Spatial- ad temporal-scale interactions modify the sediment response measufed at a point. 

Scale influence bas already been mentioned in terms of headwater hydrology. Variability in rainfall 

input and a heterogeneous surface response add furthet spatil-scde influences to the sedient- 

discharge relation (Porterfield 1972). This effect is lost in very small and very large basins (scale 

depending on the climate). Studies ofien find that total output is dominated by sediment production 

ûom a limited atea of the basin (e.g., Tropeam 1991 found that 30-5096 of m a i  tributary input came 

from 8% of the land area, dominated by badlands). Also, Sidle and Campbell (1985) pointeci out that 

the sediment rôsponse of small basins can be dominated by one source such as a landslide (e.g., 

Brown and Krygier 197 1). 

Antecedent flood history can modify the supply regime. Many authors bave noted seasonal, 

intecevent, and intra-event exhaustion patterns (Colby 1%4; Arnborg et ai. 1%7; Walling and Teed 

1971; Wood 1977; Beschta 1978; Walling and Webb 1982). Beschta (1978) observed the seasonal 

shift &et the annual p& flow had ocmed.  Wailing and Webb (1982) found sediment output to 

increase strongly wirh "recovery period" (det7ned as the t h e  between successive events). Wood 

(1977) found that sediment exhaustion within individual events depends upon the Iength and severity 

of the event. Arnborg et ai. (1967 in Wood 1977) suggested that the entrainment of sediment 

deposited on the bed during the cecession stage of a previous flood also resuits in this differentiai 



supply regime. 

In large basins, the diffesent ttavel times of water and sediment can modify the sediment- 

diichacge relation. This spatial-sale @ect results in a counterclockwise hysteresis loop, in contrast ti 

the clockwise loop commonly foud  fiom the effects of supply exhaution. 

Watershed management can reduce or eahauce the effects of most of the conbcols d e s c n i  

above. Anderson (1981) found that landuse variables accounted for 30% of the variance in sediment 

rating curves for 61 basins in California. Management coma in many forms; the two of most interes1 

to the present study are structures and modification of surface conditions. 

Roads are one of the most familiar modifications made to a managed watecshed. In British 

Columbia and the USA Pacific Northwest, the increase in sediment production resulting from 

construction of forest access roads is well documented (Brown and Krygier 1971; Megahan and Kidd 

1972; Beschta 1978; Reid et ai. 1981; Reid and Dunne 1984; Anderson and Potts 1987). Other 

structures such as reservoirs and diversion dams can also strongly modify the downstream sediment- 

diichacge relation. 

In agricultural basins, perhaps the greatest effect fiom management is the surface modificatior 

brought about by cultivation and other agricultural activities. Loughran (1986) studied a 1.7-kmz 

managed basin in New South Wales, Australia (forestrylagriculture) and found that 93% of sediment 

output derived from vineyards (60% of the area) and only 7% came from the forested land (30% of 

the area). Using erosion plots, he was able to attribute the difference to the absence of a surface covei 

on cultivated fields. Though output ftom sloping agricultural fields can be high, it is important to 

remembec that typically only one-third to one-half of the amount eroded fkom the surface actually 

leaves the basin (Walling 1983). For example, Imeson (1974) examined an 18.9-km2 basin in England 

and found that because only a third of the soi1 eroded from the bare agricultural fields actually left the 

basin, the river channels were an important sediment source accounting for over 35% of the total 

basin output. Presumably, in steepland agricultural basins like those in Nepal, the effect of surface- 



cover modification is prowunced, This is discussed further in the following section. 

53.2 Quantiîative Elimalpyan &ta 

HUnalayan soü-erosion research bas evolved from brief and superficial assessments of the 

dominant causes of erosion, to measurements of the rate of erosion over limited spatial and temporal 

scales, to the current focus on combined measurements of precipitation and landuse variables 

importaut to erosion and sediment transport. Several good overviews exist (Carson 1985, Ramsay 

1986; Bruijnzeel and Bremmer 1989). This review fbcuses on studies specifically designed to measurc 

erosion rates in the Middle Mountains and other research designed to explain the causes. 

Early research on erosion in the Himalaya sought to explain the causes of observed erosion 

using inference from very limitai data. In particular, research was focused on determinhg whether 

erosion was natural in origin or caused primarily by farming activities. Laban (1977) estimated 

erosion due to mass movements by çounting landslides from an aircraft and noting their association 

with land use. His results led him to conclude that about 75% were from natural causes and 25% 

were induced by human activity. Using a geomorphological anaiysis initiated as a result of 

catastrophic rainfall during October 1968 ( 5 0  mm in 24 hours), Starkel (1972) estimated surface 

lowering in the Darjeeling Himalaya to be of the order of 60 to 70 t ha-' yrl over the prior century. 

Mass movements resulting ftom extreme rainfall events dominated this rate of surface denudation, am 

there was not a direct relation between the amount of mass wasting on forested versus nonforesteci 

slopes. According to Carson (1985), both Sastcay and Narayana (1984) and W i g e r  (1983) found thai 

terracing and related iàrmiig practices have a stabilising influence on steep slopes as long as farming 

is economic; otherwise, slope degradation can occur at a greatly accelerated rate until natural rates 

resume. 

Attempts at measuring rates of erosion in the Hirnalayan region have been based largely on 

erosion plots and stream sediment yields as summarised in Tables 5.1 and 5.2 respectively. The 



Table 5.1 Surface erosion rates as determineci by field studies using erosion plots within or 
near the Middle Mountains. 

Source Detaüs of Smdy 
- -  -- 

Scale Erosion Rate 
(n? t ha" yrl 

h i o n  Pbts 
Laban (1978) Middle Mountains d a  

grassld 10-20 
ovemerl grassland 20-50 
seciously eroded, gullied 200-500 

Mulder (1978) Kathmandu Valley 10 
densely forested 0.34 
weli-managed Pasture 9 
steep, overgcazed 35 

DSCWM (1991) Shivapwi 15 
t e r r a ;  cultivated; 
mulched/nonmulched; steep 6-32 

Sherchan et ui. Palrhribas 18 
(199 1) cultivateci tenace; (various treatmen~s) 18-35 
Upadhaya et ai. Kulekhani 90 
(1991) terraced; cultivated; 

5% and 10% dopes; 0.8-7 
Ries (1994) High Mountains 14 

ttaditional cultivations 1-9 
ûverseas traditional cultivations 76-536 3-13 
Development degraded shmb 25-95 6-22 
Agency (1995) degcaded forest 7 1-85 0-19 

grassland 3069 < 1 
- based on extrapolations fcom partial sampling during 199213. 

Note: Bruijnzeel and Bremmer (1989) summprise other eariy HimPlayan mepsutements. 

results fcom erosion plots indicate that at the spatial scale of iess than 100 m2, annual erosion rates 

Vary on cultivated land and on non-gullied shmblforest land from 1 to 35 tha. The low annual rates 

reportai by Upadhaya et al. (1991) at the DSCWM Kulekhani site (most fa11 between 1 and 3 tha) 

may be due to measurement discontinuities and the gentle slopes of the plots. Laban (1978) 

summarised his measuremeots and a variety of earlier fieid measurements concluding that 10 to 20 

tma was a ceasonable estimate of annual surface erosion for well-managed cultivated or grazing land, 

rising to 20 to 50 t/ha if ove& and incceasing locally to 200 to 500 t ha  if seriously eroded and 



Table 5.2 Surface etosion rates as deîermined by field sntdies using check dams and 
hydmmeaic stations. 

Source Details of Smdy Scde Erosion Rate 
-9 t ha" yr' 

Accumuiation behind Check Doms (al1 sites within Middle Mountains) 

Laban (1978) overgrazed grasski  O. 134.25 22 
gullied, overgrazed grassIand 29 
- paraileldipping phyllitic schists 
- 30% bap efficiency 
- 70% SDR 

Laban (1978) overgrazed scnibland 0.18 43 
severely gullied O. 114.19 125-570 
- wealdy consolidate. granites and 
migmatites 
- 50% trap efficiency 
-100% SDR 

Laban (1978) degraded, gullied forest O, 114.15 63-420 
- Mahabarhat Lekh; very steep 
- metamorphiclsedimentary rocks 

Basin Sediment Yield 
Ries (1994) High Mountains: 

Bamti 
chhukarpo Low 
Chhukarpo Middle 
Chhukarpo Middle 
Sunna 

Kandel (1978) Middle Mountains 
6 basins; mix of forested, 
cultivated, degraded land 

Sharma (1977) Bagmati 
Trisuli 
k a l i  

Ramsay (1986) some major Nepalese rivers 
Williams (1977) Tamur 
in Carson (1985) Anm 

Sunkosi 
Saptakosi 

3-46 
(excluding pre- 
monsoon) 
46 
19 
5 1 
10-70 

Note: Some vaiues b a d  on conversion of 1 mm = 13 üba 
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guilied. 

Most denudation estimates from suspended-sediment data are for large rivers (5 000 to 50 00(1 

km? and generally range ftom 10 to 70 t ha-' yrL. Agriculturai erosion rates averaged over larger 

scales typically result in lower rates due to deposition within the basin. At the large scales assessed in 

the studies which are summarised in Table 5.2, myriad sediment sources - especially those associated 

with riparian erosion (Bniijnzeel ami Bremmer 1989) - are active malring extrapolation to field-scale 

erosioa extremely difficult and uncemin (Ramsay 19û6). The sediment sources which contribute to 

the denudation rates calculated using river measufements are different than those under far narrower 

consideration in the plot studies. In the High Mountains, Ries (1994) measured annual sediment yield 

from small basins (0.1 to 6 km? of 4 to 30 ma; these rates may be more representative of those 

expected for agricultural basins however this work was carried out in a physiographic region very 

different to the Middle Mountains. 

Many of these studies, whrtuaately, are based on significant assumptions in extrapolating 

their results through space and t h e .  For instance, although many researchers have contended that 

surface erosion rates are highest in the pre-mUnsoon period (Overseas Development Agency 1995; 

Ramsay 1986; Bruijnzeel and Bremmer 1989), data are rarely available to defend this assertion. Impat 

(1981) found that soil loss was greatest at the beginning of the measurement period in June despite 

precipitation peaking in August (ii Ramsay 1986). Overseas Development Agency (1995) reported 

that 4560% of measured soil loss occurred in May (part of the pre-monsoon period) but did not 

provide deîails on differences between monsoon and pre-monsoon sampling coverage. The spatial 

scales of most of these measurements are eitber very large (> 5 000 km? or very small (< 1 km2) - 
processes and sediment sources important in the intermediate scales are rarely evaluated. 

Several studies have recently tried to integrate specific measurements of surface erosion with 

precipitation and landuse measurables over contrasting spatial and temporal scales to reach more 

meanin@ conclusions about catchment-scale processes, Ries (1994) m l e  5.2) provided perhaps the 
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best example: field-scale erosion rates are conîrasted with basin sediment yields and rainfall delivery 

in the High Mountains over consistent spatial and temporal scales. Perim (1993) documented a 

paitedcatchment approach for basins of 2 hectares in size within the Phewa Tal and Kulekhani basin 

in the Middle Mountains. The complete capture of all ninoff (imcluding bedload) in a large structure 

with detailed hydrometeorologic measuements is combined with manipulation fot conservation 

practices. The low basin output of the fïrst yeac (1992) - less than 1 th - was attributed to 

exceptionally low rainfall in the study area. Overseas Devdopment Agency (1995) pable 5.1) 

pmvided detaüed measurements of surface cover and rainfall storm-period vanaMes and concluded 

that the lack of surface cover in May of the pre-monsoon s w n  is a strong çontrol on f i e l d d e  soil 

loss; unfortunately, they failed to relate this to suspended sediment dynamics at larger basin scales. 

Despite these cecent catchment-scaie research efforts, here temain few quantitative data 

describing erosion in the Middle Mountains over spatial and temporal scales of importance to farminl 

activities and their relation to downstream sediment transport. Specific parameters crucial to 

understandimg the erosion process rernain conspicuously absent. These include high-fiow sediment 

samples, rainfall intensity and distribution measurements, anci the measurements of sedient storage 

to address within-catchment vaciability. Further, measucemenb remain dorninated by monsoon 

observations, ignoring the pre-monsoon season when it is widely believed transport rates are the 

highest. 

5 3  Surfaœ erosion on cultivated roinfeà uplonds 

Five erosion plots have been monitored throughout 1992-1994 on steep, high-devation, 

rainfed, cultivated fields. In this section, the factors which shape surface erosion at this scale are 

examineù. Event, annual and seasonal erosion rates are determined. Event analyses provide insight 

into the mechania of the surface-erosion process and strengthen the conclusions €rom the integrated 

annual and seasonal analyses. 



53.1 Controüing factors 

The factors which determine surfixe emsion h m  the emsion plots include topography (dope 

lengîh and steepness), soi1 characteristics, storm-period variables, and management. In the Jhikhu 

River basin, management is petvasive, greatly influenchg al1 wntrolling factors except rainfall 

characteristics. For instance, management affects the rate of sutface erosion thtough cropping 

practices and soit characteristics such as the organic-matter COxmIt.  

Tbe topography of the cultivated fields is greatly modifieci by management through the 

construction of terraces. The Middle Mountain fatmers who cultivate the steeplands have developed a 

long-standing tradition of terraced agriculture which works to minimise the negative effects for 

cultivation of the steep topography. 

533 Erosion plots: annual regimes 

Table 5.3 presents a summary of the annual rate of soil loss from each of the five erosion 

plots during 1992-1994. Management practices were held constant across the plots and were 

characteristic of prevailing management on the rainfed cultivated fields (section 3.1.3). Simiiarly, the 

dope of the plots (22'-30') is typical of much of these cultivateû uplands. The r d t s  suggest a 

tremendous range of surface-erosion in these upland fields from almost noue to rates exceeding 40 

t ha-' y ~ 9 .  

Table 5.3 Annual rate of soil loss (tomesha) from al1 plots, 1992-1994. 

Plot 1992 1993 1994 



The significant plot-to-plot variation in soi1 etosion is largely a refïection of the huge variatioi 

in soii properties across the five plots, In particular, infiltration rate as affected by the texture of the 

surface soü is a controllbig influence on the nature of storm mff and thedore on the rate of 

erosion. Soil loss from plots 1, 2, and 3 is over an order of magnitude greatec than that from plots 4 

and 5 (see also Figure 5.3). Table 5.4 contrasts coarse-fragment content, fine-fraction texture, and 

infiltration rate for the five plots. Plots 1, 2, and 3 have a much greater tendency for overland flow a 

a resuit of the fine surface texture and the consequent reduction in surface infiltrabiiity. In contrast, 

the surEace (and subsurface) of plots 4 and 5 are highiy porous, resulting in infrequent overland flow. 

Although there are differences in clay content of the surface soils between the plots, it is the much 

larger difference in corne-ftagment content which is the fist order effect and sets apart the erosion 

rates at the two sets of plots. 

Plots 1 and 213 also differ in their responses largely due to their surface soi1 characterhtics. 

(Plots 2 and 3 have the same physid characteristics because they are adjacent - see Chapter 3.) 

Generaily, Plot 1 yields Iess erosion than Plots 213. This may be due to the inherent erodibiiity of 

Table 5.4 Surface-soii characteristics of erosion plots. 

. . . . p. . -. . . . . . - - . -. . . 

Plot No. Surface Sub-surface Suriace 
Horizon (A) Horizon (#2) Infiltration Rate 

(about 0-15 cm) (about 15-50 cm) 
-- - - -  

Coarse ~ e x k e  Coarse Texture Initial Final 
Fragment of Fine Fragment of Fine (10 min) (>4hr) 
Content Fraction Content Fraction 

(SIS i/C) (96) (SIS i/c) cm/hr 

1 1.7 4413512 1 1.1 40/32/28 42 32 

4 45.8 5213711 1 69.3 53/36/11 68 20 
5 67.3 39/42/19 39.8 34140126 94 51 

=doon consists of particles 5 2 mm i n m o a r s e  fragments include large gravels. 
S=sand; Si-dt; C=clay. 
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these two mils: plots 213 contain red mils which are highiy weathered and of low carbon content 

(Sb& et al. 1994) and lack aggtegate stability (though direct measwemeats are utiavaiIable). In 

contrast, the soi1 of Plot 1 is better aggregated to resist surface erosion. Also, infütrability is 

somewhat higher in Plot 1 h a  in Plots 2 0  (SM! Table 5.4) which might futther discourage overland 

flow in Plot 1. The reversal in erosion tates baween 1993 anci 1994 at these plots was driven large1y 

by stem patterns (not by mil propeaies) especially in relation to surface wver. 

Table 5.4 also shows a large inter-artnual variability of erosion k m  each plot of an order of 

magnitude. Tbis variability can be investigated furttier by examining seasonal changes in msion rate, 

the subject of the next section. 

53.3 W i o n  pl&: s e ~ s o ~ l  regimes 

Within each plot there is also a large intra-annui variability as show in Figure 5.1. Table 

5.5 shows the percentage of each plot's annual erosion which occurs during the pre-monsoon, 

transition, and rnonsoon seasons. In most years and at every pIot, more than haIf of the annual 

erosion occurs in the pre-rnonsoon season. In fact, &en over 80% occurs in the combined pre- 

moosoon and transition seasons, yet only 45% of the annual precipitation occurs during this period. 

The presence of swelling clays in Plot 1 might explain why a greater proportion of the annuai erosion 

Table 5.5 Percentage of each plot's annual erosion occurring in the pre-monsoon, transition, 
and monsoon season, 1992-1994. 

Plot No. premonsoon season transition season monsoon season 
92 93 94 92 93 94 92 93 94 
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fcom this plot occm during the monsoon season (se the end of section 5.3.4). 

Whea the rains fitst start to arrive in the late spring, in the pre-mnsoon season, the land 

surface is desiccated and the upland cultivated fields bare and vulnerable to erosion. By mid-July, th 

monsoon season is well under way, normally btinging reguIar -1. The l h t  few weelcs of July 

show emsion-regime behiwiour which intergrades between that of the premoIlsoon and monsoon 

seasons and, in this study, is calleci the transition season (see section 5.4.2 for more details). 

The major seasonal change in surEace condition which occurs at the plot is a change in surf& 

m e r  as weed growth and the summer crop develop. In 1994, measurements were made of average 

maize stalk height and leaf length to document the seasonal development of the crop within the five 

erosion plots. The results shown in Figure 5.2 indicate a close correspondence between these basins' 

erosion regirnes and the deveiopment of surface covw in the plots especially when mmpared to each 

plot's chronological erosion history (Figure 5.1). The £atmers also fiequently intercrop providing a 

further protection of the soi1 tiom intense rainfail. 

Changes in vegetative cover also explain the large inter-annual variation in soi1 loss at a give 

plot. Surface cover does not develop immediately but requires rainfdl to get started and then takes 

several weeks to be complete. If damaging rains occur when the surface cover is only partially 

complete - which is cornmon - then signifiwit losses are likely at the plot in a single event. If the 

fields have recently been weeded (typically once in either June or July) then M e r  losses can result. 

Subsequent rains falling on the same ground with a strong vegetative cover (monsoon season) ofien 

cause almost negligible surface erosion, As a resuIt, loss fiom single events dominates annual soi1 

loss. Table 5.6 shows the percentage of each plot's annuai soü Ioss that occurred in the two most- 

damaging evmts at each plot and their dates of occurrence. At al1 plots and in aimost al1 years, over 

50% of the annual total occurs in only two events. At plots 2 and 3, the m e  is over 80%. These ma 

events typically occur during the pre-monsoon and transition seasons. 



Figure 5.1 Soi1 105s h m  the erosion plots on an ment basis, 1992-1994. 

Note: Scale on ordinate for plots 1 through 3 
differs fiom that of plots 4 and 5. 
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Figure 5.2 Average maximum rnaize height (a) and maize leaf length (b) at al1 erosion plots in 1994 
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Table 5.6 The percentage of the total annuai erosion at each plot which oççufced in the two 
mostdamaging events of each year, 1992-1994. 

Plot No. 1992 1993 1994 

Note: Dates (daylmonth) represent when the two events occurred. 

53.4 Esosion plots: event regimes 

In Chapter 4, it was shown that rainfall characteristics of storms in the pre-monsoon season 

differ - but not greatly - fiom those of the monsoon and transition seasons. In section 5.3.2, it was 

suggested that soil texture strongly influences the likelihood of ninoff to occur (and hence surface 

erosion) in any season. It was determined that under conditions when storm ninoff occurs, it is 

vegetative cover that is the dotninant seasonal çontrol on surface erosion, with other factors such as 

soi1 aggregate stability exercising a non-seasonal control. But to what extent do differences in stom- 

period variables, and particularly rainfall intensity, contribute to the oberved seasoaally-variable 

surface erosion at the plots? 

Figure 5.3 shows the influence of peak 10-minute storm rainfall intensity on soil loss at the 

five erosion plots for each event of the three-year period. The seasonal différences observed in the 

last section are reinforced here and the effect of rainfall intensity is revealed. There appears to be a 

threshold of about 30 mmmt below which storms are non-erosive at the plot scale. Above this value, 

signifiant surface erosion can occur in the pre-monsoon and transition seasons, increasing with peak 

rainfall intensity. A threshold of this order was describai by Hudson (1981) based on African data. 
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Figure 5.3 The effect of maximum 10-minute rainfaii intensity (1,") on soi1 loss at al1 erosion plots; 
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High-inteasity tainfall clearly occurs at al1 plots in ail seasons yet it is rarely of wncem at this scale 

during the monsoon season. This observation is consistent 4 t h  the conclusion that vegetative cover is 

a dominant seasonal control on surEace erosion at the plot scale. Above the threshold, a relation 

between 1, and soii loss is of limited use because of the lack of data with respect to the tremendous 

variability in soi1 loss resuiting h m  the timing of heavy rainfall relative to the development of a 

vegetative cover. Consistent with the limited spatial scde of the emsion plots and the resulting minor 

extent of channelised flows withii the plots, mil loss does wt correlate with rainfall intensity over 

significantly longer peciods than that of 1, (imciuding R,). 

Figure 5.4 relates event mff coefficient (Cd to the correspondhg 1,. CR is defineci as the 

percentage of inwming event rainiàil which runs off the plot. It tends to be the highest during the 

pre-monsoon season (declining in value through the transition season) at al1 plots except Plot 1. With 

saturated soils often prevailing in the monsoon season, one might expect higher CR during this period 

but the opposite is generaily observeci. This behaviour might be due to a change in dominant runoff 

mechanism with season for significant erosion events. 

Figure 5.5 shows seasonal variation in the infiuence of CR on the soil loss at the five erosion 

plots. The p a t e r  CR, the more Iikely are overland flow and surface erosion to occur. There appears 

to be a threshold in C, below which erosion does not occu, though it is inconsistent across the plots. 

Above some threshold of between 5 and 10% (depending on soil characteristics), erosion can be 

serious in the pre-rnoiisoon a d  transition seasons. Permeability also intluences the number of events 

that occur at each plot and is reflected in CR. About half as many runoff events occur at Plots 4 and 5 

as occur at Plot 1, with Plots 2 and 3 intemediate to these. This is a direct result of the coarse- 

fragment texture of the surface soils, iduencing the propensity for erosion to be able to occur on a 

given high-elevation cultivated field. 

AIthough within-plot observations during rain events are few in number, the presence or 

absence of rills combined with an examinah'on of the pattern of rainfall for specific events suggests 



Figure 5.4 The effkct of maximum lû-minute raiddl intensity &J on event rumff coefficient (CR 
at aii erosion plots, seasonally stratified for al1 events of 1992-1994. 
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Figure 5.5 Relation between runoff coenicient (Cd and ment soii loss at al1 erosion plots, seasonalt 
stratifieci for al1 events of 1992-1994. 
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runoff mecttauisms for different storm types. Those storms which bring heavy rainfall on dry ground 

within the h t  few minutes (during the pre-monsoon season in particuiar - see Ch- 4) resulted in 

Homnian ovecland tiow. Storms bringhg high total rallifall initiated saturatMn overiand flow in th08 

instances when a rate of erosion was measutable; brief periods of Hortonian overland flow when the 

iainfall intensity was suficiently high may also have been possible during îhose storms. In Chapter 4 

it was concluded that the most significant seasonal diffiences in rainfall regimes involved totd stom 

rainfall, tbe period of time before a Storm without rain, and the within4torm timing of stonn rainfall 

pre-monsaon storms are more likely to bring heavy min on dry grouad than are tbeir monsoon 

couaterparts. This is vety important to surface erosion and may be a major factor contributhg to the 

high values of C, during the pre-monsoon season. 

There are several possible explanations for the more-frequent ninoff at Hot I as cornpared to 

the 0 t h  pIots. The farmer who monitors this plot tended to sample al1 the s d l  (minor) events 

which were not sampled at Plots 2 and 3 because they are insignifiant in the soil-loss budget. It is 

also possible that the soi1 in Plot I possesses a greater aggregate stability and can sustain greater 

overland fiow More being entrained. This is consistent with farmers' comments on this soil using thc 

indigenous classification; it is a clayey soil with high productivity and different bebaviour as discusse 

fuaher in Chapter 7. A final possibility is that the soi1 of Plot 1 may contain swelliig clays which 

increase whesion, discouraging entraiment. This is an area of potential research on these cultivated 

steeplands. If so, this could explain why Plot 1 shows its highest percentage mmff during the 

monsoon season (when the soi1 is frequently saturated) instead of during the pre-monsoon season as il 

occurs at the other four plots. 

5.4 Stream sediment regimes 

The fhdings of the 1st  section are expanded by examining sediment regimes in the streams O 

the detailed study bas& especially those nested around erosion plots 2 and 3. As the spatial 
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dimension under consideration p w s  largec, so does the variety of sediment sources and mechanisms 

of erosion. The size of these basins varies behveen 1 and 100 hn2 - a range in spatial scale that has 

been examineci mely in the Middle Mountains. 

Five hydrometric stations in the Jhikhu River basin have been monitored during most of the 

1992-1994 study period and two additional stations during 1993-1994. Suspended-sediment sampling 

and stream-flow measurements were carried out t five of these sites during flood wents at al1 times 

of the rainy season. The relation between suspendedgediment concentration and discharge forms the 

bais of the sediment-raîingcurve technique. Discharge is determined ftom a relation with gauge 

height as explained in section 3.3.1. Observed patterns in suspended-sediment transport can be 

explained by linking these patterns to storm-period variables, inherent characteristics of the basins, 

and landuse activities. 

5.4.1 Controlling factors 

A wide range of factors is responsible for shaping a basin's sedimentdischarge relation. 

Rainfall characteristics of importance include p& intensity, spatial variability, and total storm 

rainfall. Soil-surface condition is important because it directly affects the entrainment process. 

Management activities can shape both the susceptibiIity of the s d c e  to erosion and the fainfidi- 

moff  process itseIf. Soil moisture, antecedent flood history, sediment storage, and sediment 

exhaustion can also be important factors as discussed in section 5.2.1. The next section characterises 

and contmts the prevailing suspended-sediment regimes of al1 study basins. 

5.4.2 Seasonal regimes 

The entire suspended-sediment data set consists o f  2287 high-flow samples and 820 low-flow 

samples taken during 1992-1994 at seven hydrometric stations. For each sample taken, the measured 

sediment concentration is coupled with the corresponding discharge and presented in its station's C-Q 



Figure 5.6 Sediment tatiDg curves for rnonitored hydrometric stations based on entire daîa set (1992- 
1994): (a) Kulchuri, (b) Upper Andheri, (c) Lower Andheri, (d) Dhap, and (e) Ki. 
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graph. Figure 5.6 presents the C-Q diitriiutions for the major hydrometric stations located within the 

Jhikhu basin stratified ody by the year in which the samples were taken. In particular, Figures 5.6a 

and 5.6b present the results for the steep, headwater catchments (stations 10 anci 9 respectively) 

within the Andheri basin. Figures 5 . 6 ~  and 5.6d show the data for the Lower Andheri and Dhap 

catchments (stations 2 and 3 respectively), catchments of sirnilar area but of strongly contrasting 

topography. Finally, the data for the entire J h i i u  basin (station 1) are f8und in Figure S.&. Stage- 

discharge rdations are not available for the mid-reach Aildberi basins (stations I l  and 12) so these 

distributions cannot be presented. 

Thme unstraîified C-Q graphs reveal the general nature of suspended sediment transport in 

these basins. Tbe small size and steepness of Kukhuri basin is reflected in steep Ca behaviour. As 

basin scale increases, the distributions shifl toward higher discharge values and weaker relations with 

Q. The graphs in Figure 5.6 show that the data derive fiom a wide cross-section of the period of 

study (1992-1994) and hence can be expected to reflect a wide variety of controls present during that 

period. 

A cornparison of sediment transport in these basins is made possible by developing relations 

based on funaional aualysis (Kendall and Stewart 1979) for each station. Section 5.3 demonstrated a 

strong seasonal discontinuity in the rate of soil loss at the plot sale. This laiowledge is used to 

improve the relations by applying an initial stratification by season before applying fiinctional 

analysis. 

Seasons important to erosioa and sediment transport need defiaition. Elevated levels of 

suspended sediment were readily observed at the beginning of the premonsooa season with lower 

values resulting during the later part of the rainy season. Where is it appropriate to define the extent 

of each season? To determine the end of the pre-monsoon season, sediment data were added 

incrementally to those of the beginning of the rainy period (generally early June). High sediment 

concentrations were maintained until the end of June then started to decline indicaihg the beginning 
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of a transition season. The same process was d e d  out from the end of the rainy perid adding 

inuementally sediment data earlier in the monsoon. Levels remained low until those before July 20 

were inciuded and this pattern was present at al1 five hydmmetric stations. As a result of these 

sensitivity anaiyses, the pre-monsoon season is defined to last until and including the last day of June, 

the monsoon season h m  July 20 to the end of the rainy season, and the transition season (showing 

intergrade behaviour) h m  Juty 1 to 19 inclusive. 

The concept of a floating rating cuve has also been considemi to model the change in 

suspeaded sediment concentration thnwigh the rainy season. This approach would assume specific 

(daily) rates of decline in suspended sediment concentration through the entire rainy season. In this 

situation, the rate@) would reflect changing supplies due to increased vegetative cover during the pre- 

monsoon season and perhaps an additionai supply-exhaustion effect during the monsoon season. 

Though such a mode1 may provide a valid simulation for these basins, synoptic-scale variation in 

suspended sediment concentration within the duta miluble obscures the observation of a floating 

rating-cu~e pattern. For instance, samples takea dutiag May at the Upper Andheri station reveal a 

heightened response during the early stage of the pre-monscion season. Unfortunately, storms and 

floods are less m u e n t  at this tirne than in June and too few samples are available at any station 

(mcIuding Upper Andheri) for adequate development of a floating rating curve model for the pre- 

monsoon season. In addition, a systematic decline in suspended sediment concentration within either 

the transition or moasoon seasons was not evident; only a September &op at Lower Andheri appeated 

defensible. This remaios a useful area for furthet research 

C-Q relatioas derived fiom these data are used both to compare the sensitivity of the basins 

with respect to the operathg controls and to predict C values for given Q values. The compatison 

demands functiooai analysis whereas the prediction requires simple log-linear cegression. Mark and 

Chuch (1977) have provided equations for the computation of the functional relation in t e m  of the 

marginal regtession decived for prediction. Because both are required here @tediction - Chapter a), 



theu equations are useü d both relations presented. 

The r d t s  of simple log-linear regession are expresseci in terms of C=aQb and are given in 

Table 5.7 f8r each of stations 10, 9,2,3, and 1, The correlation coefficient (R2) and the standard 

error (sJ of the regcession are provideci in terms of the transformed (log,,,) values. These values are 

used in Chaptet 8 for predictive purposes and a standard bias correction is applied in that application 

to better predict the influential high-flow esthates (Miller 1984). 

Table 5.7 Sediment-ratingcucve relatioas based on seasonally-stratified data using log-lhear 
regression (1992-1994, assuming Q known without error) excluding data from the 
transition season. 

Station No. Season a, n R2 S, 

Kukburi 10 P 
M 

Upper Andheri 9 P 
M 

Lower Andheri 2 P 
M 

Dhap 3 P 
M 

Jhikhu 1 P 
M 

Rating curves based on C=aQ power law relation; n=number of sampks; 
R2=correlation coefficient; s,=standard error of the regression (iog, gn); 
P - pre-monsoon season; T - transition season; M - monsoon season 

To determine the funaional relations for each station, it is necessary to estimate the ratio of 

the e m r  variances of C and Q = as explained by Mark and Church (1977). n ie  

calculation of q2 is straightfocward ushg the standard error of the regression for the stage discharge 

relations presented in Appendii AS. A geometcical approach is followed to determine K2. It is 

assumed that any additional departures in the C-Q relation between the measured and expected C 

values (beyond that attributed to Q) cari be attributed to real variance in C. Hence by geometry, 
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where C, is the actuai measured suspeaded sediment concenCtation (gn), C, is tbe expected value 

based on the margiaal regression, b, is fiom the marginal regression, and dQ is the e m r  (m%) 

associated with the measurement of discharge. Usiog this approach, a11 s p p t i c  variability in 

suspended sediment concentration including hysteresis is attri'buted to the C variate. This is 

appropriate since adjustments for these synoptic effects are typically unavailable. Following Mark and 

Chuch (1977), this relation is used to calculate vaIues of b, Sot each statiodseason combiiation: 

bf = {@:/Rz-A) +d[@:/R2-X)2+4Xbr'J] 12br 

where R2 is h m  the marginal regression pable 5.7). Church and Mark (1980, p. 385 and erratum) 

provide confidence limits for b, in terms of the one-tailed Student's t for n-2 degrees of freedom: 

X%~{tan-I(b&~) f Hsin-'((ZtA(1 -RZ))/((n-2)(b:IR2+ X%b:-2A+ 4hR7)}%. 

Al1 calculations are carried out here ushg log, tramformed units. 

Figure 5.7 illustrates the results of these caldations (fur the expected relations) and the 

equations of the resulting lines appear in Table 5.8. Tbis table indicates that the error variance 

associateû with the measurement of C is between 2 and 19 times greater than that of Q. A small set of 

replicate samples (21 pairs) taken at Upper and Lower Andheri, Dhap, and Jhikhu stations under 

conditions representative of high flow has a small associated e m r  variance in cornparison to the 

vaIues calculated to yieId Table 5.8 (0.0019 versus a range of0.087-0.45). This contrast suggests that 

the unstnictured variance in C is due largely to the &ect of synoptic controls on suspended sediment 

operating within seasonal scdes with a m i n h i  contribution derived fiom random fluctuations during 

sampling. 

nie estimated error associated with Q is at times larger than the one suggested by the 

standard error of the regression for the stage discharge relations. At Dhap station (3), the stage 

discharge relation is not developed over the highest flows putthg a larger error expectation on the 

high-flow values caiculated through extrapolation. In addition, bed control difficulties at Upper 

Andheri station (9) and some uncertainty in reading the gauge at the highest flows at Jhikhu (1) and 
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Table 5.8 Sediment rathg-cuve relations derived ushg fuactiodal anaiysis- 

Npme No. e*pecw rPnge sxpecied range 

Each P, dcdated by applyiog its respective b, b the means of C aad Q from each daîa set ( a + - - b Q .  
Ranges are based on 90 9% confidence. A is the ratio of îhe errer variances (Ec243. P = pm-monsoon sepson; 
M = monsoon season. 

Lower Andheri (2) increases the expected error of the Q values for these situations. Eowever, due to 

their limited nature, these are not incorporated îùrther in the present analysis. 

The pre-momn sediment respome is greater by up to an order of magnitude in cornparison 

with its associated monsoon response and shows a t d e n c y  to merge with the monsoon-season result 

at the highest flows @igue 5.7). This pattern is evident within ail basins including that of the largest 

Jhikhu basin. The similarities suggest tbat the same controls are operating over all scale-s (1-100 km"), 

with their relative influence changing with s e . n  and d e .  The infiuence of basin character on these 

sediment regimes can be examined further by conbasting the parameters of these ten equations (;ir and 

b3. 

Figure 5.8 compares the expeçted values and ranges (bere at 90% coni7dence) in b, and a, 

between ail five bains. This cornparison reveals the relative ~Inerabiiity of these basins to floods, 

vis-a-vis suspended sediment. The exponent of the relation (br) expresses the extent of coupling 



Figure 5.8 Seasonal variation in q and bf with basin a m  (C=,Qb). 
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between Q and C. Relief ha a strong but aot exclusive effect on this coupliag. The higher bf is, the 

greater is the possible transport limitation. The coefficient (a provides an indication of the magninid 

of the relation between Q ansi C. Higher values of a, (for equivaient b3 indicate a gceater sediment 

availability. Considered together, especiaily in light of basin characteristics (includiig ama), the 

cornparison caa shed light on the relative behaviour of these basins. It is important to redise that 

these two parameters are not indepeladent because they are coupled through the bivaciate mean in the 

linear tegression (and functional analysis) and hence they are related to one another through RZ. For 

example, a higher % and lower bf of one reiacion in comparison to another may suggest higher 

sediment concentration at low flow and lower concentration at high flow. 

Figure 5.8a shows the seasonai sensitivity of each basin to changes in discharge. The pattern 

consistent within each season - suggests a decline in sensitivity with sa le  within the major tributary 

basins then an increase to the Iargest scde (100 In piuticular, Kukhuri demonstrates a highly 

wupled C-Q behaviour with slopes (raage of 1.18 to 2.1 1) higher than those generally quoted 

elsewhere (section 5.2.1). In this s t e .  basin where cultivation is found on over 63% of the land are, 

(see Table 2.5), discharge bas a domhant infîuence on sediment regime. At low flows, sediment 

contribution is negligible (Figure 5.7) while at medium and high flows, sediment concentrations climl 

rapidly, yielding the highest vaiue recordeû in the study, 123.7 gn. The low values of bi for the 

Upper Andheri basin are anomalous: this basin is proportionately as steep as the Kukhuti basin yet 

yields a range of bf similar to the two 5-km2 study basins. Its larger a r a  (2.5 times the a r a  of 

Kukhuri basin) may contribute to an attenuation of this strong headward wupling. The effect may alsc 

be due to the presence of pockets of degraded land in the vicinity of the hydrometric station (easiiy 

eroded at low flow), exaggerated by measurement difficulties that were faced only at this station. 

Additionaily, sampling during May when it is suspecteci that concentrations of suspended sediment arc 

considerably higher (in comparison to those of June) was successful at this station and certainly 

provided an unusual number of high-Cilow* pre-monsoon samples to raise the low-Q end of this 
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relation. The relations fbr the entire Lower Andhexï basin (î) show steeper dopes thm that of the 

Upper Aadheri basin (9), though having three times the area. Management factors which are not as 

influentid on the sediment regime within the Upper Andheri and Kukhuri basins come into play in tl 

lower reaches of the overalt basin. Two of these îktors, surface degradation and sediment storage 

withïin the irrigation system, are discussed respectively in detaii in sections 5.5.2 and 5.5.3. 

Dhap, though of the same size as h w e r  Andheri has a significaatly lower sensitivity to Q. 

Dhap is dominated by modest relief containhg little steep laiad like tbat chiuacterising the upland of 

Lower Andberi (Table 2.5). The seasitivity of m i u  basin inmases over that of the major tributarit 

suggesting a change in dominant processes between the 10- and 100-km2 scales. The most likely 

explanation appears to be a 105s of d imen t  to storage within the large valley meanders between the 

Dhap and Andheri Rivers' confiuences with the Jhikhu River. 

It is only for the major tributary basins (Dhap and Lower Andheri) where the sensitivity to 

discharge changes significantly between seasons. Both Jhikhu and Upper Andheri show a trend of 

increasing sensitivity under the monsoon regime in cornparison witù the pre-monsoon regime, 

however, the differences are not statistically signifiant. Kukhuri basin shows no change in sensitiviQ 

with season, a fact consistent with its smdl area and steep topography. 

Not unexpectedly, shows a consistent decline with basin scaie as a direct result of increasa 

storage opportunities. The only exception to this is the Dhap basin during the monsoon season - its 

high coefficient (given the relaiwIy consistent behaviour of b, in Figure H a )  suggests a high rate of 

sediment output during the monsoon season. This situation is related to this basin's degraded 

condition and is examined in detail in section 5.5.1. During the pre-monsoon season, the coefficient 

rises to very high values for small basin areas indicating - especially in light of the strong C-Q 

wupling observed in Figure 5.8a - a high degree of sediment mobilisation and an important area of 

concern for mil-erosion management. 

In Figure 5.9, the cegression results for d l  five stations are overlaid for the pre-monsoon and 



Figure 5.9 Seasonaï sedimat rating curves overlain for aii study basins showing both the expectei 
functional relations and emrdopes representing confidence Iimits to these relations (a 
90%): a) pre-monsoon regime b) monsoon regime. 
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monsoon seasom. These overlays present an "integcated" cornparison of a, and b, between basins. It 

appears h m  this figure that within the 1 to 10 km2 range of scale, differences between the relations 

are due to rotation of the curve as a result of the rapid reduction in specific relief over these small 

scales. Between 10 and 100 hn2, the change is dominantiy one of translation - basin sensitivity to 

dicharge remaius similar but specific suspended sediment transport dedines, perhaps due to allwiai 

storage. This pattern is stronger during the moasoon season because the plentifd sediment supply of 

the pre-monsoon season taises suspended sediment concentrations at aii scales and relatively more at 

low Q, reducing the dominance of Q during this season. This may provide a conceptuai framework 

within which to examine fureher the sediment regimes in this agricuIturai system. 

The sediment rating m e s  presented in this section corroborate the findings of section 5.3 in 

which pre-monsoon surface erosion was seen to be over an order of magnitude higher than the level 

in the monsoon season. However during the monsoon season and over al1 studied scales, the rate of 

sediment production fhm these upiand cultivateû fields is not sufficient to equal the amount of 

sedirnent which is transportai in the streams. Tt must be concluded that there are othet sedirnent 

sources present particularly during the monsoon season over scales larger than that of the individual 

field. These sources are streambed and streambank erosion and terrace damage and are of particular 

importance during "major" Storm events (see section 4.6.1) and at high flow ratos. The distribution O 

floods of the monsoon season tends to have higher peak flows than theu pre-rnonsoon wunterparts: 

this corresponds well to a seasonal increase in erosion due to mass wasting and is backed up by 

observation (discussed in Chapter 8). 

Another important source of suspended sediment is revealed by considering the regimes of th 

transition season. Figures 5.10a through 5.10e show the suspended-sediment data of the transition 

season for stations 10, 9, 2, 3, and 1 respectively and the seasonal regression lioes for reference. In 

each case, the transition-seasm data show intergrade behaviour besween the other w o  seasons. The 

vegetative wver - discussed in section 5.3 - does not deveiop instantaneously at al1 locations within 



Figure 5.10 Suspended sediment data of the transition season and the seasonal regression regime 
based on the entire data set: (a) Kukhuri, (b) Upper Andheri, (c) Lower Andheri, (( 
Dhap, and (e) Jhikhu. 
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the basin and during this period, heavy erosive tains may or may not occur at any particular locatioi 

within a basin. This mechanism is operating throughout the transition season to a variable degree. A 

the omet of the rnonsoon season, the vegetative wver is ostensibly wmplete and this production 

opportunity gone. On-site observation during this period supported by the seasonal contrasts provide 

the evidence t'Ur these statetnents. in addition, the sand component of the suspended sediment load 

niay show a declining availability through the transition season as this fraction (mobilised duting the 

pre-mnsoon season) is flushed through the basins (see Chapter 6). 

The data from the mid-reach Andheri stations (1 1 and 12) provide fùrther evidence of the 

trends observeci in this section. Seasonally-stratified suspended-sediment data h m  these stations are 

given in Figure 5.10 for stations 12 and 11 respectively. in both cases, higher regimes occur during 

the pre-mo~lsoon season. Also, the transition season displays intergrade behaviour between that of th 

premonsoon and monsoon seasons. Due to the lack of stage-discharge relations at these stations, it i 

not possible to comment on the relative influence of discharge comparai to the other basin scales. 

In conclusion, the suspended-sediment data from the strearns reinforce and extend the results 

of section 5.3. The effect of surface cover in the pre-monsoon is evident clearly and it takes almost 

three weeks for a complete surface cover to develop in order to virtually eliminate this sediment 

production mechanism. The presence of significant suspended sediment during the m o m n  season 

points to additionat sediment sources beyond surface erosion from individual cultivated fields. 

ControIs on suspended-sediment delivery change with scale; sensitivity to discharge declines with 

basin scale whereas management controls bemme increasingly complex with basin scale as explored 

in the following section. 

5.5 Isnduse signatures 

Human manipulation through the indigewus agricultural system is pervasive in the study 

basins, affecting nearly every aspect of erosion and sediment transport. Terracing, cropping practicez 



Figure 5.11 Seasoaally-stmtEd swpeoded-sediment data &r the mid-reach Andheri River statia 
based on 1993-1994 data: (a) mid-reach kt1 (1 l), d (b) mid-reach #2 (12). 
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water diversion, and many other soil and water management techniques wntrol the mvement of soil 

and sediment h m  its source location to its evetrnial discharge h m  a basin. 

Three analyses are p r e s d  here. In the h t ,  two basias are compaced - Dhap (3) and 

Lower Andheri (2). These basins are similar in area but have wntrasting character and management 

regimes. This cornparison studies the effect of degradation on annual and seasonal sediment regimes. 

In the second analysis, the effect of degradation is studied within the Lower Andheri basin. This basin 

wntah contcasting laaduse W e e n  its upper- and lower-elevatioa areas. The effects of his spatial 

distribution in Surface condition is examined paaicuiarly in light of the spatial variability in rainfall 

delivery which was quantified in Chapter 4. nie  final analysis looks at water diversion to estimate Che 

extent to which this management activity recaptures previoudy eroded soil, redism%uting soil fmm 

the upland rathec than Iosing it from the larger basin. 

5.5.1 Surf- degradation: c~npatison of two bnsins 

Tiiere are freqpent pockets of degraded land in the Middle Mountains, especially below 

1400 m where red soiIs occur. Though these soils can be highly productive, they can also be difficuit 

to manage and require high inputs of fertilizer and compost. Once Ehese lands degrade, it cm be 

difficult to brhg them back into production. To what extent do these degraded areas contribute to the 

basin sediment budget? How important are they in modiQing the patterns which have been discovered 

in the previous two sections? To help answer these questions, two basins of equal size and of 

differing character (especially with respect to theV level of degradation) are compared in this section. 

Figure 5.12 contrasts the seasonal sediment rating curves for the Dbap basin with those of the 

Lower Arsdheri basin. These two basins are of equal size but the Dhap basin has a more gently- 

sloping topography and is in a lower elevation range. Despite these characteristics which should 

reduce this basin's tendency to erode, the sediment rating curve for the Dhap basin is higher than that 

of Lower Andheri during each season except at high-flow during the pre-monsoon season. 



Figure 5.12 Seasonai sediment rating cames for Lower Andheri and Dhap bains overlaid f 
compatison. 
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The mmn-season tegression curves of Lese two basins are furrher separated than are the 

pre-monsoon wunterparts. This enlarged separation develops because the sediment-yield response in 

Lower Andheci basin drops in the masoon whereas that of the Dhap basin does not. Recall the 

awmalous pattern of a, show in Figure 5.8 with bç consistently lower in Dhap basin relative to 

Lower Andheri (due to Dhap's modest relief). These contrasting seasonal changes can be explained 1 

surface cover and soi1 demation. The Lower Andheri basin contains large amounts of we l l -mq t  

cultivated steeplands. These soils eXpenence a seasonai change in surface cover as examinai ia 

sections 5.3 and 5.4. The Dhap basin contains a greater proportion of seriously degraded land - 
gullied soi1 with little or m, vegetation. in the Dhap basin, 24% of the land is seriously degraded 

whereas in the Lower Andheri basin, there is ody 15% in this state. This apparently small differenc 

must have a Iarge effect on sediment production within the basin especially given the limited relief O 

Dhap in cornparison to Lower Andheri. Because these degraded lands do not experience a change in 

surfsice cover with the onset of the monsoon season, these small areas - if present - play a big role ù 

the basin sediment budget. 

This M i n g  underlines the importance of preventing land from becoming degraded. In the 

Andheri basin, 25% of the area is in a moderately degraded condition (minor gullies or limited crow 

cover) whereas only 18% of the Dhap basin is moderately degraded. If the moderatelydegcaded land 

in the Andheri basin is ailowed to slip further out of production, the suspended sediment regime of 

the Andheri basin could become simiIar to that of the Dhap basin or even higher due to its steeper 

Q W W ~ Y  - 
Reexamination of Figure 5.7d indicates that the seasonal difference in the regcession results 

for the Dhap basin is a result of low sediment data derived from moasoon-season samples. The high- 

sediment data show no seasonal dependence at any discharge suggesting that the soi1 surface resp~üdi 

similarly to heavy rainfaii in both seasons. The seasonal difference in low-sediment data may be the 

result of local (< 5 km2) convective showers over the less degraded parts of Dhap basin. 
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It is important to also consider flood fre~uençy to understand the overail significance of the 

seasonal suspended-sediment behaviour. The sediment loads duriag the pre-mollsoon season, though 

generally quite high thughout the Middle Mountains, are short-lived because this season is brief am 

tauifal1 infrequent. The rnonsoon season, in contrast, lasts longer and experiences a p a t e r  number O 

flood events. The incceased flood frequency in the monsoon season derl ines  the importance of the 

lower surEace emsion during the monsoon season, In a basin with degraded surface conditions like th 

Dhap basin, elevated pre-monsoon sediment levels are maintained during aimst twice as many f l d i  

through the monsoon season. Local management which encourages the rapid retum of a complete 

vegetative cover is therefore the key to reducing net sediment output. To determine the overall and 

relative importance of these processes, annuai budgets need to be calcuiated and this is done in 

Chapter 8. 

5.5.2 Surface degradation: within Lower Andheri basin 

The effect of surface degradation on stream suspended sediments can also be examined Whin 

the Andheri basin because the basin contains large areas of confrasting landuse. The lowlands are 

dominated by bare red mils, often gullied, while the majority of the headwaters is under intensively- 

managed, steepland agriculture on non-red mils. in Chaptet 4, it was lemed that flood-producing 

rainfaii over this basin is local in nature (CS km? for about half the storms. By linking the raitifail 

database to the flood database, suspended sedirnents in floods resulting ftom storms over each of the 

two landuse classes noted above can be isolated. 

Section 5.3 dernonstrated that high levels of surface erosion occur on steep dtivated fields 

(like those in the headwaters of the Andheri basin) during the pre-moasoon season. in the previow 

section, basin sediment rating curves were used to conclude that the gullied badlands yield high 

sediment levels though no plot measurements were provided to substantiate those staternents. In 

severai gullies of the Andheri lowlands, gully pins were maintained in place to mnitor the change in 
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gully dimensions during 1992-1994. Gully pwth  is highiy variable: one gully showed little or no 

growth in size while the obier two changed greatiy in dimensions, reflecting the instability of theu 

vertical headwalls. These results confirm that this guilied area is an important sediment source and 

also suggest that gully management may be focused on the individual gullies which show particularly 

active behaviouc. 

To carry out the compatison of suspended sediments arising from Storm events over these twa 

areas, it mut  first be clarified what constitutes uplddominated versus lowlanddominated floods as 

it concems suspended sediments. The approach taken here extends the classification described in 

Chapter 4 in which basin, lowland, and upland events were detïned based on the average rainfall for 

12 gauges within each of the lowland and upland clustm. If the average of the two clusters was not 

siguificaatly different, then the event was considered a basin event. If the difference was sigaificant, il 

was a lowland or an upland event depending on which area received more rainfall. 

Of the events which are erosive and cause flouds, it is necessary to stratify them removing 

those events which yield suspended sediment from a mixture of upland and lowland source areas. 

Then the amount of suspended sediment can be related to the source area düectly. To accomplish 

this, the phosphonis content of the sediment is used as a fingerprint to calibrate a threshold which 

identifies relative source area contributions. The red mils of the degraded lowland are low in 

phosphonis whereas the non-red soils of the upland are high in phosphonis. This contrast is exploited 

to identify suspended sediment originating from these two source areas (see section 6.5 for more 

details) . 
For each flood within Andheri basin, the ratio of the average rainfall in the upland versus that 

of the lowland was calculated. Beginning with d l  the suspended sediments for upland and lowland 

rain events on one C-Q plot, the requirement fbr a minimum ratio of rainfall in one area to the 

rallifall in the other area was made incrementally more striagent and the resulting phosphonis content 

of the sediments at the hydrometric station examined. At a threshold of 1.7 (one am delivering 1.7 



Figure 5.13 Sediient-phosphorus rating curves Scratified by rainfaii location and colout f6r Low 
Andheri basin (2) bas& on (a) r a i d i  differences only, and (b) both tainfgll differenc 
and theu relative upland-lowlaad sediment contributions. 
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times the rainfatl of the other am), the phosphocus content of the sediments separated as seen in 

Figure 5.13. Below thii tbreshold, sediments samp1ed at Lower Andheri h m  upland raiddl events 

contain a significant number of red, low-phosphorus samples and those h m  lowland rainfall events 

contain brown, high-phosphorus samples. The threshold value represents the point at which the 

contribution from one area domhates overwhelmingIy that of the other area. The sediments decived 

h m  "mixed" events are removed from the C-Q graph altogether. For example, if a lowland event 

brings 40 mm average rainfall to the lowlanâ, it is retained as a lowland event in this analysis only il 

it also brings no more than 23.5 mm of average tainfall to the upland cluster. Those are. events 

which do wt satisfy this added constraint are termed basin events. 

In Figure 5.14, the locations of the tain gauges within and neat the Andheri basin are overlai 

on the red soi1 map. The areas of red soi1 in the Anàheri basin lowland correspond to the biue and 

degraded land. This figure shows that if a Storm event is a lowland one, it is dominaatly over the 

degraded areas (on red soiis) whereas if it is an upland event, it is dominantly over the intensively- 

managed cultivatecl (non-red) soils. 

C-Q data fiom the Lower Andheri (2) station introduced eaclier in this chapter (Figure 5.7~) 

are stratified according to lowland and upland events and the result is presenteû in Figure 5.15 (data 

from basin-wide events are not shown). The upland displays a greater sensitivity to Q (as refiected in 

bJ than the lowland and the difference is significant (90%) during the monsoon season. In addition, a 

for the upland is double that of the lowland duchg the pre-molisoon season and this difference is 

significant. The higher response during the pre-monsoon reflects the vulnerabiiity of the steep upland 

during this season especially given the potential sediment production capability of the degraded 

lowland given the findings of the previous section. 

These functional relations are based on only 22 independent flood events. In addition, due to 

the more fre-quent occurrence of lowland events, 17 (P - 9; M - 8) of these are lowland events and 

only 5 (P - 3; M - 2) are fiom the upland. As a result, the upland data used to develop the relations 



Figure 5.14 Locations of the rain gauges within and near the Andhen basin overlain on the red soij 
map. 
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Figure 5.15 Sediment rating curves for Lower Andheri station (2) inçluding sediments from on1 
lowland and u p l d  events (1992-1994). 
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presented in Figure 5.15a are dominated by a well-sampled major event (see section 4.6.1 for 

definition of stom classes) of June 9, 1992 ( F l d  #l) identifiai on the figure. The effect of thii 

event is investigated by recalculathg the functional relation excluding these data. This relation is 

show in Figure 5.15a and in the coafidence canges shown in Figure 5.l5b and 5.15~. These 

recalculations show that without thii one event, there is no diffetence during the pre-monsoon season 

behveen the upland and lowland flood events. Cleatly, an analysis cannot rely on one independent 

event to reach a conclusion of statisticai significance. This W i g  suggests caution in situations wher 

the number of independent events is small. 

Table 5.9 Annual and seasonal sediment-rating-curve relations for Lower Andheri station 
based on lowland/upland data using log-linear regression. 

Seas a b N R2 Sr expected mage expecîed range 
on 

lowland P 10.3 0.494 44 0.547 0.0589 8.03 
O 

upland P 21.2 0.704 19 0.637 0.124 19.59 
3 

lowland M 3.69 0.624 33 0.551 0.0806 10.15 
4 

upland M 3.39 0.875 32 0.892 0.0400 6.87 
8 

* Uplandpre-monsoon recrilculated without the single large pre-mollsoon event of June 9, 1992. 

A compatison of seasonal sediment yield between the upland and the lowland must also 

consider the relative frequency of upland versus lowland events. The functional relations suggest that 

upland events deliver a higher sediment concentration but in section 4.5.2, it was found that almost 

43% more lowland events (2  10 mm; 1992-1994) were monitored in comparison to upland events. 

Together, these results suggest that the degraded lowland may leak sediment throughout more of the 

rainy season whereas the upland's losses are episodic, particularly during the pre-moasoon season. 
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What does this analysis tell us about the effect of landuse on suspeaded sediment 

concentration within this 5-km2 basin? It suggests that event sediment yield is higher fOr events in the 

pre-monsoon season originating in the steep, weilaütoaged upland. This increase is due to high-Q 

samples. This difference is not present during the mollsoon season because hi&€ samples are limited 

to high-Q conditions. Although the degraded lowland did not generate C values as high as those h m  

the upland, this area yielded higher C values for conditions of low and intermediate flows, especiaily 

during the monsoon season. This is consistent with the previous section where it was found that the 

Dhap basin retained an elevated rate of sediment output durhg the monsoon season. This analysis is 

useful because it wnfirms that we can also see this behaviour within a 5-km2 basin. 

According to Burt (1989), the mixiig of ruaoff from widely differing source areas (e.g., in 

terms of preçipitation inputs and surface respoase) obscures the process-response relations that can 

generally be identified in smaller basins. Burt pointeû out the importance of basin scale in mediating 

the degree of obscurity: it is in the intermediate-sized basins where variability in surface response 

(surface cover and condition) and rainfal1 input is greatest. In the study area, this area appears to 

correspond to about 5 km2. Above and below this scale, process-response relations are identifiable. 

The analysis presented in this section rweals that surface response and variability in rainfall input 

contribute formatively to sediment regimes at these limited spatial scales (roughly 5 km2). This 

conclusion has major implications for monitoring in simiiar mountainous environments. 

5.53 Sediment storage by -ter diversion for irrigation 

The irrigation system serves as a sediment trap in divertiag flow and halting the movement of 

eroded material out of watersheds. But how effective is this process? To what extent are the farmers 

able to tecapture soi1 and nutrients lost from theu upland agricultural fields and entrained in the 

fluvial system? To answer this question, two analyses are presented. The first focuses on the diversion 

of water while the second looks specifically at the extent of sediment accumulation in the irrigated 



fields. 

Warerdhembn 

As it progresses downstream, ninoff is conceuttated and thus streams generally grow in size. 

if raiafall Ïs uniform over the basin and if there are mt significant losses to the subsurface aor 

ciramatic changes in the surface characteristics domtream, one would expect the Stream to grow in 

volume in proportion to the ratio of the basin areas which contribute to theu outfïows. This principie 

is used here to evaluate the extent of diversion of floodwaters by diversion dams. 

Figure 5.16 shows the Andheri and Kukâuri Rivers and the locations of the 62 diversion dams 

which are built dong this drainage, This figure also shows the locations of two automated 

hydrometric stations within this basin. Table 5.10 summarises the pertinent information about each of 

these hydrometric stations. Though there is irrigated land above the Kukhuri River station (IO), it is 

in the basin headwaters where water is scarce and unreliable. Hence, the flow passing tbtough the 

Kukhuti station is probably not much different than it wouid be in the absence of the structures of the 

irrigation system. The ratio of the contributing areas of the two stations is 7.4, as shown in Table 

5.10. 

Table 5.10 Contributing areas and number of irrigation dams for Kukhuri and Lower Andheci 
hydrometric stations (stations 10 and 2 respectively). 

Kukhuri Basin Lower Andheri Basin Ratio 
(station 10) (station 2) 

Total Contributhg Area (ha) 72 532 7.4 
Imgated area (ha) 
Number of dams 

Between these two stations, there are 21 large diversion dams. Without these in place, and 

assuming losses to the subsucface and groundwater are negligible, then we would expect to see about 

7.4 cimes more flow at the Andheri station from rainfall events which provide even coverage over the 

entire basin. During the period of monitoring, 16 basin r a i d 1  events (see section 4.5.2) were 



Figure 5.16 Map of Andhen basin showing al1 irrigation diversion dams on the Kukhuri and Andher 
nver~. 



monitored simultaneously at ùoth statiom by the automatai equipment and are available h r  

comparison. For each of these flood events, the total flow through the two stations has been 

calculated. The results are presented seasonally and in terms of the ratio of the lowland to upland 

stations. niese results are summarised in Table 5.1 1. 

Table 5.11 How-ratio comparison of 16 individual floods for Kukhuri (station 10) and Lower 
Andhecï (station 2) hydrometrïc stations. 

Outflow Ratio Class Re-Monsoon and Monsoon Total Percentage 
(AndheriKukhuri) Transition Seasons Season Numbec of Total 

0 - 1.0 2 3 5 3 1 

Total 7 9 16 100 

In al1 but two cases, the ratios are fat less than would be expected under unmanipulated 

hydrological conditions. In fact, 31% experience less flow at the lowland than the upland station. 

Further, the seasonal separation suggests that the tendency for a reduction in basin output may be 

greater during the pre-monsoon and transition seasoas than it is during the monsoon season. 

However, because of the small number of events available, this seasonal consideration will have to b 

revisited when there are more events monitored in this comprehensive way. 

The extent of irrigation in the upland wmpared with the lowland and the surface soil 

characteristics both serve to make stronger the conclusion of this analysis. The upland has 

proportionately greater irrigated atea than the lowland. If the dams are effective at diverting 

floodwaters in the steep upland, then this greater area should cause the flow ratio (lowland- 

flowhpland-flow) to be higher, not lower. Further, the water-holding capacity of the surface mils in 

the lowland is les  than in the upland; this should fucther cause the ratio to be higher than if this 

factor was equal. Despite these differences, the low flow ratios persist. 
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The 0ow-ratio analysis suggests that the diversion dams are very effective at directing 

floodwaters out of the stream and into the irrigation system. In fact, it appears that a majority of the 

floodwaters is redirected iato the irrigation system. Quantitative water budgets includiig measuremenl 

of m f f  diverted into khet on a flood bais is a usefid area of further research. In addition, we know 

nom the h y ~ m e t t i c  data that large amounts of suspended sediments are carried with the 

floodwaîers. If the hypothesis is correct, then there should also be evidence of soi. accumulation 

within the irrigation system. We h o w  that the h e m  annually maintain the c d s  rernoving 

considerable deposition (see Chapter 7) but what of the fields themselves? 

Sedinient aecUMUIiuion pins 

To examine this, pius were placed in a wide selection of Wlet fields before the onset of each 

flood season during the study period. The pins were collected &er harvest and the soil level noted 

and wmpared to the level before the pre-monsoon season began. These results, summarised in Table 

5.12, suggest that considerable deposition occurs within the Wlet fields themselves. For instance, of 

the 25 fields sampled in 1992,7696 showed accumulation and 40% showed more than 0.5 cm. 

Further, these enricbed deposits enhance soii-nutrient condition: lab analyses show that al1 the base 

cations are highet in the deposited sediment than in the underlying field soil (see Figure 7.1). 

These two analyses suggest that management can cecapture large amounts of previously- 

eroded fertile soi1 from upland cultivated fields. Due to its fertility, this redistribution of soil 

represents a redistribution of wealth from the upland famers to those in the lowland. To what extent 

is soii redistributed and not lost from these headwater basins? This question and others will be 

addtessed in Chapter 8 aller a more detailed analysis of sediment dynamics is exploreci in Chapter 6. 

Each of the above three sections, considerd individually, gives an indication of landuse 

effects on sediment regimes. Collectively, they provide a stronger indication of the effect on sediment 

regimes of landuse practices. 



Table 5.12 Sediment accumulation in icrigated fields measured ushg pegs. 

Yeu Accumulation (mm) Accumulation Distribution (mm) 

n x s 5 0  >O, >5, > 15, >25 
S5 4 15 525 

Note: overaIl average accumulation = 6.6 mmlyr 

5.6 Conclusions 

Soil losses are observed to be strongly seasonal with rates of surface erosion from upland ban 

being one to two orders of magnitude higher in the pre-monsoon season than in the monsoon season. 

High annual rates of erosion (up to 40 tha) are due primarily to a lack of surface cover during the 

pre-monsoon when high-intensity rains may fall on newlycultivated sloping fields due to unforhinate 

timing. The high nutrient content of mils during this season means that the seasonal change in 

nutrient loss is proportionally higher than the change in soil loss. 

Soil characteristics influence erosion at the plot sa le  through two mechanism. For a given 

Storm, they determine the rate of runoff which directly affects the soil's rate of erosion. If the surface 

is exposed, they detemine the soil's erodibility in relation to rainfall intensity. Thresholds of I,, =30 

mm/h and CR = 5 to 10% were observed below which surface erosion rarely occurs. Above this 1, 

threshold, soi1 loss increases with I,,. 

There is little evidence of seasonal changes in raina1 characteristics sufficient to cause 

observed seasonal changes in erosion and sediment regimes. In particular, high-intensity r a i d l  

occurs during al1 seasons within the study period. Higher volume raiddl occurred more o h  during 
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the monsoon season. The likelihood of heavy rainfail falling on dry ground is measurably higher in 

the pre-monsoon season and thi rnay contribute to the higher erosion regime of the pre-monsoon 

season. When coupled with spatial variability in surface condition, rainfall spatial variabüity can 

result in significantly different sediment regimes over spatial scales smaller than 500 ha. 

Degraded land with a year-muad lack of surface cover (and often guilied) experiences an 

elevated rate of erosion due to rain in every season. Because these soi1 losses have little nutrient 

value, these losses are of greatest conceni for downstream sedimenmion tather than the farming 

system. 

Indigenous management techniques are their most effective at low and intermediate flows. Ti 

indigenou irrigation system captures a significant portion of Storm moff  during the pre-monsoon 

season, thereby capturing a large amount of mil eroded from upland fields. However, they are also 

wlnerable as the pre-monsoon losses indicate. The limiteci surface erosion from bon' duriag the 

monsaon season when rainiail is equally intense illustrates the potential effectiveness of indigenou 

management in these environments. 

Spatial and temporal variabilities place constraints on monitoring for erosion and sediment 

transport studies. Temporally and spatially, surface erdibility and rainfall erosivity operate 

simultaneously and show interactions. Within basins of 10 000 ha in size, monitoring resolution can 

be important over spatial scales fiom 100-1000 ha, to 0.01 ha. Within an m u a l  period, monitoring 

resolution can be important over tirne periods of the season and the single event. 

mese conclusions relate to the normal-regime behaviour of these basins. During the thtee 

year period of study, heavy r a M l  with significant erosivity occurred - includiag one event which 

may have been a 10-year storm event over 5 km2 - but absent were events sufficient in magnitude to 

destabilise these sediment regimes (e.g., deep-seated laadsliding). Regardlas, the conclusions sugga 

specific maaagement recomrnendations germane to the normal-regime bebaviour. Recommendations 

for management are discussed in Chapter 9 following the presentation of sediment budgets. 



6. Signatures of Erosional S o m  and Sediment-Transport 
Behaviom in the Physicai luid Chernid Character and the 
Patterns of Movement of Suspendecl Sediments 

6.1 Introduction 

In this chapter, suspended-sedimeot behaviour is examiad in the context of both its behaviou 

during floods and of the physical aad chemicai character of the sediment itself. The examination of 

suspended sediment as a simple, single quaotity masks important differences in how its concentration 

and composition are shaped by the range of controls. Sediment properties serve as sensitive indicators 

able to reveal a wider range of controls. Contcols are generalised in relation to supply and transport 

limitations. Strengths and weaknesses of the sedi int  rating cuve technique for prediction are 

identified. 

Thtee analyses are presented. An analysis of hysteresis provides further evidence of source 

and transport contmls. Rating curves for individual patticlesize classes are developed, illustrating the 

contrasting behaviours of separate size fractions. Sediment colour and phosphoms content are used as 

tingerprints to trace the origia of suspended sediment and relate this information to the conclusions 

ceacheci regarding hysteresis and particle-size behaviour. 

63 R d  Background 

in d l  basins, sediment supply and the cornpetence of transport mechanisms interact through 

time and space to yield a sediment regime. Chapter 5 showed how bulk behaviour changes as a 

function of specific controls. The expnent (b) and coefficient (a) of the power-law relation (C=aQb; 

C - suspended sediment concentration; Q - diictiacge) were used to discuss the effect of transport and 

supply limitations respectively . 
Pattems of hysteresis also reflect supply and transport limitations but thek sensitivity is far 

greater than that of composite rating curves. And these pattern can be examined over various spatial 

and temporal scales to investigaie embedded regime controls. Patticle-size controls on sediment yield 
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are important y a  p r l y  studied. Clay, silt, and sand behave in contrasting ways and reveal patterns 

which cm also be lintred to supply and transport concerns and related to hysteresis. And, W l y ,  

sedient properties can be used as tracers to M e r  identiQ dominant controls, especiaily where 

interactions are occurring. 

This section reviews existing research findings relevant to these three areas - hysteresis, 

particle size, and tracers, 

6.2.1 Hystensis 

Hysteresis in suspended-sediment transport is used to indicate departures ftom a direct relation 

between discharge and sediment concentration. Hysteresis can impair predictive ability because the 

assumption of simple C-Q relations may lead to variously biased predictions. Fortunately, when 

multiple wntrols are operating in cornplex ways on suspended sediment, the presence of hysteresis 

can actually help to enhance understanding of sediment sources and dynamics. The term hysteresis is 

normally applied to the event or synoptic sale. Seasonal and anuual changes are generally termed 

rating "shiftsW . The cemainder of this discussion refers to the event and synoptic timescales. 

Many auchors have observed hysteresis (Johnson 1942; Heidel 1956; Walling and Teed 1971; 

Walling 1974; Wood 1977; Paustian and Beschta 1979; Bogen 1980; van Sickle and Beschta 1983; 

Sidle and Campbell 1985) and generally attribute the phenomenon to the following primary factors: 

supply exhaustion 

supply ttiroshoids 

kinematic effects (e.g.: lag the ,  source variability) 

'Ibese controls dominate differentiaily through tirne and space and, in some instances, their effeçts are 

sale  embedded. Since most basins are supply limited (Einstein 1943), supply-related controls are 

most o h  cited. 

Conceptual models of hysteretic behaviour have beea presented by several authors in terms of 
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C-Q m h s  (Olive and Rieger 1985; WdIiams 1989; &tor 1996) and al1 include butb primary and 

secondary behaviours. Table 6.1 presents a summary of prhary hysteretic behaviour and its domina 

controls. A wide variety of more cornplex bebaviour is found in basins due to the superposition and 

sequencing of these primary bebaviours (Williams 1989; N i r  1996). 

TabIe 6.1 Theoretid models of prirnary hysteretic beûaviour. 

. 

Re#m Behavim Graphical Represeatatim ExpIPantion of Controls 

S i  L k  Unlimited supply 
Strcught Tr~nsport is the oniy significant 

cwttol. 

Curved C u ~ e d  line suggests the presenw of 
üuesholds for new suppIies or for the 
transport of specific pruticksk 
classes. 

ClockWiSe h p  Supply exbaustion miportant 
Wdth of l w p  indicates metu of suppiy 
exhausrion. 

Transport is the major contd. 
Wide loop indides high sho~&-tem 
sediment availability on rising limb. 

Nonsynchronous peaks Relative importance of transport ois a 
(wide loop) control declines due to sevew sediment 

C o u n t e r c l m  Loop Supply threshold andlor spatial 
variability 

Transport is a strong wntrol; 
some suppiy enhaustion present. 
Wi&h of loop repmencs ment of 
source meution (cg., disdtmge- 
i n à u d  suppb) 

C 4 
No~~synchronous peaks Relative importance of transport 
(wide hop) declines due to delayed sediment pulse: 

travel time of sediment wave, or 
rainMI-nuioff variabiiity causing Late 
sediment production. 
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Single C-Q lines generally reflect unlimited sediment supply, suggesting ttiat transport 

capability is the dominant control on suspended s e d i t  concentration. If the line is stcaight, then th 

eff' of discharge is equal throughout the event and supplies are Iikely iadeed unlimited. If the line i 

curved (Williams 1989), then supplies may be sensitive to discharge, perbaps reflecting the presence 

of a supply ttueshold. For example, above a thresbold discharge, coarser sedunent may be accessed ii 

the chamel margins resulting in an increase in the slope of the C-Q relation. 

Supply exhaustion causes sediment production to drop in advance of the decline in tritllsport 

capacity resulting in "clockwise-loop hysteresis". Exbaustion wi occur within event and sub-event 

timescales (Wood 1977; Olive and Rieger 1985) through sub-seasonaI (Walling and Teed 1971; 

Walling and Webb 1982; Beschta 1978), seasonal (Paustian and Beschta 1979; Ebgen 1980; Tropeanc 

1991) and annual (Brown and Krygier 1971; Anderson and Potts 1987) tirnesales. 

Supply exhaustion relative to transport capacity can occur fOr several reasons. In general, as 

Williams (1989) points out, a limited supply flushed during the omet of a flood event, or a much 

larger supply subject to a prolonged event (Wood 1977) can both suffer relative exhaustion. Material 

deposited on a streambed at the end of one event, cm h m  a sediment supply flushed during the 

rising stage of the subsequent event, contributing to this effect. In gravel-bed rivers, bed amour can 

be diiturbed during the rising stage creating a short-term (exhaustible) supply of fine seùiient with 

re-armouring occurring at or near the discharge peak (Paustian and Beschta 1979). 

The sediment peak does m t  need to occur in advance of the peak in discharge for clockwise 

hysteresis to occur. The sole criterion for clockwiie loops to occur is that for every Q, C/Q must be 

higher on the rising limb (Williams 1989). However, if the peaks are temporally separate, this is a 

good indication chat transport is greatly diminished in relative importance comparexi with the supply 

control. As Table 6.1 shows, the same principal applies whether or wt the sediment peak 1 4 s  or 

lags the discharge peak. 

Counterclockwise loops may result from lcinematic effects imrolving differential travel time or 
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raiddllnrnoff hetecogeneity but can also result h m  a dischargeinduad sediment supply. If sediment 

and discharge peaks are simultaneous and the relation fonns a wunterclockwise loop, transport 

remains a strong control with new sediment sources likely induced by the high flow or prolonged 

rainfall. For instance, Kuag and Chiang (1977) studied 5- to #km long streams in the mlling loess 

ara  of China's Yellow River and found sediment concentration to peak after discharge due to 

prolonged soü erosion and to taper off slowly following peak discharge Cui Wiiliarns 1989). 

Prolongai rainfall on uastable slopes can heighten pore-water pressures and cause widespread slope 

Mures at or beyond the time of maximum discharge in a basin flood ment. In some systems, 

sediment supplies at channel margins may be accessible only during high flow (Nistor 19%). 

If the peaks are not simultaneous aad counterclockwise behaviour occurs, then ttanspoa is 

diminished in relative importance in controlling the sedient regime. Source control related to spatial 

effects may becorne the dominant cause of hysteretic behaviour. A ciifference in travel t h e  of the 

water and sediment waves for events in which rainfail is isolated over a distant part of the basin 

causes there to be a lag time in the arriva1 of peak sediment concentration. Heidel (1956) termed this 

" time-of-lead" . In basins with spatiallydiverse sediment sources subject to Iocdised rainfall, 

dwynchronised tributary inflow can result in high sediment concentrations arriving in the main stem 

during falling stage. For instance, Tropeano (1991) calculaîed thaî 30 to 50% of total input into the 

main stem of a 9.51-km2 basin in Northwestem Italy derived from a 0.75-km2 basin dominated by 

bare surfaces, representing only 8% of the larger basin's area. The &ed is greatest in mid-sized 

basins: the effect is l e s  likeiy as basin size becomes small and as basin size becomes large, the effect 

is Iost. 

The basic beûaviours and causes outlined in Table 6.1 and discussed above can be combined 

to yield other, more complex models. "Figure-eight" behaviour (Aniborg et al. 1967; Williams 1989; 

Nistor 1996) results from sediment exhaustion during the tising stage of an event foiiowed by 

sediment repleaishment. Olive and Rieger (1985) found that in events wiîh multiple p e . ,  the 
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sediment peaks decreased successively to the point that the finai peaks sometimes showed no sediment 

response. These combined bdwiours can becorne so intractable that sediment response appeaa 

random: Olive and Rieger (1985) examined 39 Storm hydrographs in Australia and found "an 

apparently raadom" response with "no identifiable pattern observed" to be by fat the most cornmon 

sediment response, occurcing in aimost half (16) of the events studied. 

The stratification of sediment rating curves on the basis of stage (rising-limb versus fdliig- 

limb) is a useful approach fot identiwhg hysteretic behaviour if it operates consistently throughout a 

specific period (Wailing 1978; Tropeam, 1991). Supply limitations generally result in a difference 

between the two relations. Unfortunately, the lack of a difference between rising-stage and failing- 

stage behaviour does not coafirm a lack of hysteresis. As implied in the above discussion, the 

direction of hysteretic behaviour cm quickly reverse (even wiîhin a single eveat) due to changing 

supply and transport limitations with discharge causing a "nul1 result" in the overall stage-stratified 

rating curve. Such contrasting hysteretic beùaviour inçteases the variance of the sedimentdischarge 

relation. 

633 Parüde-size behaviour 

n ie  pattern of sediment yield studied in Chapter 5 were the net result of severai systems 

operating simultaneously. These systems are govemed by different particle-size cIasses which show 

distinctly different source and transport bebaviour. More can be learned about the system under study 

if the size fractions are considered individually. 

Geomorphologists and hydrologists have traditionally emphasised measurements of total 

suspended sediment, ignoring both its physical and chernical characteristics. Sediment pmperties have 

a strong influence on entrainment and transport and are of environmental importance. In particular, 

chernical characteristics of suspended sediment are strongly influenced by particle-size distribution 

which in turn is determined by source and transport controls. 
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XII contrast to geornorphological approaches, agriculturai approaches to studying particle-size 

effects in basin s d i  yidd have generaIly been cllncerned with clarifying nutrient los. 

Geomorpbologists bave shown a greater interest in sediment quantity while agriculturalists have 

emphasised sediment quality. Further, the geomorphologicaï research bas emphasised stream 

suspended sediment and the agridturalists' measutements have been based on individuai fields or 

plots. Sutberland aod Bryan (1989) point& out that littie work has been done linLing the findings 

fkom the hillslope to those of the stream. Resuits k m  the two approaches offer useful, 

complementary information about the importance of particle-size and are combined in the following 

discussion. 

Particle-size characteristics exercise a strong control on initiai entrainment and continued 

suspension of river sediment. In gravel-bed rivets, flux concentration of the largest fractions is 

strongly affected by trmpoa constraints (flow velocity) whereas transport of the tlnest sediment 

(clay) is completdy unaffected. Evwy fraction is Muenced by the size characteristics of the sedimenl 

supply. It is within the fine-fraction size distniution (ïess than 2 mm) where the greatest change 

occurs in how sediment responds to the supply and transport limitations discussed in the previous 

section @julstrom 1935). 

Suadborg (1%7) presents a modification of Hjulstrom's cume (Hjulstrom 193% showing the 

relation between flow velocity (one mette from the strearn bed), grain size and its state of movement 

for uniform material (specific gravity = 2.65). From this diagsam, four classes of finesediment 

transport can be defined according to particle size: 

aq (< 0.002 mm) 

minor velocities entrain particles unies highly cohesive 

particles remai. in suspension regardiess of flow velocity 

Silt (0.002 to 0.063mm) 

minor velocities entrain particles; begin to see evidence of threshold velocity for entrainment 
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once entrained, particles generally remain suspended though corner silts (0.010 to 0.063mm) sbow 

a very weak tendency to deposit at low velocities 

Jïne Srud (0.063 ru 0.1tOm) 

transition benVeen washloaddominated and tractiondominated transport 

threshold velocity required for initial entrainment 

the tendency to deposit increases rapidly with particle size 

Gmrse S a d  @.I 80 to 2.QoIAMI) 

particles are enttained and remain in suspension with only significant flow velocities (0.3 to 0.5 

m/s); may move in traction 

With heterogeneous particles, lithology, and bed configurations, tbresbolds Vary but the basic 

distinction between washioaddominated movement of the clay and silt and the energydominated 

motion of the fine and muse sands rernains. The 0.180-mm breakpoint between fine ad corne sand 

is consistent with the lower limit to traction-phase movement in rivers (Church, personal 

communication). 

Under energydominated motion, trampon constraints dominate in shaping suspended- 

sediment concentrations. In non-episodic events, Harnlett et al. (1987) observed a coarsening of 

suspended sediment with flow in five nesteù agricultural basins (5 to 5055 ha) in east-central Iowa. 

This coarsening was partly attributed to the increased transport cornpetence of the Stream; as flow 

increases, thresholds are crossed for the movement of sand-sized particles thereby altering the overall 

sediment regirne markedly. Nordin (1963) studied sand-bed rivers with extreme concentrations of 

suspended sediment (greater than 300 gn), 113 to 213 of which was sand. Once hydraulic conditions 

were conducive to the suspension of sand particles, sand quickly came to dominate in the overall 

sediment distribution to the point that fluid properties changed so predictive relations were 

unmailable. Most work on the mobility of differeut size fractions has been in graveis due to the 

weaker discrimination in the fine fraction (Church, personal communication). 
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In contrast, the suspended concentration of clay and silt is largely d e c t e d  by flow 

cornpetence. Once entrained these particle sizes remain suspended even at low fiow velocities. Peart 

ami Walling (1982) f o d  the particle size of suspended sediment to be hisemitive to discharge in the 

River Dart - this may be due to the dominance of silt and clay in the material available for transport 

within the range of events considered. Griffiths (1981) hund the Iower range of sedirnent rating 

curves (of rivets in New Zealand) to be insensitive to diicharge; in this flow range, transport capacity 

did not meet threshold requirements for sand transport hence washload was controlled by source 

characteristics alone. It remaius useful to d i  between cIay and silt because clay shows no 

influence of discharge whereas behaviour within the silt range may vary greatly between the fhe aad 

coarse silts. 

The above discussion illustrates that source constraints affect the suspended concentration of 

al1 particle-size classes. If it is not available for transport, it won't be tcausported regardless of flow 

cornpetence (Stone and Saunderson 1992). Climate, geology, soils, and lauduse which Walling and 

Moorehead (1987) list as controlling factors on the particie size of suspended sediment are al1 source 

effects because they determine sediment availability. Smith and Olyphant (1994) found that rainfall 

iatensities (> 60 mmh) caused the imbricated bed to be disturbed, releasing coarse sediient, 

resulting in this material domhating the sedirnent regime for episodic events in contrast to normal- 

regime events. The change in sediment supply resulting fiom the change in fiow cornpetence indicates 

the difficulty in disentaagling source and transport effects, especially in supply-limited basins. 

Apparently contradictory trends can result: Wailing and Moorehead (1989) found sand content to 

decrease and clay content to increase at the highest flows in the River Dart. Fleming and Poudle 

(1970) presented sediment results fiom Scottish rivers and recomrneaded that sedimat-field models 

incorporate consideration for sediment supply-rate and particle-size distribution alongside the standard 

use of dicharge. 

Walling and Moorehead (1989) stress the importance of particle aggregation to suspended- 
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sediment analyses. If particles are aggregated, they may bebave differently than the "ultimate" 

particle-size distribution would suggest. Higher clay and organic-mer contents both tend to increase 

the effective particle size (Walling and Moorehead 1989). In looking at the transport of seqarate size 

fiactions in ephemeral gullies, Duncan et ai. (1987) left intact the naûually~ccurring aggregates since 

they behave like single particles in terms of satling in the strearns. The ultimate particle size draws 

attention to the source whereas the effective particle size places emphasis on transport coastraints. 

This has influenced research because geomorphologists (e-g., Bogen 1992 and Fenn and Gornez 1989) 

have teaded to focus on ultimate particle size while agriculniralists (e-g., Foster et rrl. 1985, Foster et 

d. 1992, and Hamlett et al. 1987) have looked at both effective and ultimate particle sizes 

(Sutherland and Bryan 1989). Foster et al. (1985) found that only 25% of suspended clay was 

delivered as clay with the remainder transported as part of larger aggregates. niey state that the type 

of clay aiso influences the amount of siit-sized aggregates. Specifically, the quantity of siit-sized 

aggregates is gceater with swelling clays than non-swelliig clays. However, Foster et al. (1992) 

wried out a detailed evaiuation of ultimate and effective particle sizes of aggregates in streamwater 

and dispersant and found no significant differences between them. Wailing and Mwrehead (1989) 

point out that aggregate stability of eroded soil in the field should also affect the lwel of aggregation 

present in the suspended sediment (unless the salinity is low). 

Source and transport constraints on the individual particle-size classes Vary through time and 

space yielding complex net sediment regimes. Foster et al. (1985) found Iittle selectivity in 

detachment from steep (20%) plots, concluding that preferential output sorting coma off-field as a 

result of transport and deposition processes. In fact, Lal(1976, in Walling and Moorehead 1989) 

found that enrichment of silt and clay at the field sale  depends on the dope of the field; enrichment 

is always non-negative and ceaches zero above a certain plot steepness and is also influenced by the 

Ianduse within the field. Young and ûnstad (1978) examined the relative contribution from riII and 

inter-riIl areas in smal1 plots (1.5 m x 4.5 m). They found inter-rill erosion to be dominated by splash 
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etosion which genecates bigger aggregates (higher sand content) and bette!r represeats the fieid soi1 

texture. In contrast, the till material is more seleaive and consequently "enricheda with clay and silt. 

Predictably, as the plot dope was increased, the relative contribution from the inter-rill area dso 

incteased (Lal 1976). Luk et al. (1993) reached a similar conclusion from a largex plot (18 x 35 m) 

on a gentle piedmont dope near Tombstone, Arizona. Rhoton et d. (1979) hund prefefential 

transport of clay ftom the soil surface of Alfisols in basins (0.3-3.2 ha) in Ohio. As spatial scale 

increases, source and traaspoa constraints change. 

Various researchers have observed temporal changes in the particle size of suspended 

sediment. Fenn and Gomez (1989) examineci the Glacier de Tsidjoire Nouve in Switzerland and f o u  

that the proglacial zone acts as a source during the rising limb and a sink during the falling limb. 

Ongley et al. (1981) found systematic seasonai changes in rivers in Ontario as sand disappears after 

the spring runoff, with clay-sized sediment occupying more than 80% of summer and fa11 samples. 

Bogen (1992) observed seasonal sh ih  and cautions that sampling frequency must be adequate to 

address short-term variability. 

Gmhemical analyses of suspeaded sedirnents and their particle-size distributions leads to 

conclusions which might be different ftom those based on total concentration alone. For instance, in 

developing predictive equations for nutrient output h m  agriculturaî basins, Foster et al. (1985) 

cumbined typical surface area estimates for sand (0.05 m2/g), silt (4 m2/g), cIay (20-800 m2/g) and 

organic matter (1000 m2/g) to theu particle-size predictions showing the disproportionate contribution 

to basin nutrient yield by small events. This relation dso means that conservation activities which 

reduce basin sediment yield do not necessarily modiQ basin nutrient yield in a comparable manner 

(Young et al. 1986). Walling and Moorehead (1989) point out that mineralogy of suspended material 

can also change with particle size. 

Individual particle-size classes can also be expected to show hysteretic behaviour. The 

discussion of source and transport controls on hysteresis presented in the last section applies equally 
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weU to separate particle s k .  Bogen (1992) stated that hysterais was observed in bis measwements 

of Norwegian Rivers. V q  liale is present on this in the literature. if the nutrient content of 

suspended sdiment demnstnites hysteretic behaviow, it is l i i y  that hysteresis in particle-size 

output is the main cause. 

Nutrient output - perfiaps the most important considedon in agriculaual bains - is greatly 

influeaced by particle-size controls. The clay and finÊ-silt fraaions of the suspended-sediment load 

wry most ecowmically-important nutrients ftom a basin. Any ptocesses which concentrate these 

finet fractions beyonci what is fourad in surface soüs is important to agricuitural nutrient budgets. 

Peart and Walling (1982) used the expressions preferential erosion and preferential deposition and 

suggested that these factors bring about a finer sediment than the source material. Young et af. (19M 

termed this "enrichment" and applied this concept to each of the macronutrients. ûngley et al. (1981: 

who looked at the geuchemistry of suspended sediment fiom a geomorphoIogical perspective found 

littie differeace in nutrient content of sediment betwm nearby stations in Southem ûntario, but foun 

substantial seasonal shifts. 

The array of controls on supply and transport of suspended sediment and the complex 

interactions which can result, have led to the use of tracers to track the origin and movement of 

captured sediment. If the particle size of available sediment sources shows distinctive differences the1 

particle size cm, for example, be used to help trace the origin of suspended sediment (Walling and 

Kane 1984). A wide variety of techniques and sediment characteristics has been used as tracers and 

this is the subject of the next section. 

633 Fingerprinting 

Sediment fingerprinting and tracing techniques are useful diagnostic tools in supply-limited 

bains. They are an effective complement to the sediment-rating-cutve method which is successîul 

strictiy under only transport-limited conditions. Techniques Vary ftom the introduction and tracing of 
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artificial particles to the tracking of natucaily+ccwrhg particles with distinguishing charactetistics or 

'ibgetprints" (Walling and Kane 1984). Chher approaches involve the modification of particles 

already occurring within the basin, esseatially creating a ihgerprint îor those particles. The usefulness 

of these techniques aad the choice for a given application depend on the calibre of the sediment d e r  

study and on the specific opportunities present in the basin. The tracing of introduced particles (using 

radioactivity, glass, sucface adsorption, and fluorescence) encoumers many difficulties as explained by 

Coakiey and Long (1990) aud will not be discussed tùrther in this section. Fingerprinting techniques 

can be readily disiinguished according to the particle size under study and their description forms the 

remainder of this discussion. 

Radioactivity, magnetism, elemental composition, mineralogy and lithology, fluorescence and 

colour, and miscellaneous chernical and physical characteristics have al1 been exploited as natucal 

sediment signatures. Because effects are often confounded, it is useful to monitor multiple fingerpcints 

to exclude competing hypotheses (Walling and Kane 1984; Peart and Walling 1986). Typically only a 

small selection of possibiiities is present within a given basin. 

The movement of coarse particles @ebbles, cobbles and boulders) has been determined by 

deliberately matking a volume of natural sediment to facilitate its recapture. Techniques include 

radioactivity, maguetism, and various visual clues. Magaetism offers, perhaps, the greatest potential 

for tracing the movement of coarse sediment. Hassan et cl. (1984) placed ceramic magnets inside 

pebbles and cobbles in the channel of Nahal Hebron and had a 93% recovery rate after two events. 

They also reviewed a collection of related approaches: iron oxide coatings, metal stcips attached to the 

particles, and enhancing natural magnetism through high-level heating of natucally-iron-rich fluvial 

particles. Radioactivity is prohibitive to exploit with large sediment due to security and safety 

difficulties. Visual markers such as paint, fluorescence, and exotic lithology (Katsumasa et ai. 1%9; 

Brown and Brubalter 1979) al1 suffer ftom cetrieval difficulties since the particles must physically be 

seen. 
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Mieralogy is a cornmon characteristic used as a sediment fingerprint (Packham 1960; Lund 

a d. 1972; Klages and Hsieh 1975; Wall and Wrldhg 1976; Walïiig et d. 1979; Ongley 1982). 

Moore (1961) analysed the mineralogy of bottom sediments from Lake Michigan to determine their 

source material and pst-glacial history. Klages and Hsieh (1975) examine the mineralogy of 

suspended sediient in a mountain river ami its tributaries in southwestern Montana to assess the 

abiiity of this fingerprinting technique to discriminate between potential sediient sources using 

variable and distinctive geology present within sub-basins. They were able to relate distinctive 

sediment mineralogy to the contrasting lithology of the studied sub-basins. The technique was more 

successful in smaller basins where the number of sediment sources was small and there was only a 

short distance between sampling points. Wall and Widing (1976) contrast the mineralogy of 

suspended sediments of Mawnee River in Ohio with tbat of the two dominant sediment sources - 
surface soiis and mweathered parent matedal. Differential weathering of these sources has resulted in 

a contrasting mineralogy which was used ta conclude Chat the annual suspended sediment yield of the 

Maumee River and its tributaries is dominantly sucficial in origin. Unfortunately, the dominant 

sediment sources do not always possess contrasting and distinctive mineralogy. For instance, Lund et 

al. (1972) found no difference in the mineralogy of the clay fraction of suspended sediment in civers 

within 13 basins in Indiana regardless of the point of sampling suggesting that clay mineralogy would 

be unsuccessful in isolating source contributions. 

Chemical properties have also been successfully used to identiQ the source of suspended 

sediment. For example, elemental composition bas provided some cesearchers with a useful sediment 

fingerprint (Ongley 1982; Walling and Kane 1984; Peart and Walling 1986). The field of geochemical 

prospecting exploits the chemical composition of Stream sediments in seeking mineral deposits. 

Ongley (1982) found little variation in mineralogy over a complete year but, in contrat, found that 

concentrations of major elements were closely related to sedi in t  source. The use of elemental 

composition as a fiagerprint can facilitate the determination of specific nutrient budgm - the ultimate 



167 

concern in many agriculûuai basins. ûngley (1982) reporteai that the proportion of sediment- 

associated phosphorus to total-phosphosphonis varies h m  78 to 95% in a variety of fluvial settings 

revealing the usefulness of such demental suspeaded-sediment budg-. Temporal variation in 

sediment geochemistry (Mialling and Kane 1982) cau be extreme causing diffidties in implernenting 

this appmach. 

Walling and Kane (1984) suggested that Cesium-137, originating as Eallout from atmospheric 

testing of nuclear weapons, would be a sucassfd fingetprint if used in conjunction with particle size 

of source and suspended material. Loughnin et 4. (1986) usai this technique to quanti@ sediment- 

source contributions within a small Austcalian basin. Cation-exchange capacity, percent organic matter 

(Wall and Widing 1976), and bee pollen (Brown 1985) have also been used as tïngerprints. 

Physical properties used in fmgerprintiag include particle size, magnetism, and wlour. 

Several cesearchers have noted that where sources possess conbasting particle-size distributions, 

texture can be used effectively as a fingerpcint (Onigiey 1982; Walling and Kane 1984; East 1985; 

Fenn and Gomez 1989; Stone and Saunderson 1992). Walling et al. (1979) used magnetic pmpecties 

resulting from the natucal transformation of iron compounds to differentiate sediment sources. 

Grimshaw and Lewin (1980) observed distinct zoning of colours on the sediment rating curves 

and during individual events. They explained that sedirnent colour co~esponds with source type: 

brown sediments correspond to surface soiis whereas grey sediments represent contributions from 

material directly eroded by the river; mixtures were also present in their samples. They also pointed 

out that colour alone is oniy a coarse filter and that funher mineraiogical analysis may be necessary to 

distinguish between surface-soi1 and regolith contributions. 

It is clear that there exists considerable potential for the fingerprinting technique to identify 

sediment sources and be a usefûl addition to basin sediment-budget efforts. However, its reliability 

drops when diverse sediment sources are present, especially in large basins under widespread, 

prolonged rainfall. For example, Coakley and Long (1990) çoncluded that fingecprinting techniques 
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are inappropriate to study the mwemeot of glaciallyderiveû sedient dong the Great Mes shoreliu 

because of the lack of distinction of these sediment sources. Peart and Walling (1986) pointed to som 

related unresolved concens: encichment in fines and organic material relative to source material; 

transformation of properties within the fluvial system; and storage and remobilisation within a 

conveyance system. Symader and Strunk (1992) used multivariate analysis to compensate for the loss 

of disçrimiaating power of suspended particle characteristics when many sources are involved. They 

stressed the use of multiple clues to eiiminate competing hypotheses: hydrograph dynamics, 

contrasting source availability during diffetent high-flow events, and chernical characteristics of 

suspded mateciai. Tbey pointed out that if ceference source material is used to test the conclusion, 

the sampled matecial must tmly represent the condition of the source material when it was originally 

eroded. Despite these concerns and limitations, Walling and Kane (1984) stress the importance of 

integrating sediment propeaies and the fingerprinting technique into geomorphological research since 

only a small proportion of the wide range of possibilities has as yet been tried. 

63 Epîeresis 

In the present study, a wide range in hysteretic behaviours is possible because of the widely 

contrasting spatial and temporal scales under study. Since hysteresis has been defined as a synoptic 

phenornenon, this section begins with an examination of the types of hysteresis that occur during 

single flood events. Paaems observed are related to the relevant landuse and spatial and temporal 

scales of the basins under consideration, The second section asks whether evidence of hysteresis 

persists wiihii seasonai ratings. 

63.1 Single events 

For the singleevent analysis, a standard method is needed to classifj sediment behaviour of 

C-Q gcaphs. The oniy flood events considerd are those for which: at least three sediment samples an 
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available, the peak flow is non-aivial and there is at least one sample available on each limb. In total, 

this includes 141 events. 

To identify the presence of hysteresis two steps have been fbllowed: 

1) Desigrne hysteresis type 

Initially it is assumed that the sample points in the C-Q graph are al1 known without error. 

Each C-Q graph is designated as one of four types - single-value (SV), clockwise (CW), 

counterclockwise (CCW), or complex (CO). Hysteresis is wt present in a single-value (SV) C-Q 

graph: the C values are equivalent on both limbs. Relative to the SV graph, two types of class limits 

are observeci in the C-Q graphs available. la the fist, the sample points form a coherent loop with 

little or mi overlap. If the maximum width of the loop is narrower than 50% of the C value at that 

point, then the C-Q graph is SV; otherwise, it is CW or CCW dependhg on the direction of the loop. 

m e r  C-Q graphs show apparently random fluctuations around a single-vdue line ("eyeball fitn). 

Departures are acceptable, but if there are three of them of at least 100% of C (the expected value) 

then the C(1 graph is termed complex (CO). If a C-Q graph contains SV bebaviour as well as either 

CW (or C m ,  then the C-Q graph is considered to be CW (or CCW). 

2) Idemfi reliability of designation 

Distioguish between Class A and Class B C-Q graphs. If one sample is removed fiom a C-Q 

graph and the result is unLnown or changes, then it is a Class B graph (i-e., designation depends on 

only one sample). Class B examples do not provide as reliable an indication of hysteresis patterns as 

Class A C-Q graphs which, by implication, contain at least two samples on each limb. In addition, if 

the removal of one sample point renders the C-Q graph SV, then it is considered SV. 

Ushg these criteria, the total of 141 C-Q graphs have been analysed for hysteresis according 

to scale and season yielding 91 Class A and 50 Class B examples as summarised in Table 6.2. 

Selected grapbs correspondhg to the three spatial scales in Table 6.3 are presented here for detailed 

discussion. 



Table 6.2 Classes of sediment behaviour observprl in C 4  graphs. 

St ClPss C  SV CW c m  C 
O 

Name No C P T M C P T M C P T M  

CW=C1ochvise; CcW=Counterclockwise; SV = Single-due; CO = Complex; 
P=-; T=Transition; M=Monsoon; See text for explmation of Classes A and B. 

Headwater h i t u  (I bn2) 

Events within the low-order basins (9, 10) consistently show a synchroniseci peak response of 

flow and sediment indicating a persistent dominance of transport as a wntrol on sediment dynamics. 

Within these synchronous loops, SV (and in this case, straight-line) relations dominate the 

observations, particularly during the monsoon season suggesting an unlimited sediment supply (see 

Figure 6.1). This is consistent with the strong C-Q wupling at this scale identifiai in section 5.4. 

Mid-sked basuis (5 km2) 

The mid-shed basins display a wide range of C-Q behaviours. Hysteresis is frequently non- 

synchromus indicating a reduced dominance of transport as a wntrol. It is at this scale in the pre- 

monsoon season where CCW loops are most frequently observed. CCW hysteresis can resuIt from 

differential travel time of sediment and water and may be enhanced by diversion of floodwaters into 



Figure 6.1 C-Q relations for events withii Kukhuri basin (station 10) illustrating single-vah 
behaviour. 

(a) August 25,1994 (b) July 20,1993 
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the irrigation system. Figure 6.2 shows a selection of these loops. Loop (a) in the figure provides the 

best example of CCW hysteresis observed during the entire study and demnstrates the potentid 

Merence between the rising and falling limbs of a significant pre-monsoon event (one order of 

magnitude). Loop (b) occurred on July 17, 1993 during the transition season; this loop reflects the 

diminilihing effect of travel-the as it is approaching a SV relation. 

SV relations are cornmon at this scale and can occur in any season. Most of the events 

included in this class resulted h m  r a i d l  which wvereü the entire basin. These events are indicative 

of sediment widely available throughout the basin and are most cornmon during the monsoon season 

(see result in Table 6.2 for Dhap basin). 

Jhikhu h i n  (lm km2) 

Events sampled at the Jhikhu station (1) are consistent with the findings fmm the mid-sized 

basins. In general, CW and SV relations occur during the monsoon season and CCW loops occur in 

any season. Because of its size, this station experiences more events annually than any of the others 

and the high-flow events are more easily sampled thaa at the other, flashier stations. Hence, a great 

number of C-Q reIations is available for examination. 

The five CCW C-Q relations occurred throughout the rainy season. The CCW loops 

consistently show non-synchronised sediment-water peah suggesting a pronounced travd-time 

hysteretk effect. For example, the peaks in flow rate and sediment concentration are separated by 

over 17 minutes. The CCW hysteresis is consistent with the behaviour evident at Luwer Andheri, and 

emphasises the diminished dominance of transport as compared to characteristics of the sediment 

~ U P P ~ Y .  

SV relations are cornmon at the Jhikhu station (1) as they are for the mid-simi basins. At this 

scale, sediment sources are widespread - from tributary basins and remobilisation from storage 

locations within the large meander bends of this main stem. Most of the SV relations occur during the 

monsoon season which reflects the fact that storms wver a wider area during the monsoon than they 



Figure 6.2 C-Q Relations kt events within Andheri Lower basin (2) and Dhap basin (3) illustrat 
CCW hysteretic behaviour. 
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generally do during the pre-monwon season resuiting in sedimea availabiliiy during the fidl range of 

the hydrograph. 

CW relations appear to be more common at this scale than at the mid-si& basins. Four 

examples from the J h i i u  basin (1) are show11 in Figure 6.3. The 11 Class A wents demonstrating 

CW behaviour are diitributed throughout the rainy season though the majority occurs during the 

m o m n  season. in general, CW relations are indicative of a degree of sediment exhaustion taking 

place during the event. At this large sale, the many controls - often easily isolated at other scales - 

interact to yield CW hysteresis during any season ami h r  both synciwonised and non-synchronised C- 

Q peaks. The two pre-monsoon CW-loop events are large events for their season indicatùig that these 

events were more widespread, thereby mimicking the behaviour of their monsoon counterparts. The 

great range in loops and wide distribution through the rainy season reminds us that this scale 

experiences a great deai of what happens locally within the entire basin. 

Despite these explainable patterns in C-Q behaviour, there remain C-Q relations which Ml 

outside the standard behaviour. Different types of CO C-Q graphs were observed including figure- 

eight and step behaviours. Figure 6.4 illustrates steq behaviour observed at the Lower Andheri and 

Jhikhu stations and an additional CO graph from Kukhuri station. CO behaviour can result from 

differential tributary inflow, measurement limitations, and gully headwall Mures alone or combined 

or from other effects. Notably, as the scale under consideration increases, so too does the opportunity 

increase for CO C-Q relations to occur. 

The detailed C-Q single-event analysis presented in this section suggests that caution should 

be exercised when generalising supply- and transport-limited behaviour spatially and temporally. 

Though the results can be explained with sediment-transport theory, generalised statements based on 

limited data may have little pcedictive vduefir Uidividuuf m m s  at the studied spatial scales. 



Figure 6.3 C-Q relations for events within Jhikhu basin (station 1) illustrating CW hystere 
behaviour. 
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Figure 6.4 CO behaviours: (a)-(c) step CO CQ Wviouc at Jbikhu and Lower Andheri stations 
and (d) CO behaviour at Kukhuri station, 
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Table 6.3 Seasonal sediment-rating-e relations decived using log-lhear regression 
(1992-1994, Q h w n  without emr )  for cising and fdling hydrograph Iimbs. 

Sîatïon No. Stison Stage 4 br N R2 4 

R - Rising ïimb; F - Faüing W; P - Pre-molls0on; M - Monsoon; Reiation: C=a,Q*, log-trpnsfod 
N - simple size, R2 - correIation coefficient; sr - standard m r  of the estimste (log, gli) 

6.33 Multiple events 

Does the hysteresis identifid in the previous section persist in seasonal ratings? To address 

this question, individuai relations are computed for the suspended sediment data for the rising and 

falling hydrograph limbs. Equations fiom simple log-linear regression pable 6.3) are used to 

wmpute the tùnctiod relations cable 6.4), following the approach in Chapter 5. 

The rising and falling limb relations (defmed by br and q from C=aQb) of each seasonal pair 

are conttasted in Figure 6.5 to identiq hysteretic persistence. CW hysteresis is suggested if both a, 

and b, trend higher in the rising-limb relation than in the wunterpart tàlling-limb relation with one of 



Table 6.4 Seasonal sedit-rating-curve relations derived using functional analysis for 
rising and Wing hydrograph iiibs. 

Kukhwi 10 

uppet 9 
AndheTï 

Lower 2 
Andheri 

Dhop 3 

m u  1 

R - Rishg limb; F - FsUiag iimb; P - pre-m>naoon seasoa; M - monsoon season. 
Each o, is caiculated by applying its lespective b, to the meaas of C aud Q from each data set 
(rq=C,--b&&-). Ranges based on 90% confidence. X is the ratio of the e m r  vaiances (E,'&3. 

the rising-limb parameters Ming significuntly higher than its falling-limb counterpart. The converse 

indicates CCW hysteresis. If one is significantly higher while the other trend is lower, the outcome is 

equivocal and a lack of consistent hysteresis is assumed as a result. 

Table 6.5 summarises the net bebaviour indicated by these seasonal relations. SV and CW 

occu in al1 but one of the statiodseason combinations. Lower Andheri experiences a travel-time 

hysteresis effect from pre-monsoon local uplarad storms which bring high sediment concentrations to 

floodwatets at Lower Andheri. At al1 other stations, this type of hysteresis is not persistent enough to 



Figure 6.5 Fundional relations for rising and €ailhg limbs contrasted within the p r e m o m n  ai 
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Table 6.5 Dominant hysteresis indicated by net behaviour of suspended sediment of rising and 
falliag hydmgraph limbs. 

Staiion Dominant Behaviour 

Upper Andheri 9 (cw) SV 

Lower Andheri 2 CCW SV 

SV - single-value; CW - clockwise; CCW - countercloclrwise 

leme a seasonal signature. CW hysteresis petsists during the monsoon season at Kukhuri and Jhikhu. 

This is consistent with a reduced sediment availability. in the headwater areas, there is reduced 

availability due to the development of a strong vegetative cover. A reduced availability at the Jhikhu 

station is possibly a result of alluvial storage near Baluwa. The CW result during the pre-monsoon 

season at Upper Andheri is anomalous and may be due to the problems encountered at that station. 

At al1 other station/season combinations, any deparnices fiom SV hysteresis are inadequate to persist 

in the seasonal relations. 

633 Implications 

One should be selective in applying the sediment rating technique when estimating suspended 

sediment concentration. Under cettain conditions, hysteretic behaviour is sufficiently pronounced and 

consistent that it laves a net seasonal signature in the sediment rathg curve, decoupling the C-Q 

relation. Under other conditions, hysteretic behaviour is either çonsistently weak or sufficiently 

contrasting to lave no net seasonai signature. (Excessive variance in the C-Q cegression rnay indicate 

contrasting behaviours .) 

When calculating suspended sediment concentrations for individual events from seasonal 
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ratings, one should verifjr whether SV bebaviour is dominant during the perioâ of intetest. If not, 

then the application of a seasonal rating cuve to individual hydrographs can yieid erroneous resuits. 

If non-SV behaviour persists, but sediment and water peaks are consistently syncùronised, then the 

ettoc due to the sedieut rating cunre may be small due to the dominance of transport controls 

(discharge). 

In situations in which significant decouplhg of C and Q behaviours is preseat, two responses 

are available. If the style of hysteresis can be documented to be consistent for the season, a seasonal 

"hysteresis correctionw to the sediient rathg curve is possible. Alternatively, limited event sediment 

samples can be carried out and used to calibrate the seasonal sediient rating curve for the event. 

6.4 Entrainment and transport behaviour by parück-slze chas 

Tbe particle-sue distribution of available and entrained sediment greatly influences sediment- 

rating-curve relations because of differential response of constituent s b  to the governing wntroIs. 

To investigate this effect, a toîai of 341 samples from the suspended-sediment data set considered in 

section 5.4 have been analysed for particle-sue distribution as summarised in Table 6.6. MividuaI 

rating curves are developed for four separate particlesize classes. 

6.4.1 Controliing factors 

Suspended sediment consists of a range of particle skes each of which can be affected 

differently by the many controls discussed in Chapter 5. Source sediment texture - in terms of the 

available supply of individual fractions and the transportability of these fractions - can be added to 

this list of influential factors. 

Within the fîne fraction of suspended sediment (below 2 mm), behaviour ranges h m  that 

which is uniafluenced by streampower (clays) to ihat which is domiaated by hydraulic conditions 

(warse sands) while the concentration of al1 particle classes is dependent on available supply. 



Table 6.6 Number of simples analysed h r  particle-size distriution by station aad season. 

St. iyhkmdent Toiai Transition Monsoon 

Andhen 11 9 21 
Mid #1 

lhdki 12 3 17 
Mid ü2 

Total 341 116 62 163 

Consideration of the behaviow of separate classes helps in determining wheUner supply or transport 

limitations dominate and can also assist in deducing the origin of suspended material. Supply and 

transport limitations can be confounded under certain conditions and for specific particle-size classes. 

A careful analysis of separate classes of suspended sedient can overcome these difficulties and 

contribute to answering important questions regarding the behaviour of the entire specaum of 

suspended material. 

Four particle-size classes are wnsidered in this analysis: 

< 0.002 mm clay 

0.002 to 0.062 mm siit 

0.062 to 0.180 mm fine sand 

0.180 to 2.000 mm coarse sand. 

The cornmon agriculnual separation of clay and silt (0.002 mm) is used so that knowledge of s d c e  
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soi1 texture u n  ôe diieuîy linfred to the texture of stream sedmeats. Tbe Wentworth classification fi 

silt-sand separation is used because of the growhg importance at the saad boundary of transport 

controls and because the Wentworth classification is used widely in other research to facilitating 

cornparison to other studies. 

A distinction is made between fine and coarse sands for several reasons. Sand incIudes a wid 

range of material not al1 readily available or transportexi in this system. The measured distciiutions 

show a consistdy large drop in sediment concentration above 0.150 mm. It is conceivable that fine 

sands conctrite to the important export of agricuitural nutrients however coarse sands definitely do 

not. Regardlas, fine sands are at an advanced state of weathering and are more useful to funrre 

agriculniral productivity thaa the couse sands. It is aiso of interest whether or not the relatively- 

abundaot fine sands move differently to the coarse sands. Church (1996, personal communication) 

f o d  that a difference in the behaviour of sands - below and above 0.180 mm - exists in sediment 

carried by large rivers. For al1 of these reasons, 0.180 mm is used in the present analysis to 

distinguish between fine a d  coarse sand. 

UItUnare versus aggregate pamamcIe size 

The distributions presented here represent ultimate particle size (see section 6.2.2) because a 

dispersant was used More measurement. The organic-matter content of these samples is very low 

(typicaily 0.3 to 1.5%) and there is generally a wide range of particle sizes present in each sample. 

Hence, the level of aggregation in the strearn is low so these results represent well the effective 

particle-size distributions. Because ultimate and aggregate particle sizes are roughly equal in this 

study, we are able to study both source and transport controls simultaneously. 

Cray hcncation 

To what extent is clay lost during the filtering process due to the mesh size of the Whatman 

40 filter paper (0.008 mm)? Fem and Gomez (1989) used this same filter paper and hund that 

filtered samples containai 5 to 10% l a s  sediment than the unfïitered ones due to loss through the 
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mesh. In the present study, clay content is higher than in their proglacial environment so we expect 

more cloggiag and less losses. Further, heavy clay samples were filteteci routinely twice to capture 

lost sediment. Theretbre, though there are losses in the clay fraction, the amount lost is less than 5% 

of the total clay fraction. 

6.4.2 Seasmai regimes 

Seasonal regimes in suspendeci sediment are examined by particle-size class using the 

approach taken in Chapter 5. Simple log-linear regcession is used to dermine the relations presented 

in Tables 6.7 and 6.8. Applying equations given by Mark and Church (1977), the regtession relations 

are used to determine the associated functional relations which appear in Figures 6.6 through 6.10 for 

each of the five detailed study basins. The equations for these logarithmic lines are provided in Tables 

6.9 and 6.10 dong with ranges (Church and Mark 1980) based on 90% confidence. niese ranges 

reflect the significance of the marginal regression: the s d l e r  the R2, the more likely the range in bf 

will cross bf = O and the larger the sr the wider the confidence limits on the functional relation. 

Differences between these seasonal relations are tested for significance by cornparhg the 

ranges of both b, and q. The values of b, are compared first since b, is the primary parameter used to 

calculate the relations. If there is no overlap in b, ranges, the relations are significantly different 

regardless of the ranges in q. If there is overlap between the two b, distributions, then it is possible 

that they are w t  significantly different. Within the range of overlap of the two b, ranges, the ranges 

of a, are examined for overlap. If they too overlap, then the relations are considered to be not 

significanîiy different. 

Each of the 40 pairs of relations was examined for difference as shown in Figures 6.11 and 

6.12. In al1 but two cases, the seasonal regime pairs are significaatly different hence seasonal 

differences persist at al1 scales in al1 size classes except sands at Kukhuri. (Within the overlap region 

in b, for fine sand at Upper Andheri and silt at Jhikhu, the ranges in a, do not overlap hence these 



Table 6.7 Premoasoon sediment-ratiag-cu~e relations for coarse sand, ttue sami, sdt, and 
clay at stations L,2,3,9, and 10 using log-linear regression (1992-1994, Q b w n  
without error) exciuding data h m  the transition sason. 

Station 4 b, N R2 

Cwrsc Sand 
Kukhuri 10 1,088 1.712 16 0.475 

UpperAndberi 9 0.527 0.236 13 0.198 
Lower Andheri 2 0.0803 1.767 23 0,795 

D h q  3 O. 169 1.106 15 0.448 
Jhikhu 1 0.00904 1.103 28 0.471 

Fine Sand 
K u k h t i  10 10.33 1 .4M 15 0.3% 

Upper Andheri 9 5.884 0.219 13 0.174 
LowerAndheri 2 0.830 1.610 26 0.744 

Dhop 3 0.604 1.082 14 0.501 
Jhikhu 1 0.0466 1 30 0.608 

si& 
KuLhuri 10 32.19 0.687 17 0.512 

UpperAndben 9 19-04 0.00473 13 0.OOW 
i h m  Andheri 2 9.877 0.515 29 0.446 

Dhap 3 5.758 0.218 15 0.415 
Jhikhu 1 4.905 0.429 30 0.513 

Kukhuri 10 10.06 0.417 17 0.251 
Vpper Andheri 9 5.833 -0.0900 13 0.128 
Lower Andheri 2 8.045 0.0860 29 0.W5 

DbPp 3 6.465 -0.0514 15 0.008 
Jhikhu 1 4.497 0.0702 3Q 0.0143 

relations, toa, are significaatly different following the explanation in the above paragraph.) At 

Kukhuri station (IO), the coarse- and finesand relations are not significantiy different ami hence these 

relations are wllapsed into one regime for the rainy seasun based on combinai pre-monsoon, 



Table 6.8 Monsoon sediment-rating-cucve relations for corne sand, fine sand, silt, and clay 
at Stations 1, 2, 3, 9, and 10 ushg log-lin= regression (1992-1994, Q h u m  
without error) excluding data h m  the transition season. 

23 
18 

37 

25 
42 

Fine Sand 
23 

18 

37 

26 

43 

Siit 

23 

18 

37 

26 
43 

crcry 
23 

18 

37 

26 

43 

Relptiw: C=a@, regmision bmed on l o g ~ f o r m e d  values; N - s~mple size; 
R2 - cOiielPtion wficient; e, - standard ermr of the estimate (log,,, gn) 

transition, and masoon season data (see Table 6.11). 

Seasonal differences in the sand fractions are the greatest in the higher-order streams and 

conversely, diffaences in the clay and silt ftactions are greatest in the low-order streams. This 

behaviour is the result of seasonal changes in sediment supply related to landuse. These and other 



Figure 6.6 Cornparison of pre-monwon ancl monsoon sediment rarïng curves for four particle-si 
classes at Kukhuri station (10) based on functionai analysis. 
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Figure 6.7 Cornpuison of premonsoon and monsoon sediment rathg m e s  for four particle-siz 
class& at upp& Andheri station (9) based on functiond &ysis. 
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Figure 6.8 Cornparison of pre-monsoon and moasoon sediment cating curves for frnu particle-sizi 
classes at Lower Andheri station (2) based on fiinctiond andysis, 
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Figure 6.9 Cornparison of pre-rnonsoon and ~ O L I S O O ~  s e d i i t  rating m e s  h r  four particle-si; 
classes at Dhap station (3) based on functionai analysis. 
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Figure 6.10 Comparigon of premonsoon and mot~poon sediment rathg curves for four particle-si? 
classes at Jhikhu station (1) based on funciional analysis. 
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Table 6.9 Pre-monsoon sediment-rating-cu~e relations derived ushg functional dys is  for 
coarse Sand, fine sami, siit, and clay at stations 1, 2, 3, 9, and 10 excluding data 
fiom the transition season. 

Station A 4 (coefficient) I 
Ntum No. # -ge q t e d  -ge 

comsc Sand 

KuLhuri 10 16.4 2.05 1.31-2.91 1.39 O. 807-2.64 

Upper Andheri 9 3.16 0.254 0.033-0.483 0.546 0.355-0.852 

Lower Andheri 2 20.4 1.83 1.57-2.10 0.0777 0.0679-0.0884 

Dhsp 3 16.6 1.21 0.716-1.73 O. 163 01354.194 

miLhu 1 30.9 1.15 0.840-1.47 0.00791 0.0181- 
0.00340 

Fine Sand 

KuLhuri 10 13.0 1.75 0.982-2.67 13.0 7.80-24.0 

Uppet Andhefi 9 3.18 0.236 0.013-0.466 6.09 3-94-9.52 

Lower Andheri 2 22.0 1.67 1.41-1.94 0.812 0.734-0.895 

D M  3 10.1 1.21 0.749-1.71 0.569 0.4464.710 

MU 1 34.1 1.42 1.14-1.71 0.0412 0.0200-0.0838 
Silt 

Kukhuri 10 2.W 0.815 0.554-1.12 35.6 29 .O-45.2 
Upper Andheri 9 0.92 0.005 0.124 to -0.113 19.1 15.1-24.0 

Lower Andheri 2 11.3 0.530 0.381-0.681 9.86 9.64-10.1 

DbPp 3 0.73 0.238 O. 134-0.349 5.72 5.49-5.93 

Jhikhu 1 4.83 0.444 0.338-0.553 4.73 3.594.18 

crcry 
KuLhuri 10 2.28 0.526 0.220-0.876 11.0 8.63-14.4 

Upper Andheri 9 1.06 -0.095 -0.205-0.013 5.78 4.66-7.13 
Lower Andheri 2 5.3 1 0.089 -0.015-0.192 8.04 7.92-8.16 

DM' 3 3 -27 -0.057 -0.298-0.182 6.48 5.95-7.06 
Jhikhu 1 9 .O5 0.073 -0.079-0.225 4.47 3.04-6.56 

set (apC--b&,J. Ranges bssed on 96% &dence. A is the d o  of the ermr variances (Ec2&2>. P 
= pre-monmon sensiin; M = mnmm sessw. 

factors are discussed below. The interaction of management and basin characteristics determines the 

relative dominance of supply and bansport controls with basin s d e .  

Factors which conml these relations are investigated with two cornparisans. Ln the first, the 

effect of basin area is examinai by conmting the relations for each basin according to particle size 



Table 6.10 Monsoon sedimeat-ratingcucve relations derived using functianai aaaiysis fot coarse sand, 
fine ssnd, silt, a d  clay aï statioas 1, 2, 3, 9, aad IO excluding data fiwn the transition 
SeamIl. 

Kukhuri 10 2.01 1.39 1.15-1.68 4.54 4.14-5.08 

Uppcr Andheri 9 1.60 0.118 0.01 14.226 2.39 2.31-2.48 

Jhikhu 1 8.43 0.355 0.228-0.483 0.747 0.477-1 -17 

Rektion: C=aQb. Each 4 caicuI.tCd by applying its nspeaive b, to the meana of C and Q h m  each daia se€ (%=Cm- 
b&,.,,). Ranger baaed on 90% confidence. A is the ratio of the error variances ( ~ ~ ~ 4 3 .  P = pre-monsoon aman; M 
= mormon m o n .  

class (and season). In the second, the relations for each particle-size class are contrasted for each 

basin (and season). When assessing relative sens in'^ to Q, only the ranges in b, are çompared. 

When cornparhg mrall relations, ranges in a, are compared in light of differences in b, 

The effect of basin area on coarse- and fine-sand behaviours is illustrated in Figures 6.13 and 



Table 6.11 Annuai coarse and fine-sand ratings fbr Kukhuri basin based on data from entire 
rainy season. 

Fine Sand 9.89 1.40 45 0.429 O. 143 

r - regressioa; f - functid d y s i s  
S e  ddit id notes below Tables 6.7 and 6.9. 

6.14 respectively. b, declines with basin area reflecting the importance to sand transport of hydraulic 

controls (Upper Andheri anomalous for reasons discussed in section 5.4). The greater sensitivity of 

Lower Andheri (2) than Dhap (3) in coarse sand concentration is due to the steeper topography of 

Lower Andheci and is significant for the coarse sands during the monsoon season. The seasonal 

difference in the eff't of basin area indicates that, in addition to being transport limited, these 

fractions are also affected by a discharge-induced supply. Sensitivity of sand content to discharge is 

greatest in the pre-monsoon season when supply is readüy augmented during high-intensity (high- 

discharge) stom events because of a poorly-vegetated surface. 

Measucement limitations place a constraint on the intetpretation of sediment concentrations 

during the rnonsoon season when the highest flows occur. This wncern is best represented in the 

resuIts for station 1 (Figure 6.10a and 6. lob). The ability of the sample to fakly represent the 

suspenâed sediment sand content of the entire flow is greatly dimiaished due to a lack of mixing. The 

effm is acute for the coarse sand to the point that the îunctiond relations are almost horizontal. In 

this large river, even the silt content appears to be affectai by the limitation of the sampling 

technique. The effect also appears in Figure 6.9a and 6.9b for coarse and fine sands at Dhap station 



Figure 6.11 Seasonal contras& of functional relations (bf and fur suspended coarse- and fie-sai 
fiactionS. 
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Error limits bas& on 90% confidence. 
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Figure 6.12 Seasonal contrasts of fiiactional relations (b, and for suspended silt and clay fbctbns. 
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Figure 6.13 Seasonal fiinctional relations fOr suspeaded miuse sand contrastai by basin area. 
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Figure 6.14 Seasonal funçtional relations for suspended fine sand wntrasted by basin area. 
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(540 ha). Sampling at this location is in a smooth, sîraight reach where mixing is diswurageci in 

cuntrast to the Lower Andheri station (532 ha) which does not show the effect. This remit emphasisi 

the need to select an appropriate measucement point if it is desird to characterise the sand fraction a 

the suspended 104. The sand relations represented in Figures 6.13 and 6.14 are marked with an 

asterisk (9 to remind the reader of this serious limitation. At Lower Andheri, there is a systernatic 

seasonal difkrence in the sand concentration at medium and high flows unrelated to sampliag 

problems (see Figures 6.8a and 6.8b). The effect is due to a reduced avaiiabiiity of sand during the 

pre-monsoon season. Two r-ns for this are suggested. The good vegetative cover of the monsoon 

season restricts availability of al1 size classes as discussed earlier. The indigenous irrigation system 

may be responsible for additional seasonal reduction in sand transport at this station. In section 5.5.3 

it was explained that there are 62 diversion dams in place on the Kukhuci-Andheri system divecting 

cbannelised niooff for kher irrigation. This elaborate indigenous system is fiilly operational in the 

monsoon season, diverting extensive streamflow. At high flow, a large proportion of the sand 

fractions are moving in saitation on the stream bed and are therefore preferentially diverted by the 

irrigation dams. The lack of a seasonal effect in Kukhuri basin (see Figures 6-63 and 6.6b) suggests 

that its steepness and extreme channel roughness is adequate to completely mix the streamflow for 

sampling and the steep topography renders the diversion dams less effective than in the larger basin. 

Figures 6.15 and 6.16 show change in silt and clay relations with basin area. Both fractions 

exhibit a weakened dependence on discharge than the sands at Kukhuri station. The sensitivity to Q a 

Kukhuti may be causai by the erosion of loamy agricultucal mils: during the pre-monsoon season 

these mils are highiy erodible so the coefficient is big and the exponent small. The clay relations 

show a reduced coefficient with s a l e  except for Dhap (3). This is the result of the degcaded state of 

the clay-rich soils in this basin: when the heavy rains of the monsoon season arrive, clay recruitrnent 

increuses while at the other bains, the enhanced vegetative reduces the amount of clay available. 



Figure 6.15 Seasonal functional relations for suspended silt amtrasted by basin area, 
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Figure 6.16 Seasonai functionai relations fOr susperided clay contrsted by basin are.. 
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PolrIcie-sfic coPnparison by M n  

In Figures 6.17 through 6.21, the relations for the particle-size classes are assemblecl for eacl 

basin and season. It is clear fkom a, in Figures 6.17 and 6.18 (Kukhuri a d  Upper Andheri bains) 

that silt recruitment is responsible for the high concentrations of suspeaded diment during the pre- 

mnsoon season.The lowlands of Lower Andheci also contain clay-rich soils and the signanue of 

thwe soils is seen in Figure 6.19: the relative proportion of clay in the suspended load inmeases 

beyod that of the uplaud Kukhuti and Upper Andheri basins. Suspended sedimats in the larger 

Dhap basin (Figures 6.20) - dominateâ by degraded clay-rich soiis - are dominated by both clay and 

siit. Suspendecl sedirnent sampled at Jhikhu station (Figure 6.21) during the pre-monsoon season is 

almost entirely absent of sand due partiaily to deposition in the large meanders several kilomeaes 

upstream. Presumably, the same effect occurs during the moasoon season but evidence is obscured b1 

the meamirement limitation discussed earlier. 

6.43 Hystemis 

Particle-size data can be used to investigate the role of sediment texture in hysteresis by 

ploaing on one set of axes the C-Q graphs for the four individual classes of an individual flood. This 

has been doue for eight flood events and the results presented seasonally in Figure 6.22 @re- 

monsoon/transition) and Figure 6.23 (mormon). These graphs suggest that the hysteresis observed in 

the overall result is also well reflected in hysteresis of ail four classes. Season appears to determine 

which class dominates. During the pre-monsoon season, the hysteretic effect appears driven by the si1 

content of the suspended sediment. In contrast, the hysteresis observed during the monsoon season is 

driven by the fme sand - due to the magnitude of silt content transportai during the pre-monsoon 

season, hysteresis in silt transport sbapes the hysteresis observed in this season's total sediment 

traosport. These findings are consistent with a change in sediment sources from surface erosion off 

cultivated agricultural fields in the pre-monsoon season to streambank and streambed srosion and 



Figure 6.17 Seasonai functional relations fix Kukhuri basin for fbur particle-size classes. 
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Figure 6.18 Seasonai functional relations fior Upper Andheri basin for four particlesize classes. 
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Figure 6.19 Seasonai functionaI relations f'or Lower Andheri basin for four particle-size ciasses. 
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Figure 6.20 Seasonal tùnctionai relations tbr Dhap basin fit hur particlesize ciasse. 
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Figure 6.21 Seasonal hctional relations for JhWu basin for fwr particle-size classes. 
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terrace slumping in the monsoon season. 

Figure 6.22a shows the detailed data for the large pre-monsoon event at Lower Andheri 

station (2) discussed earlier in Figure 6.2a. It is clear fiom thii C 4  graph that it is the puIse of silt 

arriving from the upland which undermines the predictive effectiveness of the rating curve in this 

instance. 

6.5 Fingerprints of suspended sediment 

Techniques used to trace the provenance of suspended sediment were identifiai in section 

6.2.3. The chernical and physical properries of surface soiis within the Andheri basin show marked 

contrasts with landuse and as such provide an opportunity to identify the origin of suspended 

sediment. In particular, the degraded gulïied lands discussed in section 5.5.2 are formed on mils and 

parent materials low in available phosphonis and red in colour. These soils represent the oldest and 

most-weathered soiis in the Jhikhu basin. The intensively-cultivated, upland soifs, in contrast, are hi& 

in available phosphorus and are largely b m  in colour. These contrasts are usai here to link the 

sediment data to its erosionaI origin. 

As explained in section 6.2.3, sediment properties are inherently weak in expressing the 

provenance of suspended sediment and the fingerprints chosen in the present study are no exception: 

colour is qualitative in its determination and simplistic in its quantitative representation; phosphorus, 

though strictly quantitative, is not a unique identifier and can be misleading. Hence, the two 

properties are considered simultaneously. A total of 1649 sediment samples has been analysed for 

colour and 598 samples for phosphonis as summarised in Table 6.12. These data provide the basis for 

the following examination. 

6.5.1 Sediment properties 

In using sediment properties ta determine etosive origin, it is necessary to establish them as 



Figure 6.22 C 4  graphs by particle size for pre-moasoon and transition season eveats at four station 
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Figure 6.23 C-Q graphs by particle size fur monwonseason events at four stations. 
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Table 6.12 Number of sediment samples analyses far colour and phosphorus by station 

- 
St. 
No. 

No. evenîs No. eveats 

P - pce+monsoon season; T - transition serison ; M - m o m n  serison 

objective quantities. This is easily done with phosphorus (orthophosphate - see section 3.2.1) but is 

not as straightforward with sediment colout. Four classes of sediment colour are recognised on the 

basis of Muasell soi1 colour charts: r d ,  yellow, brown, and light brown. Yellow soiis, though 

inftequent in the Jhikhu River landscape are asmciated generdly with degraded mils iutd exposai 

parent material. Red mils are common as are brown soils. Pale brown sedïments result fiom mixtures 

of various soils and occur infiequently. Red and brown dominate ovenvhelmingly the colour of 

suspendai sediments and conveniently provide starkly-conttasting colout for objective description. 

"Red" sediments possess a chroma of at least 6, a value of at least 5, and a hue of 2.5YR, 5.OYR, or 

7.5YR (1OYR and 2 . N  are yellow). Othemise, if either the chroma or value does wt meet this 

criterion, then it is brown unless the value is at least 7 in which case it is light brown. 

These properties have been determined for the s h e  mils of the Aadbeti basin to yield 

colour and phosphorus ceference maps as shown for Andheri basin in Figure 6.24 dong with the 

locations of the hydrometric stations under consideration in ihis section. These maps illustrate that the 

lowland of this basin is dominated by degradai red soils, low in phosphorus. In contras& the soils in 



the uplaud of Kukhuri basin are almost entirely bmwn in colour, typically with elevated phosphorus 

content. These distinctions are typical of the Middle Mountains and these differences also exist 

elsewhere in the Jhikhu River basin (e.g., Dhap basin - see Figure 6.25). 

6.5.2 P 4  reiatioas 

Figure 6.26 shows the sediment-colour and seasonally-stratified sediment-phosphocus rating 

m e s  for Kukhuri basin. The sediments sampled during the thtee years of this study are unifbrmiy 

brown and dominantly high in phosphorus, consistent with the source material provided in this basin. 

In the pre-monsoon season, the sediments possess a higher phosphorus content than their moasoon- 

season wunterparts, with those of the transition season being intermediate. 

Figure 6.27 relates the same variables for the Upper Andheri basin (9). This basin is vecy 

similar to the Kukhuri basin but contains isolated pockets of degraded soils, dominantly red in colour. 

This difference is evident in the rating curves: a few of the sediments are light brown and r d  

revealing the effect of the presence of these degraded soils and the phosphorus content is slightly 

lower than that of this basin's aeighbour. 

The properties of sediments sampled fmm tfrese two upland basins present a stark contrast to 

those sampled at the Lower Andheci station (2) where only 34% of al1 sediments sampled were brown 

in colour as evident in Figure 6.2ûa. in Chapter 4 it was shown that isolated rainfall events are more 

cornmon over these degraded lowlands than over îhe upland and more of the sediments are red 

suggesting that in this basin the red mils are eroded more ofien. Figure 6.28a also shows that the red 

samples tend to dominate lowdischarge samples whereas the brown samples tend to dominate at high 

discharge. This discrepancy may be parcially explained by the diversion of low discharge samples into 

Wlet fields so that they are not available for sampling at the Lower Andheri station. There are also far 

more red sediments during the pre-monsoon season than there are brown sediments. Red and brown 

mils of the transition season show intermediate behaviour. 



Figure 6.24 Soil wlour and avaiiable-phosphorus maps for Andheri basin. 
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Figure 6.25 Soii colouf map for lhilchu basin. 
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Figure 6.26 Sediment rating curve stratified by colour and sedimentphosphonis &g curve stratifie 
by both colour and season tbr Kuirhuri basin (10). 
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Figure 6.27 Sediment rating çurve stratifiai by colour and sedimwtphosphonis rating curve stratified 
by colour and season for Upper Andheri basin (9). 
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F i e  6.28 Sediment and sedii-phospbonis rathg curves stratified by colour and season 1 
Lower Andhe-ri basin (2). 
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'Iiie trends observed in the Lower Aadberi sediment-çolour rating curves are echoeci in the 

sedimentphosphoms rating curves shown in Figure 6.28b. The range of phosphorus measuzed in thi 

sediments at this station is much greater reflecting the widec diversity in sediment source. The 

monwon season yields sediments with a lower range of phosphonis than that of the pre-monsoon 

season while the sediments of the transition season are once again intermediate. Sedimenis wilh a hi1 

phosphorus content (above 40 mgkg) tend to be brown whiie red sediments possess generally low 

phospbom (below 10 mgkg). in addition, phosphorus content is insensitive to season for red 

samples but depends on season fbr brown samples. 

Figure 6.28b suggests an upper limit to phosphonis content in relation to discharge. Below a 

ceiiing, phosphonis content in relation to discharge is seasonal. During the monsoon season, there is 

w e .  positive relation with discharge due to increased recruitment of clays and silts with the more 

aggressive r a i d l  events generally associated with higher stream discharge. Relatively, this increase 

in nutrient content is large and able to offset the inccease in sand which is wried at these higher 

flows. In contrat, sediment-phosphonrs content shows a negative relation with discharge during the 

pre-moosoon season. High-phosphocus soii is available readiiy at low flows in this season - as sand 

transport increases with discharge, this low-nutrient component serves to dilute the high-nutrient claj 

and silts thereby causing the negative relation. The ceiling can be seen at Kukhuri (Figure 6.26b), 

Upper Andheri (Figure 6.27b), Dhap (Figure 6.31b), and Jhikhu (Figure 6.34b). This W i n g  has 

important implications for the agricultural system and in particular monitoring of nutrient loss. It is 

discussed further in section 8.6 within the context of the relmive seasonal nutrient loss between the 

pre-monsoon and monsoon seasons. 

These findings can be f i e r  examined by repeating the graphs of Figure 6.28 for only 

upland and lowland rainfdl events. Figure 6.29 shows the rainfall distribution for an example pre- 

monsoon upland event and a lowlahd masoon event overlaid on the soii colour map for Andheci 

basin. Lowland events fa11 largely on red soils and upland events impinge dominantly on non-red soi1 
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Recail also that sediment phosphorus content was usai as a fingerprint indicating when suspendeai 

sedient derives dominantly from either the upland or the lowland (section 5.5.2). 

n i e  C-Q and P-Q graphs shown earlier in section 5.5.2 are presented here, stratified 

additionally by sediment colour. Figure 6.30a shows bat  sediments fiom upland events are largely 

brown whereas those of the lowland events are almost uniformiy red. Consistent with Figure 6.28a, 

red sediments dominate at lower flows while brown samples dominate at higher flows. If this is 

applied to the phosphorus content, the diffaence in behaviour of the two areas becomes clear as 

shown in Figure 6.30b. Essentially al1 brown sdments originate in the upland and form the envelope 

of phosphorus content for the plot. Red sediments, whether from upland or lowland events, are 

consistently low in phosphonis. In fia, all the low-phosphoms sediments during upland events are 

red in colour. The lack of such sediments at station 10 and station 12 (see below) points strongly M 

these sediments being re-entrained h m  bed deposits, originating frorn the gullied lowlands. 

These figures also provide insight hto  the extent of storage within the channel system. The 

presence of red sediments from upIand events suggests that upland events are re-entraining red soils 

deposited in the lower reaches of the Andheri River. Local rainfall events over the Iowland mobilise 

considerable material from the active gully headwalls and carry it to the channel. However, many of 

these smaller events are often unable to wry this material out of the basin, depositing it in the Stream 

channel. Subsequent upland events show this: the f i s t  samples are red due to re-entrainment of this 

material and then the brown samples h m  recent surface erosion in the upland arrive. Why is the 

opposite not observed? The irrigation system may be the reason why little sedimentation of brown 

particles occurs in the lower reaches: the diversion dams effectively truncate the low flows of the 

sediment rating curve. 

Figure 6.31 preseuts the sediment and sediment-phosphorus rating curves for Dhap basin (3) 

stratified by sediment colour and season. Red sediments dominate, particularly at high-sediment aad 

highdischarge samples consistent with the prevalence of degraded red soils throughout this basin. 



Figure 6.29 RainEall dism'bution over Aadheci basin for an upland and a lowland pre-monsoon event, 
overlaid on the soi1 colour map. 



Figure 6-30 C-Q (a) and P-Q (b) gtaphs stratified by rainfall location (upland and lowlaad) a 
sediment wlour ( r d  and brown) fbr Lower Andheci basin (2). 
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Sedimeut phosphonis content is consistently low for both red and brown sediments. These hlings 

are also consistent with the lack of a seasonal change in sediment output from this basin. 

Rating curves h m  the mid-reach Anâheci stations provide fuaher information about sedimen 

delivery dong this channel. Figure 6.32 shows the sediment and sediment-phosphom rating curves 

for the higher mid-reach station (12) stratifiai by sediment wlour and season. At this point in the 

stream, the sediments remain non-red and high in phosphonis. The phosphonis content has declined a 

small amount due to contributions h m  degraded forest and shmb land near this station. This is in 

contrast to the rating curves shown in Figure 6.33 f'or the other mid-reach station (1 1) which lies just 

below the omet of rn%utaq inflow h m  degraded (rd) lowlands. The presence of red sediments is 

obvious and shows the effect of these tibutary contributions. The effect of mixing of browa sediment 

fiom the upland with intïow sediment from the lowland is seen in the lower phosphocus content of th 

brown sediment. The mid-reach stations provide substantial support for the statements made in 

Cbapter 5 regarding the role of these degraded lowlands because they serve to nartow the entry point 

of red sediment input to the fluvial system. 

There is little evidence to suggest that soi1 colour and phosphonis content lose their 

effectiveness as sediment ikgerprints between 0.7 to 5.3 km2 in the Andheci basin. Figure 6.34 show: 

proponionally fewer red sediments at the 100-kmz scale, in keeping with the smaller proportion of r a  

soils in this basin in cornparison with the Andheri and Dhap bains. The strong seasonal shift in 

sediment concentration noted earlier (in section 5.4) is shown here to be dciven by the brown 

sediments. In addition, the phosphonis rating curve shows that at this large spatial scale, the high- 

phosphonis sedimena continue to be dominated by brown sediments, particularly during the pre- 

monsoon season. Clearly, the source material has a greater effect than does season on phosphonis 

output. 



Figure 6.3 1 S e d i e u t  and sedii-phosphonis rating curves stratified by season and colout fit Diq 
basin (3). 
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Figure 6.32 Sediment and sediient-phosphonis rathg curves stratifiai by season and colour fi 
Andheri Mid #2 bash (12). 
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Figure 6.33 Sedient and sediient-phospborus rating curves stratified by season and wlour i 
Andheri mid #1 basin (11). 
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Figure 6.34 Sedient aiid sedimentphosphorus raîing cuves stratifiai by season and colour fi 
K i u  basin (1). 
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63.3 Implications 

Sediment concentration is not a sufiïcient indicator of nutrient output h m  these basins. Tablc 

6.13 presents descriptive statistics by station and season using the sediment phosphom data. This 

summary indicates that stations 9, 10, and 1 show higher sediment phosphorus during the pre- 

monsoon season than during the monsoon season. The stations which are h e d y  influenceci by 

degded soils (stations 2 and 3) show an overall lower phosphom content in the sediment sampled a 

those stations. These numbers show that when considering nutrient output h m  the basins, it is 

important to dso consider the relative content of the sediment (see Section 8.6). 

Nutrient content is particularly sensitive to the source type and texture of the suspended 

sediment. Colour is a usefiil indicator of the source type and discharge implies texture. The seasonal 

effect on total sediment identified in Chapter 5 is accentuated by these added contcols: during the pre- 

monsoon season, clay and silt export is highest and suspended sediment is dominated by brown 

upland soils. These nutrient controls enhance strongly the general seasonal control making the nutrien 

loss durhg the premonsoon season far greater relatively than total sediment loss. Thus, whereas net 

sediment exporc is dependent strongly on season, net nutrient export is affected by both season and 

source materiai. 

The hgerprints have also indicated the way in wbich sediment is redistributed during its 

passage through the Andheri basin. The lack of brown sediments at low and medium flows at the 

Lower Andheri station suggests that the diversion dams essentiaily tnincate these flows moving this 

material into permanent storage in the Wret fields. The measurements point to limited deposition of 

upland sediment on the bed and minor reentrainment by subsequent flows. The evidence also 

suggests a minor (but greater) level of stream-bed deposition of red soils within the lower ceaches of 

Andheri basin. This information is used when calculating basin sediment budgets in Chapter 8. 

The sediment frngerprinting technique is a useful addition to the present study. Taken done, 

measurements of erosion and sediment transport can be inconclusive. The techniques chosen here - 



Table 6.13 Mean sediment phosphonis content by station and season. 

Andheri 
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Andhen 
Mid #2 

Andheri 11 AU 31 8.7 7.9 
Mid #l 

Andheri 12 AU 19 16.2 8.2 
Mid #2 

especially measuring colour - are simple to cary  out and they build confidence in the diagnosis. Its 

application in this study suggests that the fingetpcinting approach is most informative when it 

incorporates multiple methods. 'Iae techniques used here emphasise the importance of isolathg the 

sediment sources when planning the sampling program. However, without the quantitative sampling 

program, the insights from the tïngerprinting study would temain largely qualitative. 



Thii chapter has used sediment properties and s e d i n t  behaviour during individual tlood 

events to identiQ sources of the residual "unstnictured" variance withii seasonal ratings. Discharge 

exercises a strong direct d e c t  on coarse- and fine-saad concentration througb hydraulic controls and 

a weaic effect on siit and clay concentration through an induced change in supply associated with 

heavy tain. Season modifies the extent of discharge-induced changes in supply - differences in sand 

concentration are greatest irr high-order basins whereas differences in silt/ciay concentrations are 

gteatest in iow-order basins. During the pre-monsoon season, al1 size fractions are readily available 

hence an increase in discharge has a limited effect on silt and clay concentrations in cornparison with 

the monsoon season. The bigh sediment concentrations of the pre-monsoon season are associated 

dominantly with high silt losses from intensively-managed rainfed agriculmal fields and high clay 

losses from degraded red soils (where they occur). 

In addition to these differences in the availabiiity and transportability of sands, silts, and 

clays, spatial and temporal synoptic variability cause furcher decouplhg of the C-Q relation. 

Hysteretic sediment transport bebaviour was observed within al1 basins and seasons. In most cases. 

the effect is inadequate to persist in seasonal ratings and single-value relations result. Clockwiie 

hysteresis indicative of a supply-exhaustion effect is common, partidarly during the mormon season. 

The signature of counterclockwise hysteresis was foud in one pre-monsoon rating and indicates a 

combination of plentiful supply, travel-tirne effects, and storage into the irrigation system. Though 

seasonal corrections to ratings are possible given adequate basin characterisation, they do not make 

successfd the application of seasonal ratings to single events: spatial and temporal variability in 

rainfall-ninoff response during single events ovenivhelms the predictive accuracy of seasonal ratings. 

These iïndings suggest difficulty in the prediction of suspendaï sediment output in the Middle 

Mountains. Extremely limited data combined with variability over small spatial and temporal scaIes 

limit the likelihood of developing broadly applicable relations. Integrating these findiogs into specific 
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guidelines for monitoring in the Middle Mountains is an area of usefd applied researcb. Several 

possible responses are suggested hece: 

1) AIways catry out seasonal sampling. 

2) Plan to sample in a aested "hiecarchical" design. 

3) Sample differently for sand and claylsilt fractions. Sands may be predicted hydraulically with 

limited sampling to calibrate to seasonal supplies. Clay and silt may require repeated sampling 

at any discharge to cornpute mean and variance of expected response. ColIect sufficient 

sample voIume to leave open the possibility of particle-size analyses. 

4) Plan monitoring strictiy in accordance to the goals of the project. For example, if basin nutrient 

Ioss is to be determined, then sampling should be focused on those Fractions (clay and silt) 

that carry most of the economically important nutrients. 

5) Identify al1 site-specific information available which can be us& to improve rating calibrations 

(e.g., soil colour and soil nutrient status as fingerprints of sediment origin). 

6) If sand sampling is required, be careful to select a samplbg site and method which can successfully 

characterise suspended sand concentration. 



PART II Management and Implications 
7. The Influence of Inàigenous Management on Sediment 

Dynami~  
7.1 Intraduction 

Famers throughout the tropics and subtropics practise subsisteme agriculture on steep slopes. 

In many instances, high population growth rates bave fbrced them onto previously undtivated 

slopes, marginal for agriculture. Stories of high rates of soi1 erosion and plummeting productivity in 

these veas are well b w n .  For example, Humi (1985) explained how recent population increases in 

the Ethiopian Highlands are threatening the ability of the country to feed itself even in normal years. 

However, to characterise PI1 developing countries in this way would be a simplification overlwking a 

broad, empiricallyderived indigenous body of knowledge about land management. In this chapter. 

iiidigeaous management is examined to identiQ the nature and extent of its influence on sediment 

dynamics within the study basins. 

73 Rosarrh Background 

Interest in resevch on indigenous knowledge and management has grown enonnously over 

the past twc, d d e s .  Inaeased populations and changing patterns of agriculture have brought about 

landuse intensification and, in some cases, land degradation, causing alarm worldwide. Recent work 

has emphasised changes as being simply a spiral of cause and Hect  as population increases amidst a 

limited @cultural resoutce base. Other assessments have emerged integrating the history, culture, 

politicai a d  socioeconomic reality of resident populations (e.g., Gupta and Ura 1990; 'Ibapa ami 

Weber 1991), and above al1 the traditional knowledge present within indigenous societies. Also, 

Western integrated rurai dwelopment programs have had a dismal record of success - people continue 

to get poorer while populations inmase. This apparent inability to reverse cycles of degradation and 

impoverishment has sparked the explosion of interest in indigewus howledge and management. 



This review looks at specific indigemus agriculturai knowledge relevant to the management 

sloping, cultivated l a d  within Nepal with a focus on environmental perception, soi1 classification, a: 

soi1 and water management techniques. 'Ibe term "indigenous" is defined following Warren (1989) t 

refer to a localised system developed over tirne based on a kmwledge system expresseci in the local 

language. Such a system is viewed to be in dynamic equilibtium with the environment, influenced @ 

not ody innovations emerging k m  within the system but also by &ose adopted h m  other 

iadigenous systems and occasionally also fiom national and intemational communities. 

Caution should be exercised in not deifj.ing iadigenous capabilities. As Reij (1991) pointed 

out with respect to indigenous bwledge in Afcica, management resulting from only indigenous 

lmwledge may not always be efficient ewugh for today's demands; and indigenous kmwledge is 

developed within a socioeconomic context which is generally different than that of today. Be 

suggested that a rnarriage of the old and new may be necessary but unri! more is known about the 

"old", it is difficult to design progressive and sucçessful project interventions. 

73.1 Indigenous knowledge 

Contempocary worldwide interest in indigenous knowledge has been particularly important i~ 

Nepal. Eckholm's condemnation of the future of Nepai (Eckholm 1975) implied that the Nepalese hi 

farmer was nothing more than an ignorant acwmplice in the demise of the mouutah agroecosystem. 

As awareaess inçreased about the unjustified assertions of Eckholm and others, investigation inçreasg 

into the management regimes of hi11 farmers themselves aad lcnowledge underpinuhg theu technique 

(Johnson et al., 1982; Schroeder 1985; Bjonness 1986; Ives 1987; Guning 1989; Metz 1989; Bcowei 

1990; Zurick 1990; Muller-Boker 1990; Muller-Boker 1991; Schweizer 1992). Also, if outsider 

support in envuonmental planning is to be successfbl, then ethno-specific kmwledge must be h w n  

because differences and problems of understanding between western scientists and local populations 

occur repeatedly (Muller-Boker 1992). 
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Gunrog (1989) desccibed a rich enviromeatal hwledge held by the h e m  of the Kakani- 

Kathmandu area in the Middle Mountains. She descriied an extensive vocabulary expressing an 

understvding of landscape, laaduse, soi1 types, and erosional processes present in the region. The 

f & m d  environmental perceptions are based on the visual, tactical, and verbal context and the 

challenges they have to face. The evidence of the effectiveness of theu lcnowIedge is theu abiiity to 

transfocm the eatire laadscape into an agricuinual one. 

Schweizer (1992) disthguished between indigenous kmwledge and the psychological 

motivation expressed through acaial behaviour. In studying the motivation and practice of fiirmecs in 

the Bamti-Bhandar area of the High Mountains, Schweizer &und that f m e r  knowledge of 

conservation practices was higher than their anitude to implement these practices. She r~)ted, 

however, tbat conservation behaviour did not depend in al1 cases on possessing the relevant 

knowledge because it was also influencecl by tradition. 

Systems of soii class~carion 

Indigenous people throughout the world bave long developed utiIitarian soi1 classification 

systems to address specific applications (Wilken 1987). Fartnets' systems are orientated toward 

practice wheceas modem scientific systems provide widely-applicable models (Sikana 1993). Due to 

the many applications of mils in traditional societies, many groupings are possible (Wilken 1987). 

This discussion loob at soi1 classification exclusively in agricultural applications. 

Indigenous classification systems typically use colour and texture as primary characteristics in 

distinguishiig between soil types (Weinstock 1984; Wiken 1987; Dvorak 1988; Muller-Boker 1991; 

Tamang 1992; Silrana 1993; Turton et uf. 1994). A wide variety of other soil characteristics provides 

seçondary (or m e r  pha ry )  modifiem. For example, Conklin (1975) described the Hanuwo's 

system in the Philippines which also uses moisnite content, sand content, rock content, fimess, and 

seasonal (wddry) structure. 

In conjunction with a larger investigation of indigenous rnethods of soii management vamaag 
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1992), Tamang (1 99 1) examined the indigenous system of soil classification in the Middle Mountains 

of Nepal. She stated that soil colour and texhue are primary diiguishing characteristics. Famm 

use the @ms a a y  (cIay-iW, diarrth (loamy), balautg ( d y ) ,  and dhuige@g (stony) to 

represent the dominant texairal classes with b r o d y  different characteristics. Tamang (1992) identifier 

depth, consistency, internai drainage, moisaire retention capability, soil temgetature, and location as 

secondary physical descriptors; management parameters used included the avaiiability and source of 

water, labour requüemeat, terrace construction, and compost and synthetic-fertiliser requirement. 

Mulier-Boker (1991) compared the dominant soii types mentioned by fannets in the Gorkha 

Region of the Mid Hills to the FA0 soil classification and pointed out t&at the two systems cm be 

reconciled. She emphasised that the main difference between western and Nepali soii classification 

systems is that Migenous systems refiect the soil characteristics relevant for agriculture whereas 

scientific systems are based primarily on mrphogenetic criteria. Beyond texme and cuIour, soil 

depth, susceptibility to erosion, and organic matter content are aiso of conceni to the farmers. 

Turton et al. (1994) described the mil classification system of f m e r s  in Eastern Nepal. They 

described detaüed characteristics of çhimray rrroto maufo and phusho r w o  m ~ t o  and caiibrated theu 

observations to Soii Taxonomy (1975). ChUnray raaro maaro is equivalent to a Rhodudult, 

Rhodustalf, or a HaplustaIf whereas phushm t a o  m~cuo is equivalent to a Ustochrept or a 

Dystochrept. These indigenou soil types are very different in characteristiçs and the calibration to 

soil types of Soil Taxonomy is subject to overlap: the iadigenous system relies heaviIy on sudace soil 

structure and workability which cm change under management or slope conditions. Great Groups in 

Soil Taxonomy are less able to cbange under management. 

Indigewus systems vary regionally and with the experience of individual farmers. It is 

contextual, relative, ancl site specific (Silrana 1993). For instance, farmem uing valley-bottom mils 

likely possess a different body of kwwledge than their nearby hill-farming wunterparts. The system 

is not encyclopedic - an individual's bwledge varies with practical experience. It is through the 



coliective kmwledge of mary h e m  in a region that the indigemnis classification system is 

comtnicted. 

As pressure mounts to inaease productivity, reseafcbets seek to establish the relative potentia 

contriiutions of both d e m  and traditional systems of mil classification in agricultural development, 

EfEDrts to calibrate them conclude that the two are generally consistent (Wilken 1987; Dvorak 1988; 

Turton et al. 1994; Shah 1995) tbough exceptions occur (Siltana 1993). The indigenous classification 

system essentiaily provides the site-specific interpretation needed when applying a universal system. 

The local system cm be used to enbance the tffectiveness of an interpretation based on a Western 

system; if the outcorne is ce-interpreted back to the fatmers' system it will be even more effective. 

733 Indigenuus mmmgmm~t 

Techniques of indigenous soii and water managenient are documented worldwide (e-g., 

Wiken 19û7 - Middle America; Mountjoy and Gliessman 1988 - Mexico; Reij 1991 - Africa; 

Alemayehu 1992 - Ethiopia). Studies documenthg Nepalese examples are described bere - many of 

the Middle Mountain examples are also found in the study area. Additional techniques observed in the 

study area are documented in section 7.4.1. 

Pakhcibas Agricuitural Centre (1990) provided a summaty of indigenous approaches for soii 

and water management used by MiddIe Mountain h e c s  in the Koshi Zone of Eastern Nepal. Small 

bamboo mat structures are erected across sIopes of wide buri tenaces to check ninoff and trap 

sediment. Gullying on public land is the greatest pmblem in the area and check dams of Stone within 

the guily are built to halt the gully growth. Various plants including fodder trees, bamboo, banana, 

tbatch grasses, and Napier grass are used to tehabilitate gully sidewalls. Bamboo is also planted on 

old landslide scars. Fodder trees are planted dong the edges of terraces to stabilise the risers. Mued 

cropping, tbe collection of ninoff, and the use of watemays or ditches to act as cut& drains for mm 

on are al1 reported to be in use in Eastern Nepal. Sthapit et d. (1988) and Subedi et d. (1989) 
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described th& obsavations of traditional m&ods used to maintain crop productivity in the Mid and 

High Hitls of Western Nepal. These techniques include green manuring, mulcùing, composting, fn 

sftu maauing, mixed croppiag, using legumes in crop totatiom, sboa fallowing and early plougùiig 

shifting cultivation, and the use of farmyard manure and kitchen wastes. Cutting of the terrace fier 

and trapping of fldwaters are cited as further fertility management tecfiniques. These m&& can 

al1 help to reduce the mil's erodibiiity. 

Zurick (1990) described M o  buik by tkmms in the Hi& Mountains of Western Nepal. 

These vegetated barriers between cultivated fidds mitigate channelisation and capture entrained soii 

piuticles. Raiafall is lower in the High Mountains so terracing is often avoided. The konlo technique, 

in widespread use, is in contrast to the labour-intensive terracing system of the Middle Mountains 

where rainfall is heavier. Tbe farmers in îhis atea ackmwledge readily the importance of M o  for 

soi1 conservation on their sloping cultivated fields. 

The intimate relation between Earming ami forestry in Nepal (Mahat 1987) has recently 

bcought about a closer scnitiny of indigenous methods of forest management (e.g., Fisher 1989, 

Giwnit 1989). Whie the ben&@ of indigenous techniques are being discovered, the advantage of 

having the Ednners who use the cesource put in control of the forest resource has also been amply 

demonstrated (Bajracharya 1983; Gimour 1984; Moench and Bandyopadhyay 1986; Messetschmidt 

1990; Pardo 1993). "Community hrestry" combines many indigenou approaches to forest 

management with input and experience h m  other counîries (Sattaur 1987; Gilmour and Fisher 1991; 

Hausler 1993). 

73 Environmental p p ü o n s  and system of soi1 clrissification 

Any diagnosis of sediment dynamics within Middle Mountain basins must incorporate the 

actions and motivations of the fatmen. Tùis section examines &mer knowledge with respect to 

physical aspects of soi1 management. Depth and breadth of erosion and erosion-control knowledge is 
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examiaed dong with the understadimg of erosion and soit classification decpinning these technicai 

s m .  

73.1 Former attitudes and perceptions 

In 1991, five detaüed, open-ended interviews were carried out with ten fimuers to examine 

theu awareness, Lnowledge, aud priorities in emsion control and soiifwater management (see 

Apped i  A3). These findiigs are combined with insights gained h m  impromptu discussions with 

h e m  (genetally while in their fieids working) over the course of the study (1991-1994). The open 

ended questions were designed to: 

a) encourage the farmers to elaborate as much as possible; and 

b) enquire beyond what they can reasonably know to test their perceptions of theu agricultural 

environment. 

The fïndings are presented in three sections: awareness, knowledge, and management techniques. 

Awareness 

Farmers were a s k d  if they were aware of the flooding problem in Bangladesh and its causes 

Al1 the respondents indicated an understanding of the regional issue and that it was a controversy. 

Their responses were gensally well-inforrned, ranging widely on the spectnim of explanations. 

Busic M e d g e  

Technical farming knowledge varies widely according to farmer age, caste, tenure, and 

location. Select individuais with exemplary fanning skills were easily cited by each respondent - thel 

people were middle-aged males prominent in the community. Tenure - often confounded with caste - 

also affécted knowledge: the individuais actuaily fanning a specific piece of land knew in more detail 

its soi1 characteristics and management requuements than did the owners of the land, wen when the 

omets were also farmers themselves. Al1 castes demonstrated comprehensive howledge about soils 

though the lower castes possessed an increased level of practical knowledge relating to soi1 propertie. 
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perhaps because they work more closdy on the land (often being tenant fatmers) ad aadt risk poor 

production. Throughout the study area and its nearby regions, a wide variety in level of cornmitment 

to good famiag practices was readily observed. For instance, while some fatmers activeïy go to the 

ban' during heavy rainfall to saidy patterns of sutface ninoff and investigate how best to avoid slope 

failure, others will go oniy after the rah has eaded. 

Location was another important factor in determinhg the level of Earmer kmwledge. Farmers 

were alrnost un i fody  uneasy about commenting on mil propecties and management re~uirements of 

land only a few kilometres away. Foc instance, valley-bottom *ers who cultivate flat khet with no 

concem about slumping and landsliding were unable to comment on the experience of farmers 

cultivating Met on steep slopes. Yet, these were areas directly up the hillside and were farmed by 

people with whom they frequently interacted. Similarly, f m e r s  living on steep, hot and exposed 

south-aspect sites had no idea about the management constraints on the other side of the J l W u  River 

valley on steep, north-king sites. 1 commented that 1 had observed different conditions and 

techniques in the othw area and still the farmers showed no kmwledge of these constrainci. It remah 

unclear the extent to which they were unaware of conditions elsewhere or unwilling to discuss this 

openly. 

Interviews reveaied a thomugh understanding by the farmers of the processes of soi1 erosion 

and soil redistribution with a rich, associated voçabulary. They demonstrated a detailed LnowIedge 

about sites of accumulation and erosion and al1 farmers were explicit in stating that ban' soir becomes 

Wter soil through processes of soil erosion. At the field scale, they were able to discuss specific 

locations of accumulation and loss in both kher and buri. Mass wasting and surface erosion are 

understood and the farmers responses suggest a detailed classification system of erosion types based 

on its location in the agricultural laadscape. The farmers referred to weak soils and strong soils, 

analogous to westem geotechnical terminology. The erodibility of mils according to texture was 

clearly understood (sandy mils erode the fastest, clay-rich soils much less so, etc.). 



Applied Ricowledge 

The wide variety of erosbn-control methods described by the m e r s  r e v d  a long tradition 

of empiricism. Both stnicturai and vegemive tediniques were described (see section 7.4.1 for more 

details). Walls are effective but labour intensive. Tenacious native plants are exploited where 

appropriate. Srnail m f f  chauneis are constnicted to decrease channel volume, otten during heavy 

rainfai1, and atmoured with stone micro-check-dams. If rills are diicovered during heavy rai., Stones 

may be placed in them for amouring. Leaves aad bruiches are located below drop points to lessen 

the flow's erosivity. Trees, though generally considered desirable, are also the source of many 

produdion constraints (shading, neigbbour confiicts, inability to cut back the terrace riser which 

provides new soil for the upper part of steep ban' fields etc.). Notably, the poorest b e r s  

inte~ewed explained their iaability to sacrifice production today for growing trees for tomorrow (for 

food and mil protection): "the production of this year has to be eaten this year; the production of next 

year bas to be eaten next year". Weaithier farmers, though possessing more options, still indicated 

bat they planted trees primarily near their homes. 

The need of fanners to integrate their erosion-control techniques into a complex management 

system is fuxther emphasised by considering the range of concerns outside of production which they 

consider before implementing (or not) further action (Muller-Boker 1992). For instance, though they 

are effective, native erosion-control plants in use and avaifable to them for further use, may w t  be 

placed in many locations because of the difficulty of working quickly and effectively amongst some of 

these plants. They must protect their own physical saféty because "the -ers must live within these 

cultivations". Such safeguards may confiict with erosion-control. The farmers must manage their 

activities withm close proximity to their neighbours and ofien share cesources (e.g., water); the 

poteotial for confikt is preent cequiring fiequent compromise. 

A major conceru mentioned by al1 fatmers was the need for additional labour. The 

agricultural system in the Middle Mountains, especiaiIy in the steeper areas, is extremely labour 
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intensive. -y Eanners are poor and live h m  year to year in growing what they need to eat, Any 

pmposeû changes which place further demands on their tirne - fôr instaace k r  improved m i o n  

conml - must yield diidends quickiy if they are to be implemented. ûîherwise, only the wealthier 

farmecs are able to accept the associatecl tisks. 

Despite al1 these constraints, every £armer interviewecl expressed a willingness to l m  new 

techniques. Old and young h e r s  alike, they waated to inuovate futther but were cautious and 

unsure of how to achieve further improvements in production and farm sustainability wiikout outside 

SuPPort. 

733 Soi1 ciassification 

Farmers in the study area rely overwhelmingly on colout and texture to distinguish soi1 typa 

(see section 7.2.1). However, informal discussions undertaken during 199111992 indicated 

inconsistency in how these terms are used, implying inconsistency in how the soiis are managed. 

Hence, interviews were conducted in 1992 and 1993 to describe the basic terms used in the 

indigenou soi1 classification system, to explore consistency in theù application, ad to investigate 

soil-management constraints by soil type according to the farmers. 

Eleven f m e r s  were askeà (see Appendix A3) to select a soi1 which they h w  well fiom 

theù own fields and describe its characteristics and management constraints. The physiographic 

locations of these 11 sites are summacised in section A3.7 in the Appendix and Table 7.1 stmumrkm 

the farmers' responses. The responses are generally consistent with the laboratory data also shown in 

Table 7.1. The h e m '  textucal description correlates well with clay content - 4 of the 5 soiis 

described as fine textured had more than 36% clay. Stickiness follows clay content though the 

correlation is less consistent. Coarseftagment content corresponds poorly with stoniness as does 

infiltcabiiity. Fertilizer requirement is medium to high for al1 the soils which is supported by 

laboratory data indicating low pH and low carbon throughout. Kgalo (black) soil is identified as the 



only soii with high yield regdess of irrigation. This, too, is  supported by lab data - this mil's 

nutrient statu is the best of al1 the soils in this set. Overaii, there is reasonable but not excellent 

correspondence bemeen the farmers' d~criptions and the laboratory data. Clay content (and attendant 

c ~ a ~ a ~ c s  - e-g., mcient capacity) appears to be tbe best single iadicatar Iinked to the farmers* 

descriptions. 

Based on the intecviews, the lab data, oher informal discussions, aicd the Iiterme (see 

Table 7.1 Far- descriptions of selected soils (1993). 

a b c d  c f g h  i j k S Si C T c x m m C F C P  C pH 

1 k h m d  ub 1 3 1 3 2 2 3 1 1 3 35 33 52 SiL 18 7l 0.6 4.7 
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section 7.2.1), the dominant terms used in describing soi1 types are detïned in Table 7.2. Whiie some 

of these mil names imply delaüed soi1 chernical and physical characteristics and associate closely with 

certain Great Groups rurton et d. 1994), o k  soii names involve only one soil characteristic and 

can occur over a wide range of sites and mil &dm (e.g., &rata - stony soils). Soils are interpreted 

as mixtures deterrnined by the relative feel and colour of the soiis. Colours include red (ramo), black 

(kdo), white (seto; h m ) ,  yellow (CMiielo), ash-like (Mwranr3, brown (hiro).  Most fanners 

explain that "loose" (phushuro) soils are also colourless. Some farmers choose to provide one colour 

descriptor for a partiçular soi1 whereas amther will provide a wlourltexture, colour/colour, or 

textureltexture combination. 

In 1992, 16 surface and sub-surFace soils from within the study a r a  ( s e  Appendix A3.7) 

were chosen for identification by 12 farmers. Famers were selected to represent a variety of villages, 

geographic locations, wealtb (caste), and experience. The respondents were asked to identify the soiis 

(using their indigenous classification system) and indicate which are favourable and unfavourable for 

erosion and crop production. These 1992 interviews were purposeiully designed to be difficult for the 

fatmets to respond to accurate1y in order to improve my understanding of how they reach theu 

determinations: the soils were provided out of context and included some B and C horizons. Some 

farmers were unable to provide a soii type partly as a resuIt of this const~aint. 

Table 7.3 provides the distributions of names used by the farmers to describe each of the 16 

soils. We see large variabiiity in farmer response; rarely do haif of the terms rcfer to one soii type. 

mis variance is undoubtedly driven not only by the effécts of caste, experience, etc. but aiso by its 

contextual and empiricd derivation. Rmo, M o ,  phushuro, and balaute were the most common 

terms used to describe these soils. 

Table 7.3 also presents the results of field and lab analyses of these soils for comparison with 

indigenous assessments. Given the inherently high level of variability, there is reasonable consistency 

between the dominant names used, the definitions of these indigenous soil types (Table 7.2), and the 



Table 7.2. Delbitions of primary twms of imiigewus soi1 classification system. 

Chucbare Ch very the Stone particles; no stickines 

Chimtiy a C clay rich; hard when dry; sticky; not red in coiour; diffidt  to 
work; low infiltrability 

Dhungen- D high in stone content 
Dhoran 

Kaalo K black soi1 - rich in organic matter; loamy 

Khoraai W ash colour 

Pahelo Pa yellow colour 

Phangye pl3 dqmsitional soii near river (hi& silt/sand content); mixture of 
soii types 

Wushuro Ph low in clay and possessing no distinguishing colour; little sand 
and few stones; Ioose & easy to work (wa  and dry); high 
iafïitrability; low yield 

Raato R red colour stains fingers; high cIay content and littie sand; soft 
and sticky 

Set0 S white in wlour 

objective analysis indicating that the indigenous system has a basis in soi1 properties. For example, 

balaute and phushuro soils lack cIay; r m  soils are red in colour; dhoron soils have a high coarse- 

fragment content. M o  soils are not consistedy of high nutrient content. The exceptions suggest 

that there is a large degree of inconsistency making *widespread application" of the system 

problematic. 

Table 7.3 also shows how the fimuers manage these soils. lnfomal interviews and discussion 

with f'ers carried out throughout the study period in îheir fields, indicated that there is widespread 

consistency in how they manage specific soi1 types. Tbese data, however, iadicate that it is the 

exception for the: fanners to agree on t w ~  of the most important management consirainîs, namely 



Soü No. NaisusdùyfuPrnlodorribs.Oü(IIofpod) LUnl9iirrii w Chioll 

Emba Rad. S Si C  TorilCEBD Col 1. L P C  pH 

B C C I i D  D b K K h  P R P g  R S O & r Y  N L H % % %  % ‘dhr PPQS 

1  19 5  O  11 O  O O O 26 O  O  58 O O  6  6  8 9  2 3 3 5 4 2 C  1 1 . 3  R 32 7 - 0 . 1  4.6 

1) Refer to Table 7.2 for definitions of abbreviations used for soi1 types. 
2) Under management, YIN means yeslno when askeù if the soil presents erosion concem for management whereas L/H means 

lowhigh when asked the level of productivity expected from the mil, 

S - sand; Si - silt; C - clay 
Text - texture; CFC - coarse fragment content 
BD - bulk density; Col - Munsell Colour 
1, and 1, - infiltration rates 
P - phosphorus (mglkg); C - carbon(%) 
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erosion ad productivity. Inherem in these respoases is the variability in the names given the soiis. 

Only 7 of the soils had over 15% of the Eatmers' responses in agreement. These consistent respoases 

centre around clay content and soi1 colour: 1ow clay content generally relates to low erosion potential 

e.g., MauteJphushuro (mil 9) has a low erosion wncem and low productivity (though soil4 is an 

exception) and red soi1 with bigh clay content corresponds to the cuiturally important rauto maato. 

n i e  findings h m  the second set of soils agree with those of the first: there is correlation between 

m e r  description and objective field and laboratory analyses but it is often weak. 

The iadigenous system of soi1 classification demonstrates a basis in soi1 properties as they 

relate to management. For example, when asked if soils change with tirne, there were only two 

different answers amongst al1 respodenis - red soiIs tum black when compost is regularly added and 

soils go looser with the steady application of chernical fertilizers. 

In summary, this indigenous system can be useful in providing an overview assessrnent of soi 

properties as bey relate to management concerns. The high degree of variabiiity means that one 

should be carefd in readiig conclusions from limited sampiiig. In addition, because of regional 

variation, it is wise to calibrate the terms regionally or locally before making decision based on this 

information. 

733 Significance 

The observations in this section reveal a deîailed kmwledge by the Middle Mountain famers 

of emsional and depositional processes. The -ers are technidly wmpetent, enquiring, and williq 

to innovate and integcate new ideas into their farming system. Farmers' techniques are empirical 

based on a long tradition. Such technical literacy provides a strong basis for the successful 

implementation of prescriptions developeû from this study's diagnosis. 

The section also reveals considerable variabiiity in farmer knowledge and applied skills. Age, 

caste, tenue, and location are the main factors which infiuence the awareness and particular 
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knowIedge held by individual famers. nie most effective prescriptions will be the ones which are 

developed and interpreted within the framework of the farmers' kmwledge base. Heace, it is 

important to caIibrate the local indigenous classification systems so that any proposais fbr change 

within the farming system can be expressed in these terms during extension activities. 

7.4 Techniques of wam management and ermiari bontrol 

An overview is presented of indigenous erosionîontrol methodologies used within the Jhilchu 

basin on kkt  and buri to prevent etosion and mitigate its consequaces. 

7.4.1 Description of some techniques observeci in the Jhikhu basin 

Western soi1 conservation has traditionally h e d  on preventing erosion on the field. 

Consequently, interest in indigenous methods has been oriented toward this aspect of soi1 erosion. 

However in the study a m ,  famecs use on-field metbods as only a part of their overall strategy to 

contain mil losses to an acceptable level. They employ many methods to cecapture eroded materid 

once it has left the field. This differentiation between on-field and off-field methods hrms the basis 

for the following classification of indigenous techiiiques. 

On-fieU methmis 

On-field approaches attempt largely to prevent upland erosion through tenacing and the use ol 

moff  ditches; mixed ctopping and fertility maintenance were described in section 7.2.2. 

The myriad tenaces seen throughout the hills of Nepal clearly facilitate cultivation but are 

also their most well-known example of water management. Farmers in Indonesia, China, ThaiIand, 

and many other countries &al 1988) have developed similar terraced farming systems. Rainfed 

terraces eaable the farmer to control how watec moves over the agricultural landscape. Xrcigated 

terraces are fIat and bunded to retain water for rice growing. In conjunction with the tenaces, trees 

may also be found on the tertace risers. However, their use is subject to many constcaints (shadhg, 
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production, neighbom) and hence this agmhrwctry ptactice is not widespread in the sbudy area. 

As Carson (1992) descriies, there are many different types of rainfed ternices in Nepal 

reflecting the full range of physical and socioecoaomic conditions. They tend to be outward or 

sideways sloping to join with other nearby terraces. Some are large, flat terraces with high stone- 

reinforced risers while others are steeply-sloping with steep (60' to 7S0), vegetated risers. Farmers 

modify terrace characteristics empicically to accommodate local dope and climate demands. in each 

case, the terrace type reflects the specific topogtaphy, c l i i  and soil type of the site and aiso the 

overall productivity and cropping practices of the Eanning system developed there. 

Terraced tàrmiig is an activity with a high labour tequitement. Without regular rnaintenanw 

twraces are barely visible within only a few years (Carson 1992). Althaugh terrace faiiures obviousl 

need immediate attention if fucther damage is to be antainal, tenace-riser maintenance and ditch 

clm-out are aIso essential. Risers are cut back semi-aanually to both maintain the structural integrit 

of the terrace itself (by deterring rodent activity) ami improve the thin soil which r d t s  at the top O 

terrace slopes (see section 7.4.3). 

Whatever the terrace type, a thorough control of surface-niwff pathways is essential for 

successful cuitivation on steep slopes. In the Jhikhu River basin, permanent and tempocary ditches - 
bhad - are constructecl throughout the terraced laadscape to remove ninoff from the steep fields and 

direct it quickiy to the larger drainage network. Without these small ditches, terraces and hillsides 

would routinely fail. The ditches are located within the fields to quiciriy evacuate niaoff h m  a s t q  

dope or above the field as a cut-off drain to prevent excessive run-on to a field from a neighbour's 

above. Where infiltration rates are low, tenace dope must be high to prevent moisture build-up in tl 

terracd soi1 which might be unacceptable for crop growth and dope stability. 

human-made extension to the fluvial system acts to make flashier an already rapid 

hydrological response. For example, in the 0.72-lon2 Kukhuri basin, the time to peak flood diichacgc 

aiter the onset of the peak rainfall is ofien only a few minutes. Such a rapid removal of surface nino 



helps permit cultivaîion but can in turn also lead to higher rates of downstream bar& erosion. 

w-fieu - 
Off-field metbods focus on the management of runoff, the sedient that is cacried with it, an 

the fiequeat accumulation of this sediment during ils passage out of the basin. They either protect 

aga* erosion due to wncentrated flow or attempt to recapture previouslyetoded sediment. These 

techniques Wude nirioff canals, streambank protection, the irrigation system (dams and caaals), and 

silt traps . 
Large volumes of ninoff routindy need safe evacuation h m  these basias. Runoff canals are 

aecessary extension to the system of ruaoff ditches in the terraced slopes. These canals are vegetated 

and permanent and take swotlea upland streams of runoff to the m a l  drainage network. The fast 

hydrological response of the Middle Mountains causes streams to swell rapidly and be prone to bank 

erosion. Farmers dso protect streambanks and other areas of channelised runoff using tenacious 

vegetation (Gill 1991) and stone walls. niough originating from outside the area, erosionantrol 

gabions are adopted by the bers where ecowrnicalIy feasible. Gill (1991) also describes several 

water management techniques, such as the "inverteû siphon" related to those employed for erosion 

control. 

The irrigation system captures streamfiow, directing it into canals and ultimately irrigated Wrc 

fields where previouslyeroded soil is deposited and ofien held indefinitely. Diversion dams and 

irrigation canals are extrernely common throughout most streams in the Middle Mountains. With tha 

dams, famers are able to provide water for rice production and simultaneously capture fertile 

sediment eroded from upland rainfed terraces. This practice is of particular utility in the pre-monsooi 

season when a high amount of nutrients is leaving the uplands. 

Manipulation of surha-anoff is also pursued to directly influence the fate of the fertile 

sediments carried by the ruaoff. In the wider valley bottoms, silt traps are built of stone to admit 

floadwaters upstream and sIowly release them as the flood recedes (Gill 1991). Silt traps enhance the 
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deposition of d i t  so that it can be purposefully ceincorporated into a productive fidd (Tamang 

1993). In the uplands, where the rnimtopography is EavourabIe, fimuors direct nuroff away h m  one 

terrace to have it flood directly on to another, depositing its sediment. These practiceg are p d d a r l y  

important in the pre-monsoon period when sediment quantity auâ nutrient statu are high. Such 

deîaiied manipulations require a thorough familiarity with the landscape and a high labour input. 

Like the terraces, the networks of canals and ditches need regular maintenance. If deposition 

in the upland ditches is not removed, the channelised water spills out creating rills aiad guilies 

thtoughout the lower terraces. The soii is removed tbughout the year and put on the nearby terrace. 

Deposition in the irrigation canals must also be removed to allow sufficieat water to flow to the 

icrigated field. Farmecs use this soil to buiidlrepair the canal sides. 

7.43 Inigated h à s  

During 1992 and 1993, farmets withii the Andheri basin were asked to describe their 

management of the irrigation system. The questionnaire, given in Appendii A3, includes questions 

about the diversion dam, the irrigation canal, and the Met fields. Th--two -ers were 

interviewed, involving 36 dams. A surnmary of the quantitative resuits of this questionnaire is 

provided in Table 7.4. 

Farmers within the Jhikhu basin maintain extensive irrigation systems b grow paddy rice. 

Networks of canals are buiit and maintained - often mperatively - to deliver reliable quantities of 

mff to terraced Met fields. Diversion dams are buik withiin the steep mountain c h a ~ e l s  to diver& 

stream moff  into these imgation mals.  The entire system serves as a vast sediment tmp and 

requires constant maintenance thtoughout the rainy season to function correctly. 

Famers put a large amount of effort into constnicting and maintainhg the irrigation diversion 

dams (baandh). On average, they spend 7.2 persondays to build a dam on the Kukhuri River (>6') 

and 21.9 persondays to build a dam on the lower reach of Andheri River (2-6') where the dams 



Table 7.4 Summvy of quantitative results from famer interviews about the irrigation and &kt 
system. 

Diversion Dam 

- - - - - - - 

Depth of deposition (cm) No. Cleans Per Year 

x O N x u N 

Note: g d e  = 2-6 ' ; steep = 6-30' + (dope of slrerrm where diverted) 
So = Provide mil for f d t y  and levelling 
Sh = Reduce shdbg 
C = Reduce mot cornpetition by grasses 
A = Indiccite t h  terrace is active to discourage through trpffic 
St = hpmve riser stoib'ity 
R = Discourage redents h m  Qeteriorating the riset structure 

Riset Cutbpck No. Cuts Per Yeiu 
(cm) 

x N x  u N 

Rerisons Cited for CuWk 

Tot So Sh C A St R 
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must be much largm. A dam on the Kukhuri River requues that, on average, 710 kg of soil be 

transportecl and placed behiad the dam after W a i  construction. The larger dams on the Andheri 

River require about 6 times thii amount. They generally repair these dams within a few days of any 

damage though availability of stone can limit the repairs. in 1992, eveq dam wi th i i  the entire 

Andheri basin was destroyed by a large mff event on July 10. Thii vast expenditure of labour is a 

reflection of the value placed on the rice crop grown in the k t .  It also serves as a mechankm to 

divert eroded soi1 into long-tenn storage as a result of deposition in the irrigation system. 

Farmers say that it takes oniy a few floods for the area immediately behind these dams to 

bmme filled and the dam to become strengtheaed by sediment deposition; if the flood is large, it fil 

up with only that event. Dams on steep streams do not generally fil1 up with soil. The farmers prefei 

several smaller floods after construction so that the newly-constructecl dam is not damaged before it 

has strengthened. Each year, up to four or more visits may be required to repair flood damage, 

depending on the extent of heavy flooding during any given rainy season. Unfortunately, when a dan 

is destroyed, this soi1 and sediment is lost from the basin unless it is tecapturai by other dams furth 

downstream. The importance of these dams to the Middle Mountain €amers is indicated by the fact 

that only 3 of the 62 dams within the Kukhuri-Andheri system are less than three years old: the 

irrigation capacity of this Stream using indigenous techniques has been fully exploited for dmost a 

century. The recent pressure on the land base is reflected in the recent additions of diversion dams. 

The potential for conflict is also heightened as the level of diversion is raised beyond what the strean 

can provide. 

As sediment-laden niaoff flows through the irrigation canals, considerable deposition occurs 

in advance of the water's arrival in the khet. Table 7.4 reveals that the canals, whether high or low i 

the basin, receive the same level of deposition and frequency of cleaning: an average of 13.8 cm of 

sandy soi1 @amgo mcraro) is deposited on the canal beâ and is cleatled out twice a year. Farmers 

indicated that the canals are generally 20 cm in width at the base (the sidewalls are vertical). This 
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material is eiîher placed on top of the canal sides to build and re-strengthen them, is placed in the 

khet, or is thrown directly into a neacby stream. Which choice is made is highly variable and depend! 

on the particuiar situation locally, but overall about half of this deposition goes into the stream and 

the other balf is stored on canal sides or in the Wlet. Given the density of canaIs present (Nakiumi 

1995), this work represeats a M e r  substantial labour commitrnent. 

In the Met, the farmers direct the water through a maze of pathways designed to maximise tb 

travel time of the water. Famers visit their fields daiïy Cui most cases) to ensure that thii flow 

through their fields is operating as needed. Considerable deposition also occurs in the Wiet (see 

Chapter 5 fOr a discussion of the extent). Before transplanting, great a r e  is taken to ensure that each 

field is level. A board is dragged and ridden behiad a cow or oxen to achieve a level terrace. 

The terrace risers in the Wiet are cut back as part of the regular maintenance of the field. The 

labour requited for riser maintenance is substantial and is an essential cornponent of the irrigated 

agricultural system. Ttiey are cut back, on average, twice a year though risers are generally cut back 

in proportion to the number of crops grown annually in the k t .  The riser is cut back by 3.5 cm and 

this soi1 is almost always put into the &t directly below. Over tirne, this riser cutback serves to 

advance the &et into its hillslope and to widen the valley bottom, modified by m u e n t  adjustment 01 

terrace lay-out and the constant recruitment of fines into the Wiet. Though Table 7.4 indicates many 

reasons cited by fannets for this practice, soi1 fertility and soil levelling is almost unanimously held 

(97 96) as justification. 

The Migemus irrigation system involves highly sophisticated, labour-intensive techniques. 

The capabiiities of this indigenous technology and the input in labour it requires serve to redirect a 

portion of sediment within floodwaters out of the stream and hto longterm storage, encouraging the 

redistribution of soil that is eroded from the buri. The extent of this redistribution is examinai furthel 

in Chapter 8 witbin a sediment-budget ftamework. 



In 1992 and 1993, interviews focused on the extent and k h i  of management used to maintain 

production on ban'. Questions were chosen to investigate the -ers' understaading and description 

of soi1 and water dynamics. A summary of the interview is provided in Appendix A3. Mea~u~ements 

of mil deposition and drainage lay-out were made wiîhiin bwl fields for use in the sediment budget of 

Chapter 8 (see Table 7.5). 

Table 7.5 Bad-management data based on farmers interviews and detaüed measurements. 

The m e r s  interviewai in the Kukhuri basin say that, on average, they cut back the terrace 

riser 9 cm (Table 7 3 ,  once a year, always depositing the cut soi1 on the terrace beiow. They identify 

two dominant reasons for this practice. First, the upper part of sloping hri terraces becorne soil- and 

nutrient-poor and the riser soil replenishes this deficit due to erosion, helping to keep the entire 

terrace productive. Second, they cite l a s  cornpetition for the crop when the riser grasses are cut 

away. The risers on the south-facing dope are commonly not cut back and, instead, d l  vegetated 

cisers ami large flat terraces are cornmonplace. This is possibly due to tradition or because of the 

hotter microclimate and rocky soils on this slope. 

The b h d  is a ditch constnrcted within the rainfed terraces to quickly remove nuioff from 

sloping fields (see section 7.4.1). Farmers said that they started with a depth and width between about 

20 and 50 cm. Then, through experience they would modify the dimensions to suit the slope and the 

Utll - -  RUct Soil 
Cutbick AccumuLtioii 

cutdyr amaintlcut dcph (cm) ck.niqg per ycu 
(cm) x a  x u 

N 16 O.% 9.1 7.1 3.81 1.67 0.745 

size of the buri. A few famecs said that they went out at night during heavy rain to investigate what 

Soil Ditcb 
AccumuLiion Dimiuio<i 

mil dcpih (cm) ditch aridth (cm) 

N x a N x a  

36 4.71 6.67 42 19.67 7.102 
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changes were needed in the ditch dimensions. One fannet explained that bari size and dope were 

most important in determinhg the capacity of the ditch. Presumably, soil infiltrability and "design" 

rainfaill are taken into account empirically when the ditch dimensions are adjusted after constmction. 

Many farmers direct the nuioff onto suitable, lower bari fields to recapture previously-eroded 

soil ard nutients. In these cases, some amount of the soil eroded from ban' fields is reahed within 

the buri and would not be measured by the pins or at amy point downstream. It is difficult to assess 

how widespread is this practice. Some ditches are permanent, vegetated canals, providmg a reliable 

source of Mder. Other ditches are tempocary ad are ceçonstnicted each time a m p  is planted. One 

f imer  reported that he has started using the ditches on some bon to capture water for his cattle! 

Farmets report that, on average, 7.1 cm of sediment accumulates in the ditches between 

cleaning and that they are cleaned out 1.67 times per year. The farmers say that this deposition is 

returned to the terrace or is used to build the side of the permanent ditches (canals). One farmer 

cleans his ditches after every major tain event. Measurement of total annual accumulation using 138 

pins indicated that in the ditches of the W u r i  basin 4.7 cm of deposition accumulates between 

cleanings (in 42 ditches). Tbis figure is used in the sediment budget of Chapter 8 because it should 

more accurately represent accumulation in the year of measurement (1993). It is reassuring that the 

extent of accumulation reported by the -ers is consistent with the amount measured. Measuremenu 

also indicate that the ditches have an average width of 19.7 cm and density in ban' of about 500 m/ha. 

When surveying the damage from heavy rainfall events which occurred in 1992, it was 

observed that some of the greatest damage occurred in new buri fields. This is consistent with the 

empirical appmach followed to daermine the ditch dimensions. Once a hillslope is initially converted 

to bari, many farmers will need some signifiant rumff events before they can adequately size the 

ditch system on that land. If a pacticularly heavy rainfall occurs during this initial period, then the 

new buri is susceptible to damage from excessive runoff whereas adjacent hi, with ditches sized 
/ 

according to years of experience, remain undamaged. 



7.4.4 Sigiifi~uloe 

The Middle Mountain fariner is extremely active in maaipulating soi1 iirad sediment dynamia 

within these headwater basins. From the sedimeot's origin to its transport anci potential deposition 

downsîream, the farmer is an active participant in the process of soi1 erosion aaâ redistribution. ïbk 

fact holds important implications for the quantitative component of the present study. Tbe sediment 

budget and its components discussed in the next çhapter mut quantitatively reflect the Wings 

presented in this chapter. 

The interviews and observations indicate that the fannefs are one of the b a t  sources of 

information on soi1 dynamics witbi these headwater Middle Mountain basins. If soi1 Ioss is to be 

reduced, it will be accomplished only with the full participation of the farmers themselves since they 

are so influentid in shaping the fate of soil in the Middle Mountains. Because the farmers' motivatio 

is driven by produaivity and not soi1 conservationper se, any effort at improving the ef'fectiveness O 

indigenous management techniques shouid incorporate economic considerations as well as creative, 

technical, soilanservation innovations. 

7.5 hpücations of quantitative study for indigenous management 

The quantitative study malces estimales of the rate of erosion from bari land and the 

subsequent transport amilor deposition of thii material on its passage through the study basins. Thesr 

analyses suggest that iradigenous management modifies the prevailing sediment regime. This section 

briefly summarises these findings. 

On-Field 

In Chapter 5, it was deterrnineâ that surface cover is a primary control limiting surEace 

erosion throughout the rainy season. The sparse vegetative cover of the pre-monsoon season permits 

huge soü losses in cornparison with those uicurred from similar rainfall events of the monmn 

season. During the monwon, the indigenous cropping systems aggressively ficilitate a compiex and 



stcong crop/root protechn. UnfSrCunately, the approach to cuitivation during the pre-monsoon seasc 

does mt equivaIeatiy address the signifiant hazard posed by bue  soi1 on sloping ground subject tu 

intense rallifall present during thaî season. With the enriched nutrient content during the pre-monsoo 

season, sediment nutrient losses of the pre-monsoon season are 7595% of annual total sediment 

mitrient loss (see Chapter 8). 

It was demonstroted that @lied, degraded land within the Andheri basin conaibutes an 

equivalent amount to the basin's annual soil loss as does the upland ban' - the bon provides its 

conm'bution iacgely during the pre-monsoon season whereas the degraded land contributes its portioi 

steadily tbroughout the rainy season. 

WField 

in Chapter 5, it was determinai that basin water delivery was highest during die monsoon 

season. Though the saturatecl conditions present during the monsooo season contribute to this season 

change, it may also be tnie that the irrigation system is more effective during the predtousoon seasc 

in diverting and capturing ~ n o f f .  The irrigation system diverts vast amounts of soi1 and nutrients wi 

the irrigation water, preventing it ftom leaving the basin. Hence, the entire indigenous khet system 

serves as a significant sediment trap. 

Figure 7.1 shows that sediment deposition coasistently enriches Mt in all nutrients analysed 

This matetid is dominated by clay- and silt-sized particles and a large amount is deposited in the kh 

during the pre-monsoon season. 

7.6 Conclusions 

KiwwIedge 

The Eafmers have a long tradition of ernpiricism used to apply theù kmwledge to solve soil- 

management pmblems; 

The indigenous system of soi1 classification is utilitatian and reflecîs its applied agriculhira- 



Figure 7.1 Nutrient enrichment in kliet fields due to muai deposition. 
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management context; it is a system based in sou pmperties - correlation to laboratory and 

field anaiyses is noticeable but inconsistent. 

The Earmets are receptive to new ideas aud willing to modify their farming practices using new am 

useful technologies; 

The application of p ~ c i p l e s  of erosion coatrol must be successflllly integrated into a complex fan 

management system because the farmers' concetlls go fiu beyond those of only soi1 erosion; 

aad 

Labour is identified as a major constraint to the farmers' abilities to innavate. 

E@et on Sediment Ryll~lics 

The activities of Middle Mountain farmecs profoundly alter the sediient regimes of these headwat 

basins; 

While some practices aggravate soi1 erosion (e.g., bare fields during the pre-moasoon season), mo 

management activities rnitigate basin soi1 loss r d t i n g  in a significant extent of soi1 recaptu 

and 

Headwater basins in the Middle Mountains can be interpreted as systems of soil redistriiution due 

to ongoing farmer intervention in the fate of mobiiised soil. 



8. Sedmient Budgets: Implications for Landuse Management 

8.1 In- 

The sediment-budget technique is used to integrate this study's findings to provide a better 

understanding of the net effect of soii loss ami redistribution wirhh these basins. Using the sediment- 

budget approach, this chapter apportions soil loss ami mil accumulation accordmg to landuse and 

calculates net basin loss over wntrastiag temporal and basin scales. Implications fOr nutrient 

redistribution within and loss h m  these basins are also suggested. 

83Re~mr~hôackgnwuid 

The harvest of temperate forests anâ the increased awareness of sediment-related 

environmental effects resulting h m  these acrivities has led to an urgent need KY bwer understand tht 

effects an sediient regimes of different management practices. The need to identify how sediment is 

moving within foresteci basins led to the development of the sediment-budget technique. A similar 

need is identified in tropicd ami subtropical agricultural basins where downstream inhabitants are 

questionhg upstream landuse practices when evaluating water quality and quantity issues. However, 

without an adequate understanding of sedient routing and fluxes within the upstream areas, it is not 

possible to evaluate how changes in agricultural practices in the uplands can modifj sediient regime 

in the lowlands. 

A sediment budget is a quantitative description of the movement of sediment through a single 

landscape unit (Swanson et ai. 1979). Dietrich et al. (1979) explaineci that a sediment budget for a 

drainage basin is a quantitative account of the rates of production, transport, storage, and discharge O 

detritus and requires: 

recognition and quantification of sediment production and transport processes; 

recognition and quantification of storage elements; and 

identification of linicages among transport processes and storage elements. 
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To ~ccomplish this, it is necessary to kmw the detailed dyaamics of transport processes and storage 

sites, including such problems as d e m g  the recurrence intemai of each transport process at a place. 

Management activities can affect each component of the sediieat budget ami should be considerd in 

each of these steps. 

83.1 nie dmeat-buàget technique 

Formal erosion studies originated in agricultural applications, particularly with the USA Soi1 

Conservation Service during the early part of the twentietb ceotury. Decades of research in soü 

physics and in field trials have yielded management tools (e.g., the USLE) effective in many 

environments for evaluating soi1 erosion at the field scale (see Chaptec 5). Due to the relative 

simplicity of production and delivery processes within many agcicultural basins, concepts like the 

sediment delivery ratio have enabled reasonably successful basin-scale extrapolation of these field- 

sa le  rates. 

This empirical approach is far less successfül in b a s h  with cornplex sediment regimes. For 

example, steep forested basins of British Columbia and the USA Pacific Northwest subjectd to road 

building ami forest harvesting present significant challenges due to the wide range present in spatial 

and temporal variability in sediment production and delivery. A~culturai basins of the humid and 

subhumid tropics and subtropics present similar difficulties to sediment-budget studies. These basins 

possess landuse heterogeneity rarely found under temperate agriculture. Steep basins in the tropics am 

subtropics under terraced agriculture, subject to extreme rainfall, suffer from the episodic nature of 

sediment production similac to their forested, temperate, humid counterparts. 

Budget ~ n e n t s  

Sediment-source identification requires understanding of sediment-production processes 

operathg within the basin (Pearce 1986; El-SwaiQ 1990). In forestd basins, this can be difficult 

because of the wide variety of active hillslope pmcesses able to produce sediment (Dietrich et al. 
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1979) but in agricuihirai environments, diversity is gendiy  lower. Management activities can alter 

severely the range of sedimentptoducing mecbanisms present. Because processes of sediment 

production operate conîinuous1y, seasonaily ami episodidy (Swanson et al. 1979), it is necessaty to 

stratify the sediient budget exercise accordingly. 

Burt (1989) emphasises the importance of understaadiag basin hydrology due to its direct 

influence on sediment production. For instance, Keller and Weibel (1991) attcibuted large differences 

in specific sediment yield between paired catchments in the Swiss PreaIps to a difirence in the 

basins' cunoff behaviours. Inmeases in peak flow raulting from management activities such as 

channelisation and changes in vegetative cover can increase sediment availability h m  within channels 

(Swanson and Frederiksen 1979). 

Sediment storage elements in the lamiscape are the medium through which transport pmcesses 

act and as such theù quantification is an essentiai part of a sediment budget (Dietrich et al. 1979). 

Reid (1979b) emphasised the need to understand tempocary storage to evaluate management impacts 

such as on spawning gravels and pool in-tilling. Conversely, storage çan mitigate impacts of 

management - for instance, a landslide depositing on a bench above a Stream c m  remit in ao 

detrimental effect on water quality. Storage is frequentty the least understood component of a 

sediment budget (Swanson et al. 1979). 

The identification of linkages among processes and storage elements is an essential component 

of the basin sediment budget (Dietrich et al. 1979). These Iinkages can be used to distiaguish amongst 

the continuum of storage and transport processes such as some clast sizes which move Mequently 

alcng the Stream bed. Some changes within the basin, for example recent climatic changes, can 

convert a storage element into an active source (Reid 1979b). Though Harden (1990) recognised the 

spatial heterogeneity in steepland agricultucal basins in the Ecuadocian M e s  and stratifies the 

landscape before extrapoIating the units using the USLE, her procedure is in need of a routing and 

storage analysis provided by a sediment-budget framework. 
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Reid (1979a) descriii how flowcharts are used to diagram relations among transport and 

storage sites during analyses of sediment muting. The operations which are setected depend ultimatel 

on the level of understandmg of system function, the amount of relevant information available, and 

the use to which the flowchart will be put. The flowchart - initially qualitative - becornes increasinglj 

qyantitative as understanding increases and can be used to expose concepaial holes in understanding ( 

relations withh a system and to pinpoint critical rate-controlling ses. 

scaie 

The degree to which one process affect8 another and the importance of a Cranspoa process to 

the sediment budget are both dependent on the magnitude of the process and its frequency of 

occurrence (Dietrich et al. 1979). Wolman and Miller (1960) proposeü that the largest portion of the 

total load in a river is carried by flows which occur, on average, once a year or every two years 

(banLfull discharge) and that charme1 morphology is associated with this discharge, not with that of 

Uifrequent episodic events. B d e n  and Thornes (1979) agreed that morphology within a landscape 

unit is heavily influenceci by fiequent events but suggested that change in landscape morphology is 

associated with extreme, episodic events. Thresholds for change may limit which episodic events can 

be geomorphically effective (Lewin 1989). Others have emphasised the importance of identifjing 

which scale is of interest in a given analysis of magnitude-fiequency (Kelsey 1979; Pearce 1986; 

Lewin 1989). 

Perhaps the greatest limitation of Wolman and Miller's originaI ideas is that the conclusions 

were. based on independence of successive events (Swanson et ai. 1979). In other words, the 

magnitude-frequency of climatic events is not equal to that of geomorphic events because the responsc 

of the land surface (geomorpbic event) to the force (climatic event) is often affected by the conditions 

which preceded the event (Kelsey 1979). Each has a different magaitudefiequency relation which, in 

turn, depends on the spatial and temporal scales undet study. Extreme events which weaken the 

surface and landuse and tire which alter the surface's erodibility cm both affect the subsequent 



susceptibility of the surEdce to erosion (Lebre 1979). 

Given the range of factors which control the efféctiveness of a given dimatic event on 

mobilisiug sediment and infiuencing the basin sediient budget, cl-c fimon really dictate the 

pdentiai for catastrophic response rarher than its actual occurrence (Baker 1977). For instance, 

Lyons and Beschta (1983) hund that the greatest damage brought by a 100-year flood in Oregon was 

caused by the increased supply of sediment than by the increased flow per se. Baker (1977) found ths 

high-magnitude flood response is also promoted by physiographic factors such as hillslope 

morphoIogy, soils, m k  type, and drainage density. fn addition, the relative proportion of overland 

flow versus interflow and gtoundwater flow appears to integrate both the climatic and the 

physiographic influences on the potential fbr catastrophic floods. 

Geomotphic recovery is defuied as the time it takes for a basin to lose memory of an event 

(Wolman and Gerson 1978) and provides an alternative approach to pursuing magnitude-frequency 

analyses. A given event provides a distutbance to which the basin relaxes: the larger in magnitude 

and more fiequent the distutbance, the longer it takes for the basin to tespond sufficiently to have los 

memory of the event. Ody if the disturbance is of a sufficient size can the landscape pass a threshold 

for change (Schumm 1979), creating a permanent record of its occurrence untii m the r  event of 

threshold-order magnitude ocnus. This approach to episodicity has, built-in, a recognition of the 

distinct geomorphic behaviour of extreme events. It is also an important subject in determinhg the 

minimum sampling necessary for episodic events. 

W e  the sediment budget requites stationarity, the landscape is constantly adjusting to 

change - for instance, landuse modification transforming a forested landscape into a terraced 

agriculturai one (Swawa and Frederiksen 1979), pot agricultural practices which cause increased 

floodplain aggradation (Reid 1979b), ad the process of deglaciation (Church and Slaymaker 1989). 

Even the agent of change is likely not constant in magnitude. Nordin (1985) pointai out that most 

long-term records of Stream sediment transport are non-stationary because of response of the sedimeal 
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regime to landuse change or to a catastrophic event, Douglas (1%7) examined basin specific sedimen1 

yields concludhg that wntemporaxy rates outside the humid tropics cannot be used to reconstrua pas 

rates of sedimentation because human interference bas led to an increase. Kelsey (1979) suggested 

ending interest in magnitude-frequency estimation above 102 to lû' years due to non-stationarity 

resulting ftom climate change and tectonic intluences. 

Techniques 

An impressive array of techniques for measuring the movement of soil and sediment is 

available for use in sediment-budget research. Their use is guided by an understanding of dominant 

processes of sediment production and delivery. Reid (1979b) summarised techniques used to evaluate 

and map sources and storage areas of sediment. Field mapping and aerial-photo interpretation are 

standard techniques for diicrete sources such as landslides. One field season may yield sufficient 

information about landslidiing because evidence remains long &er its occurrence (Reid et ai. 1981). 

Analysis of sequential aerial photogcaphs and even historic ground photogcaphs, if available, can be 

usefui to determine frequencies and recovecy times. However, it is generally desirable to quanti@ 

these photogcaphic methods to avoid subjective conclusions (e-g., Brizga and Finlayson 1994). 

Photogrammetric methods in conjunction with techniques using Geographic Information Systems can 

be used to quantify sediment production and storage. Portable seismic units can be important in 

determinhg the location of wedges of deep soil indicative of long-term sediment storage. 

Dispersed sources require a more process~riented approach to analysis (Reid 1979b). Erosion 

pins, erosion plots, Cesium-137 dating and other fmgerprinting methods at sites of sedimentation, and 

the measurement of sediment transported in channelised water are commonly used (see Chapter 5). 

The truncation and burial of soil profiles can be used to indicate the presence of etosional and 

accumulation sites and can sometimes be available on soil maps (Harden et al. 1979). Multiple 

measurement approaches may be used to address the variety of sediment-producing mechanisms (e.g., 

Loughran et al. 1992). 
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Integraed apprWlCIl 

Though there has been considerable progress in deveioping sediment budgets, the technique 

remains slow to develop. Studies using paired-catchments and representative basins have long sdered 

from being expensive or of short ducation, lacking measurement of storage, and yielding inconclusive 

results (Reid et ai. 1981; Dunne 1984). Dume (1984) suggested that because the sediment-budget 

approach M e r s  h m  king labour intensive, a fkw days should initially be spent mapping sources, 

paîhways, and grain-size d i s a i i o n s  within the M y  basin. Start with a .  appmximate budget using 

fieId techniques and then use these results to design a long-tmn snidy (Dietrich et al. 1979). Multiple 

approaches should be used to build confidence in the extrapolations incorporateci within the sediment 

budget. Dunne recommends using basin sediment yield as a check on the other forms of erosion 

prediction. 

Dunne (1984) stressed the need to get away h m  the separation between field-based research 

and theoretical modelling to avoid having to document rates of erosion and sediment transport on a 

case-by-case basis. He suggwted retaining the field-based emphasis on the vacied forms, spatial 

distribution, and intercomecteûness of sediment mobilisation, traasfer, and storage but inçoqmrating 

simple mathematical models for various steps in the budget. Reid et al. (1981) explained that the 

isolation of individual sources makes possible the evaluation of each sediment production pcocess over 

a time and space sale applicable to its distribution and frequency regardless of the confines of a 

single basin. For example, Reid and Dunne (1984) used the unit hydrograph method for nuioff 

prediction combined with the sedimeat cating curve at culvert outlets to predict sediment yields feom 

fôrest roads under a range of trafic iatensities. Reid et al. (1981) point4 out that if the relation 

behveen production rates and controlling variables is understaai, then reasonable estimates can be 

made of the effects of changing management practices. 

Another proniishg development is the coupling of erosion studies with rigocous hydrological 

investigations (Dume 19û4). Water budgets apportion water inputs in a similac manner to the 
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s e d i i  budget technique (Ftawat 1987) and as such provide a consistent basis for analysis. A 

couplhg of hydrology ami sediment studies d e s  available to sediment-budget studies a wide range 

of field hydrological techniques (eg rracets a d  fingerprints - see Chapter 6). 

Swanson et d. (1979) presented sediment budgdrouting as an analogy to hydrology and 

nutrient cycling a d  indicate that they pmvide a usetid ftamework fot a holistic analysis of drainage 

basi. funaion. Interactions between vegetation and sedimeutation systems are numerous and complea 

sediment transport and storage constrain terrestriai and aquatic ecosystems while vegetation and faun; 

Muence sediment transport and storage. Sediment-budget and sediit-routing offer great promise i 

studying drainage basin evolution and the impacts of management practices on sedimentation and on 

forest and Stream ecosystems. 

8.2 3 Sediment-yield ealculation methods 

The Einstein Procedure (Einstein 1950) calculates the total sediment output of sediment sizes 

which are found in appreciable quantities in a Stream bed. Colby and Hembree (1961) simplified 

Einstein's cornplex bedload transport formulae, enabliag the calculations to be based on only one 

cross-section. Because this Modified Einstein Procedure derives from first principles, extensive data 

are required as shown in its application to the Niobrara River (Colby and Hembree 1955) and to 

Georgian streams (Kennedy 1964). Equivalent predictive relations for suspended sediment loads are 

unavailable because, unifie the bedload, washload is generally supply-limited and not çontrolled by 

hydraulic variables. Hence, washload det ermiaations are based on calculations using limited 

measurements of discharge and suspended sediient concentration (or a surrogate). 

The sediment budgets determine- in this study rely heavily on calculations of total suspended 

sediment flux at various nested-stream locations. ldeally, when calculating sediment loads from actud 

records of discharge and sediment concentration, one bas available continuous measusement of these 

variables as a function of t h e ;  the product of tbese two variables is integrated over tirne increments 
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much smailez than that which causes changes in these variables. Of course, such meamrements are a 

rarity so "d*uectw computation (Walling and Webb 1981) is generally replaced by estimation 

procedures. 

Walling and Webb (1981) identifid two types of indirect load calculation methods. They 

reported variation of up to five times in load estimates depending on the method chosen. Interpolatio~ 

procedures are required when the actuai discharge and concentration change significantiy beyond wha 

is suggested by the mntinuously-recorded values. In these instances, they found r d t s  are more 

accurate from calculations which weight each concentration value by its discharge at the time of 

sampling.g., that is, exploiting the complete degree of cesolution available in the data. 

Extrapolation procedures are the hcus of the present study and are emphasised in this 

discussion. The basic extrapolation procedure involves developing a rating curve relating sediment 

concentration to discharge based on limited sampling and then applying this relation to a continuous 

flow record. These relations exhibit iypidly large scatter in sediment concentration, restricting the 

accutacy of load calculations. Most efforts directed at improving load calculations involve improving 

the way that these sediunent rating curves are used to predict sediment concentration as a function of 

discharge. 

Load-calcuIation errors resulting h m  use of the rating cuve technique derive 

overwhelmiagly from error in the concentration variable. Many cesearchers have recommended 

caceful stratification of the rating curve to reflect the way concentration varies with discharge 

(Walling 1977% Walling 1977b; Walliag and Webb 1981; Parker 1988; Singh and Durgunoglu 1992) 

For example, rating curves are frequently stratified by season and hydrograph limb. It is also 

recommended that separate curves be determined for different ranges of discharge if the data suggest 

that a single average relation is inappropriate (Singh and Durgunoglu 1992). 

Hysteretic behaviour decouples the sedimentdischarge relation reducing the accuracy of load 

calculations based on application of a rating curve. In pechaps the earliest documented example of the 
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&g curve methoâ, Johnson (1942) built a time-of-lead relation as a fiinaion of discharge and 

imposed it on the rating curve. His approach was successful because the diiection of hysteresis was 

constant. Because hysteresis can quickly reverse, no generalised method is available which addresses 

thii e m r  - adjustments based on sampling information must be made on a case-by-case basis 

@or&îieid 1972). 

The lack of hi&-flow sampling data coupled with the method of log-transfocm linear 

regression used to develop the rating curve typically leads to an under-prediction of load (Walling 

1977b; Singh and Durgunoglu 1992). The best response to îhii situation is to improve the sampling a 

high flow! 

Several approaches have been proposed to avoid the under-prediction of the least-squares 

regression transformation. A variety of corrections have been derived based on statistical arguments 

@askerville 1972; Beauchamp and Oison 1973; Wiant and Harner 1979; Sprugel 1983; Miller 1984; 

Snowdon 1991; Lee 1994). A multiplicative factor of exp('Au?) where u is based on the least squares 

wtimaUir for the original mode1 appears to be the most accepted statisticai response to this source of 

error. Singh and Durgunoglu (1992) suggested the use of non-linear regression techniques. Loughran 

(1976) suggests using a Mode1 II regtession when there is signifiant uncertainty in both the 

concentration (dependent) and discharge (independent) variables. 

Variants on the rating curve approach involve manipulation of the discharge record before 

application of the sediment rating curve. Walling and Webb (1981) assessed two f o w  which are 

m r e  straightforward to cary out than the conventional rating curve method. Development of flow- 

duration curves involves a loss of resolution in discharge (it is lumped into classes) which inevitably 

undermines the net accuracy of the calculation procedure. The load-interval method assembles classes 

of sediient Id (in lieu of discharge); the result is predictably more accurate because the classes 

include variation in both relevant variables rather than in discharge alone. 

Rakoczi (1977) has advocated a common-sense approach to dealing with uncerîainty in the 
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extrapolation method when calcuiating long-term sediment loads. He recommendd applying the 

s e d i t  rating curve to selected floods (from a long-term flood record) the magnitude of which mice 

them dominant within the mual sediment load. Tben provide ranges of sediment output 

correspondhg to the ranges of flow considered as an "average year". The key to his metboâ is to 

determine sediment loads fbr individuai floods because the averaging process often obscures 

understaadmg of what is redly happening. Such an approach worh  weIl with a continum flow 

record and with a flow regime where sediment transport occus in discrete identifiable flood events - 

the situation present in this study. 

8.23 Case studies 

Dietrich and D u ~ e  (1978) stressed the importance of storage and of identifyhg linkages in 

the system before beginning the sediment-budget exercise. They computed a sediment budget for a 

16.2-bn2 basin in Oregon's Coast Range which emphasises the storage capacity of the valley floor 

sediments. Due to the high storage capacity of tributary debris fans, a small interannual variation in 

accumulation in these fans can modiq basin sediment discharge without a concomitant change in 

hillslope condition. Such a change would not be predicted by sediment transport formulae. Similarly, 

Walling et al. (1986) found that 28% of the sediment delivered to a 13-km reach of the River Culm 

in Devon, üK during November 1982 through May 1984 was deposited within the reach and on the 

floodplain. 

Page et al. (1994) assembled a sediment budget for a 32.1-km2 basin on New Zealand's North 

Island after a major cyclonic stonn. Of the 1.35 x 106 m3 of sediment production, only 6% was 

discharged from the basin. Although the rainfall event was the largest of the 93-year record, it 

pcoduced less sediment than an earlier event in 1938. These comparisons undedine the importance of 

combining clirnatic magnitude-frequency analysis with an assessrnent of prior basin condition when 

determinhg how extreme or infrequent is a geomorphic event. 
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The fate of d i e n t  produced by agriculhiral distucbance is examined by Trimble (1983) in 

the Coon Creek basin in Wisconsin, USA. He found that 50% of histocic, agriculairallyderived, 

upland sediment production has gone into storage in channels and in the floodplain. Sediment was 

beiig subsequently recniited fiom channel storage bringing about a downstrearn increase in specific 

sediment yield. 

Lehre (1979) found that landdides in colluvium-filled swaies are the dominant miona l  agent 

in a 1.74-km2 basin near San Francisco. During the measwement period, only 53% of ail sediment 

production was discharged from the basin, the temainder being temporarily stored on slide scars, 

footslopes, and in gully and channel banks and beds. Sediment was remobilised h m  this storage only 

by events with at least a 10-year recurrence interval. 

Kelsey (1979) contrasted the cesidence t h e  of sediment storage on hillslopes versus storage 

within stream channels in the 160-km2 Van Duzen basin in north-coastal Cdif-ornia. He determinecl 

that sediment remains stored on hillslopes during a period of about 1 to 2 orders of magnitude longer 

than within channels. Inftequent, high-intensity storms trigger debris slides that sculpt the landscape 

and set in motion the redistribution of sediment stored in channels. He hypothesised that more- 

persistent, smaller storm events are responsible for transporthg the greater volume of sediient in 

channels. He suggested that infrequent, episodic events are responsible for the major shifts in 

sediment storage and therefore these events provide the catalysts for significant changes in channel 

morphology occurriag on timescaies of thousands of years. 

Loughran et al. (1992) developed a sediment budget for the 1.7-km2 Maiuna Creek catchment 

dominated by vineyards in New South Wales, Austraiia. Of the 2.2 t ha-L yrL overall basin sediment 

yield durhg 1971-1986, they found that %.6% was decived from the vineyards occupying only 10% 

of the catchment area. Also, only 56% of sediment produced during the study period was transported 

out of the catchent. 

Roberts and Church (1986) used the sediment-budget technique to evaluate the efiects of 
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logging practices in four severelydistucbed basins in the Queen Charlotte IsIands, Canada. They 

found thsit disturbance from logging and road building has increased sediment production from 

hillslopes but not invariably. Damage to ciparian areas due to obsolescent logging practices have 

initiated sediment wedges within the fluvial system. Once these storage elements are developed, they 

are persistent and diminish aquatic habitat. 

Reid er d. (1981) developed sediment budgets h r  the 375-LmZ Cleacwater basin on the 

western slopes of the Olympic Mountains to assess the importance of road-surface sediment 

production to overall basin yiefd. They isolated the road d c e  component of the sediment budget 

and measured its contribution over t h e  and space scales applicable to its distribution and frequency 

regardles of the scale of the basin. They fouad that road-surfacp sediment production contributed 

only 20% to the total sediient budget and of this amount only 80% is attributable to roads dong 

which logs are behg transporteci. It is the fraction less than 2 mm which most affects water quality 

and î%h habitat so they calculated a partial sediment budget of only this fine fraction. In terms of this 

partial finesediment budget, road surface seûiment conmibuted over 35% of total production, an 

amount equivalent to the fintxxxiiment production from landslides. 'Ibe approach used in this study is 

usefbl in evaluating management options for decreasing basin sediment production. 

RUlrrJaym region 

Table 5.1 presented measurements of surface erosion and Stream sediment yield available 

from Himalayan studies. Uafortunately in this region, these production and delivecy components are 

rarely provided within a sediment budget framework. However, these measurements and other related 

M i g s  cm be generalised to provide regional estimates of denudation and yield, usefil to developin~ 

and inteqreting the sediment budget of the present study. 

The Himalaya provide a regiodly-high geomorphic mntext for the present study. Major 

civers transport large volumes of sediment fiom the momtains to the Mian Piains. The capacity of 

this young mountain range to produce sediment is important for rivers with direct connections to the 



High Mouutah. For instance, glacial-lale outburst floods (GLOF) destabilise chmels and deliver 

tremendous voIumes of sediment to the fluvial system. Vuichard and Zimmecman (1986) described, 

amongst other consequences, how ail suspension bridges were destroyed from Namche Bazaar to the 

Sun Kosi h m  a GLOF which drained 8x106 ms of water withïm four hours into the Dudh Kosi. 

Sharma et aï. (1991) documented myriad sediment sources within the snowmeltdomin;ded Sutiej 

basin in noahwestern India, shaping the development of its sediment-rich, braided river. Goswami 

(1985) examined both recent (1971-1979) and historic sediment storage (aggradation) withm the Iowa 

ceaches of the Brahmaputra and fouad that about 70% of suspended sediment delivered is deposited 

within bis 145-km reach. He pointed out that the Brahmaputca has the world's second highest 

sediment regime and he attributes the high rate of suspended-sediment delivecy into this reach to rapid 

uplift of the Himalaya and the consequent instability ami river downcutting. Froehlich and Starkel 

(1993) hypothesised that under natural conditions, the disturbance fkom rapid upliit in die Darjeeling 

Himaiaya causes rivers to incise. Their observations suggested to them that disturbance from human 

activities is causing net aggradation in the channels of this region because the rivets cannot rework al1 

the mateciai deliveced. Duting July 19-20, 1993, heavy rainfall (over 500 mm in 24 hours) in the area 

southwest of Kathmandu in the Middle Mountains and Terai of Nepal @hita1 et al. 1993) produceci a 

sediment yield of 500 t/ha to enter the Kulelrhani reservoir which provides most of the electricity for 

the city of Kathmandu (Galay et al. 1995). This event provides a graphic, recent example of the 

sediment production potential of the Middle Mountains: extensive landsliding damaged severely 

farming operations and caused the reservoir to lose 6% of its remaining life in one event (Galay et d. 

1995). 

LinLages behkreen landuse activities aud downstrearn sediment regimes are weakened as a 

result of the dramatic contras& in scale present in the Himalaya. Lauterburg (1985) suggested that 

only withii the microscale (ôasins smailer than 50 km? does human activity have a direct and visible 

effect on basin sediment regime. At the mesoscale (basins 50-20 000 Lm2 in area), one cannot 
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diitinguish the effects of hunan influence from natural processes whereas in basins larger than 20 00( 

km2 (macroûcale), lliltural hcton outweigh the importarice of humau activities. Though his scale 

distinctions are usefiil, he appears to have assumed that al1 human activity is negative; sediment 

budget studies carried out within the microscale could assist in identifying the sediment consequences 

of upland farming systems. Hamilton (1987) agreed with Lauterburg and sttessed that conservation 

activities in the headlaads wiii not modify the sediment regime of the distant lowlands but can be ver] 

important for the Earmers within this "microscale". 

Hilslope hydrologie behaviour appears signifiant to sedient regimes in these upland 

farming areas. Hamilton (1987) pointed out that forested hillslopes do not intrinsicaily yield low 

sediient regimes in cornparison to agriculture. The difference depends fundarnentally on the quaiity 

of the forests and the type of conservation activities that are incorporated into the agriculturai system. 

Loshali et al. (1990) found minor leveis of overiand fiow from erosion plots within steep (30°), non- 

degraded, forested hiilslopes in the Kurnaun Himalaya. Singh et al. (1983) hypothesised that since 

these forested hillslopes are subsurface flow systems, that the major pathway of soil loss is by 

landsliding. These hydrological observations can be usefiil for identifying sediment source 

mechanisms and routing linkages when wrnbined within a sediment budget Framework. 

Although sediment budgets for entire basins are not available, several studies have assembled 

sediment production measurernents and estimates for small catchments, spatially extrapolating these 

rates according to landuse. Combining measurements of soil loss from their erosion-plot study, 

Overseas Development Agency (1995) calculated an average of 3.2 tha  sediment production in the 

2.6-kd Dees catchment of the Middle Mountains. The basin did not contain gullied land and one- 

third of its area was occupied by &. Carson (1985) used measurernents and estimates of sediment 

production found in the literature to compare overall rates of production within a 0.63-km? pactially- 

degraded basin in the Middle Mountains to help guide soil conservation activities. He concluded that 

mass wasting is a large component of the annual sediment yield from the basin and production from 
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degraded shnib land and abandoned tenaces is also signifiant. Euphrat (1987) carried out detaüed 

m e a s u r m  of diment production rates by landsliding within the 0.55-km2 Pipal Chaur basin in 

Kabrepalanchok District, near the site of the present study. An average of 10.7 t *ha*' yfL was 

produced by Iandsliding during a five-year period and 40% of this amount was estimateci to be 

induced by human activity. He mted that it is not unusual for one landslide to dominate the sedimen 

regime of smali basins in the Middle Mountains. Using values of surface and trail erosion h m  otha 

studies, he calcuiated that landslidiig was dominant in oniy hrested areas and meamside zones ami, 

overall, surface etosion was the dominant mechanism of sediment production. Though these three 

studies did not a#empt to identiQ pathways and linkages and quantify storage, such sediment- 

production cornparisons can be used to improve the effectveness of mil consewation projects. 

8 3  Sediment sources and païhways 

Figure 8.1 illustrates the major fine-sediment sources and pathways operating within the 

Andheri basin and important finesediment storage areas. Six important sources of fine sediment are 

identified: persistent (moderate) s u h c e  erosion from bon' land, mass wasting and severe rilltgully 

emsion fiom baB and Wiet fields, m a s  wasting fiom streambanks, and swface and guily erosion 

fiom degraded land, both shnib and grassland. Mass wasting and severe rilllgully erosion from bari 

and khet fields occurred together episodically and are considered together for measurements purposa 

Surface and guily erosion from degraded land is calculated together using an empirical relation. 

Hence, production is disthguished for four components in the sediment budget. 

Chapter 5 showed that sudàce erosion from baB land is of concern during the pre-monsoon 

season. Conversely, mass wasting fiom within the cultivated terraceci areas (M and Met) occurs les 

ftequently ami is of peatest practical conceru during large monsoon events. An exceptionally large 

pre-monsoon or late-moasoon event would activate both source types during these seasons; such an 

unusual event did not occur during the study period. Large monsoon events also undermine the 



Figure 8.1 Sediient muting withii the Andheri River basin including sources and opportunities fi 
storage. 
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stability of channel banb and cause slumping diiedly into channels. 

Degtaded lands have been shown to be important s e d i i t  sources. Degradation &es several 

forms in the Andheri basin. Large tracts of unvegetateü, guilied land are present in the lowiand. 

These areas contribute large amounts of s d i t  diiectly to the fluvial system. Shrub lami throughout 

the basin is fiequentiy without adequate cover and suffers losses due to surface etosion. Also, some 

forested land at lower elevations has a degraded canopy permitting further surkm losses. 

Short-term storage occurs in the chamel system of the Andheri River and other Jhikhu River 

tributaries. Sediment concentration in mff is high during the pre-monsoon season ami accumdation 

in the channel occurs largely withii the chamel's lower reaches. As the monsoon season talces effect, 

flows typically increase and sediment is less widely available. During this period, the short-term bed 

storage is re-entrained and removed fiom the channel. ûccasionally (as happeneci on July 10, 1992), a 

major rainf'all event occurs which drastically teorganises the lower channel reaches. The clastic 

content of bed matecial is strongly affected. Changes in production and storage of fine-sediment result 

from an increase in streambank erosion, and less so by released storage from within the coarse bed. 

Considerable long-term storage opportunities result within the system of rainfed and irrigated 

agricultural fields irom a high degree of manipulation and maintenance by local h e r s  (see Chapter 

7 for more details). 

At larger spatial scales within the Jhikhu River basin, sources remah the same but their 

relative abundance and the temporal duration of storage opportunities change. Large meander bends 

of the Jhikhu River near Baluwa store sediment for longer periods than cm the tributaries. The large 

bars present in the lower reaches of the Jhikhu River are also capable of remining a greater amunt of 

material than can their tributacy wunterpacts. The mix of landuse and topography within the larger 

basin is different than the Andheci basin which contains a higher proportion of degraded land than is 

found in the Middle Mountains in general and in the Jhikhu River basin in particular. 



8.4 Compoaents of sediment budget 

Budgets are computed and presented for the three nested basins - Kukhuri, Lower Andheri, 

and Jhikhu. A complete fiow record is available fOr these basins dong with well-established sedimeni 

rating curves. Nested basins provide an excellent basis for contrasting the &eçt of spatial sa le  on 

sediment dynamics. The presence of large gaps in the fiow record at the other stations aiad the lack oi 

stagedischarge relations at the mid-llndheri stations render them unsuitable. S e d i i t  budgets are 

assembled by considering separately the production, yield, and storage components. The sediment 

budget for the Jhikhu basin is limited to a basin-yield analysis due to a lack of adequate measurement 

to address variability within this 100-km2 scale. 

In wnstnicting the sediment budgets, it is necessary to distinguish between normal-regime an 

episodic-regirne behaviout in order to make use of the measurements available in this study. The 

"normal-regheu is demeci here to include erosional mechanisms which occur persistentiy throughoul 

the entire rahy season: sheet erosion and moderate surface erosion (ban, shmb, forest, and grazing) 

and chronic gully erosion (degraded areas). "Episodic-regime" erosion is defined to consist of 

erosional mechanisms which occur infrequentIy - mass wasting and severe levels of riIl and gully 

erosion. 

Several signifiant figures are retained in the estimates presented in order to avoid excessive 

round+ff error. In section 8.5, finai budget quantities are rounded to a reasonable number of 

significant figures. 

8.4.1 Normal-regime behaviour 

Normal-regime sediment production, and combined normal and episodic-regime storage are 

presented. Rates are based on measurements from bis and other studies and a Geugrapbic Informatioi 

System is usai to extrapolate these wmponents spatially according to landuse. Yield is computed by 

applyiog the relation developed in Chapter 5 to measurements made at the hydromeaic stations. 



Production 

Normal-regime sediment production fiom persistent sutface emsion is calculated for each 

lauduse type in proportion to the seasonal and ment erosion rates established for buri. Most studies i 

date (see Table 5.1) including this study have presented rates of surface erosion in the Middle 

Mountains ranging between O and 35 t/ha. During 1992-1994, anwal soii loss at erosion plot 1 

avetaged 21.4 tha while that of erosion plots 2 and 3 was 24.2 tha. However, the hillslopes where 

these plots are located is slightly steeper than the average (6% overail) and pacticularly floc hri 

fields on red mil. Annual rates of soil loss from erosion plots 4 ami 5 were measured to be less than 

3 t/ba due to the high infiltrability of their suchce soiis. These plots help to explain why some saidie 

measwe negligible soi1 loss from agricultural fields on steep hilslopes. Soil loss is sensitive tu terrac 

slope, as evidenced in the results of Overseas Development Agency (1995). In that study, rates of so 

loss at five plots averaged 4.8 tha because the tenace dopes were between 1.5' and 6.5', much 

lower than diose of this study (18' at plot 1; 23' at plots 2 and 3). It is concluded that due to the 

steeper-than-average hillslope where the erosion plots are located in the Kukhuri basin in this study, 

the average annual soil loss rate for the basin is less than 24 tha. In addition, the red soil of the plot 

may erode more easily than the prevailing brown rainfed soiis. Further, the slope of the terraces is 

steeper than average (based on observation) and results b m  Overseas Development Agency (1995) 

reveal the importance of tenace slope. Discounthg 24 tha by 2 tha for each effect laves 18 tha. A 

etma confidence limit allows for the fiil1 range of possibiiities for the average rate of soi1 loss from 

bcui wihhm Lower Andheri basin. The rate is thus established as 18 f 4 tha. 

Rates of soi1 loss from landuse under grassland, forest, and s h b  are determined 

proportionately to the rate established on buri. ûverseas Development Agency (1995) presented rates 

of erosion measured during 1992-1993 from plots under forest, degraded shnib, grassland, ail of 

similar steepness to those present within the Lower Andheri study basin. Their results suggested that 

forested land loses soil at a rate of about 10% of the bari whereas shrub land - because it is generallj 
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degraded - erodes at about 50% of the bM rate. Grassland with a complete surface wver, is almost 

free of soi1 109s. However, if grassland is degraded, it produces high rates of soi1 loss - higher than 

the losses on hari. These findings are consistent with visual estimates established independently 

thtough observations made throughout the Lower Anâheri basin and are used in the sediient budget 

caidations. Sediment prduction h m  severely degraded areas cannot be computed with îhis 

approach because these rates can be much higher and are not seasonally sensitive. An alternative 

empiricai approach is used for these areas as described below. These average annuai rates are 

apporrioned annuaily and seasonally based on relative rates of soii loss at erosion plots 2 and 3 

measured during 1992-1994 and are presented in Table 8.1. These assumptiom are assessed futther i~ 

section 8.5 in the context of îhe overall sediment budget balance. 

Sediment hgerprinting (Chapter 6) iadicates that in the Andheri basin, significant sediment 

production occurs due to the severelydegraded (guilied) lowlands. A supplementary evaluation of thi! 

component of sediment production is camied out using an approach similair to tbat of Reid and Dunne 

(1984). Using data from the lowland rain-gauge network, an empirical relation bas been derived to 

predict sediment yield (at the Lower Andheri station) from îhis degraded land in relation to ment tota 

rainfall as shown in Figure 8.2. The relation is developeâ by using the event sediment yield for only 

lowland events, and howiag that there are few storage opporhinities between the gullied lowlands 

and the Lower Andheci hydrometric station. Only stom events delivering an areal average of at least 

7 mm of rainfail are used in the log-transfocm linear regression (below this value the behaviour is 

erratic). The two outliers shown on Figure 8.2 were excluded from consideration in calculating the 

regression relation. The use of rainfall intensity within a multiple regression did not improve the 

relation. Using îhis relation, an estimate can be made of the extent to which sediment export from 

basin and upland raiafall events is derived from the guilied lowlands as summarised in Table 8.2. In 

caiculating these estimates, allowance has been made for sediment production and storage due to non- 

degraded lands within the gullied area. 



Table 8.1 Annuai and seasonal rates of normal-regime sediment production @/ha) from surface 
erosion detecmined for brui, SM, forest, and grassland. 

Percenîage ofinriiiI erosim within esch s e m m  
(annuai pmmtages r e k  to the h y e a r  totai) 

1992 68.4 f 13.7 30.7 f 6.1 1.0 f 0.2 42.0 * 8.4 

1993 100 I O O I O  o * o  48.9 I 9.8 

1994 97.0 f 19.4 1.0 î 0.2 2.0 I 0.4 9.2 f 1.8 

M - d d m r P t e s ( t / h o )  

1992 15.52 f 9.67 6.95 * 4.32 0.23 f 0.14 22.7 I 9.6 

f 993 26.4 f 11.2 o f 0  O f  O 26.4 f 11.2 

1994 4.85 f 3.01 0.05 I 0.03 0.10 f 0.062 5.0 f 2.1 

Shrub - seosoriPI d o n  rates (h) 

1994 2.43 f 1.51 0.02 i 0.015 0.05 f 0.031 2.50 * 1.05 

Forest - seoewPl d o n  ratee ( th )  

1992 1.55 f 0.97 0.70 I 0.43 0.023 f 0.014 2.27 f O.% 

Table 8.2 stratifies the production totals by type of minfidl event - lowland, upland, and 

basin. Of the total 2120 tonnes of sediment producd by the gullied areas durhg 1992-1994, 25% 

derives h m  lowland events while 66% is generated fiom basin events; only 8% b producd durhg 

upland events. Due to the sensitivity of the relation sbown in Figure 8.2, these totals and percentages 

can be çonsidered only as rough estimates of actuai production. 

Yield 

Seasonal and annuai sediment yields for each spatial scale are calculateù for each year of the 



Figure 8.2 Sediment yield at h w e r  M e r i  in relation to average rainfalI for l o w l d  events an 
comected for included production and storage from nondegradeci land. 

Sediment Yield from Degraded Lowlanc 
in Relation to Storm Rainfall 

hwland Events 

UsedinRegression 

Yield = 5.91~10 (Rainfall) 

Average Event Rainfall (mm) 



Table 8.2 Sediment production by surface erosion from gullied Iowlands (tomes) calculated 
using an empiricai relation derived h m  lowland rainfàil events ( b i t s  represent 
95% confidence). 

Tdpl fix ail types of events 

1992 40 f 300 (6) 158 f 18üû (3) 686 f 4491 (21) 888 f 4847 (30) 

1993 48 f 352 (19) 32 î 352 (4) 591' f 4754 (20) 671 4778 (43) 

Lowloadevents 

1992 12 f 151 (2) 1 I 9 (1) 354 f 3118 (11) 367 I 3122 (14) 

1993 35 f 341 (4) 0 I 1 (2) 40 f 332 (9) 74 f 476 (15) 

1994 59 k 481 (8) 0 * 0 (O) 66 * 717 (3) 125 863 (11) 

Upland evats 

1992 14 i 184 (1) 133 * 1770 (1) 12 f 151 (3) 159 i 1786 (5) 

1993 2 f 26 (5) 0 I O (O) 0 k 0 (1) 2 L W6) 

1994 O * 2 (1) O 0 (1) O * O (O) O * 2 (2) 
Basin events 

1992 14 I 184 (3) 24 I 323 (1) 320 f 3228 (7) 358 f 3249 (11) 

1993 11 * 83 (10) 32 f 352 (2) 552' I 4742 (IO) 595 f 4756 (22) 

P - pre-monsoon sepson; T - transition season; M - mollsoon season; C - entire &y season 
B f p c M  numbers indicaie the number of individuai events involved. 

reprwrents possible un- 

study as summarised in Table 8.3. ActuaI basin sediment-yield determinations are made using îhe 

continuous flow record aad the sediment rating curves (marginal regressions based on Q - see Table 

5.7 ). Seasonal sediient rating curves (Chapter 5) are used to diffwentiate event sediment export 

during each y=. As discussed in Section 8.2.2, a log-trausform correction of exp(W) is applied to 

the rating m e  predictions to adjust for the preponderance of low flow samples used in d e m g  the 

m e s .  For stations 1 and 2, this correction was between 1.10 and 1.12 and at Kukhuri it was 1.61 

for the pre-monsoon relation and 1.26 for the moasoon relation. Estimates of suspended sediment 
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concentration for the transition seagon are generatd h m  linear interpolation between the ex- 

results of the premonsoon and monsoon seasons at the discharge of interest. 

E m r  bounds represent 95% mafidence and are caicuiated from an average of the absolute 

de-tcanshnned positive and negative errors. Uncertainty is highest during the pre-monsoon season, ai 

Kukhuri station, and at high discharge. This can resuIt, in some instances, in an error possibility 

severai times that of the prediction. 

In section 6.3, it was shown that although synchronous C-Q behaviour is common - probably 

dominant - in the study bains, many instances of non-synchroniseci behaviour, including both 

counterclockwise and clockwiie hysteresis loops ocmred during the study period. Hysteresis 

decouples C-Q behaviour reducing the effectiveness of the assumed C-Q power-law relations. In somt 

cases where single-value behaviour occurs, the C values are consistently above or below their 

seasonal expecîation (in al1 l ikel ihd due to a witbin-season exhaustion effect). This departute from 

the expected C-Q relation is probably confounded with hysteresis type which incceases the data 

requirement if pursuing a correction. Unfortunately, although sedirnent samples are available for mosi 

events, data are insufficient to address the effect of hysteresis on sediment yield wmputation. 

Consideration was given to correcting the calculated sediment yield for individual events based on 

available sediment samples but such a non-systematic approach wouId bias the results because 

sediment sarnples are not gathered randomly. 

Storage 

Sediment storage within the Wtec fields is determined using data h m  accumulation pins 

installed each year in a collection of representative fields. Descriptive statistics summarising these 

measurements are presented in Table 8.4 (see Cbapter 5 for further details). The measurements 

directly provide the annual rates of accumulation for the basins in which the pins were installed 

(Kukhuti and Lower Andheri) and these results are extrapolated and summacised by basin in Table 

8.5. n i e  relative rates of annual accumulation measured by these pins is suppoaed by the annual 



Table 8.3 A n d  and seasonal sedient yield at Kukhuri (IO), Lower Andheri (2), and & W u  
(1) hydrometric stations UMts represent 95% confidence). 

Sediment Yield (tomes) 

10 92 812 f 1222 62û f 1630 214 f 140 1650 f 2041 

1093 913f  1170 O 763 f 415 1680 f 1243 

10 94 130 f 250 O 125 f 75 255 f 271 

10 E 1860 I 1710 620 f 1630 1100 f 444 3580 f 2405 

2 fl 690 f 262 16700 f 7150 1500 f 568 18800 f 7181 

2 93 2200 I 532 O 1250 f 455 3450 f 700 

2 94 774 f 303 49 I 28 1520 f 493 2340 f 579 

2 E 3660 f 666 16700 5 7150 4260 f 879 24600 f 7238 

1 I: 98400 I 20500 66500 i 23000 198000 f 31200 363000 I 43810 

Sedimeat Yield (% of muai totcil) (96 of 3-y- total) 
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trends in sediment yietd at Lower Andheri and Kukhuri stations maintaining confidence in the 

measurements . 
Sediient storage within the Wrer kulo (canal) and bon' b h d  (ditch) systems is esthated using 

data fiom accumulation pins and fiom fatmer interviews. To estimate deposition within the system of 

Wrer canals, interviews were combied with detailed mapping of the irrigation system (Nakami 

1995). Interviews during 1992 and 1993 (see Chapter 7) indicate that an average of 13.8 cmiyr is 

cleaned out by the farmers and that typically, the canals have a width of 20 cm. The canals are 

cleaned out an average of 2.0 timaiyear and the fatmers repoa that about half of the deposition is 

thrown directiy into tbe adjacent Stream while the other haif goes into long-tenu storage either within 

Wlet fields or upon canal sides. Retention is thus calculated as 50% of the deposition. Mapping and 

the Geographic Information System indicate that Kukhuri basin contains 2230 m of canals (369 d a -  

Wlet) while the Lower Andheri basin contains 15688 m of canais (483 m a - k t ) .  For the Jhikhu 

basin, a density of 483 da -khe t  is used, correspondhg to the canal density within the entire Andheri 

basin - a major tributary of the Jhikhu River. These aumbers are used in Table 8.5 to yield aunual 

estimates of sediment put into long-term storage as a result of deposition within the system of Wiet 

canals. 

P i  placed directly in the buri ditches measured an average of 4.71 cm of accumulation 

during a portion of the 1993 rainy season (see Chapter 7). These pins were installed between June 16 

and July 7 and removed between July 3 1 and August i 1. Considerable M e r  sedimentation occurred 

beyond what was measured. A consenrative assumption is made that the measured deposition 

represents one deposition cycle between cleanings. The 4.71 cm amount is oniy 6696 of what the 

farmers indicate in interviews so this estimate appears to be reasonable. The amount of deposition is 

then extrapotated to other years in proportion to the average rate of soi1 loss at the two erosion plots. 

The ôari ditches were, on average, 19.7 cm in width and the interviews with farmers revealed that 

these ditches are cleaned out 1.67 timesiyr. buriditch deasity was measured in 1993 in 21 fields 



Table 8.4 Average anmal soil accumulation measured annually (1992-1994) in klret fieïds. 

Accumulation (mm) 10.5 f 8.5 7.8 f 2.1 1.4 f 0.4 

S (mm) 21.2 6.1 1.3 

dispersed thtoughout the rainfed terraced lads shce detaiied mapping was unavailable. These 

measurements indicate tiiat the average brvi is 30 m by 30 m containhg t h e  10 m long terraces. 

These ban' typically contains four ditches dong the width and one vertical ditch dong the length (of 

che low-elevation end). ûnly 1 or 2 of the ditches dong terraces are actively experiencing 

sedimentation. Hence, the typical ban' has a ditch density of 1.5 x 30 m = 45 mditch/9ûû m2-bari, 

or equivalently, 500 mditchha-bari. Using these accumulation snd density values, total annual 

sediment retention witfiin the system of bu?-î ditches is calculated and presented in Table 8.5. 

The annual sediment storage values shown in Table 8.5 are apportioned seasonally in Table 

8.6. For the storage in the &f and Met canals, this is done in relation to the seasonal rates of 

sediment yield at the nearest downstream hydrometric station to represent best both the surf'e 

erosion and mass wasting çompunents of sediment production available for this form of long-tenn 

storage. Annual ban' ditch retention is apportioned seasodly in Table 8.6 according to the seasonal 

rates of production by surface erosion at the erosion plots Fable 8.1). 

Deposition and scour within the charnel system was not measured in this study. Channel 

slopes range up from 1.9 degrees at tower Andheri (2) to 6.6 degrees at Kukhuri (10) and beyond 40 

degrees above KukhUn and Upper Andheri and limit the potentid for fine-sediment deposition. Above 

Andberi Mid Ar2 (station 12) bars were observai very infrequently and most bars were seen to be 

associateci with gully outflow from the degraded lowland. Repeat photography of selected bars taken 

during July and August 1993 indicate some change in these accumulations benveen Lower Andheri (2) 



Table 8.5 Esthteci anraial rates of accumulation (cm/yr) and total muai sediment storage by 
basin (tomes) in the ktiet fields (ha), kfret canais (m), and bcui ditches (m). 

Station Aree or Rates of Reteation (cm/yr) 

No. Npm Isogth 1992 1993 1994 E 

10 Kukhuri 5.9 1.05 f 0.85 0.78 I 0.21 0.14 f 0.04 1.97 f 0.88 

Station Areoor Tdnl Storage ( to~es)  

No. Npme Lmgth 1992 1993 1994 E 

10 Kukhun 
2 Lower 

Andben 

Deosity of deposition is assumed ta be 1.6 t/m3 (Brady 1990 - siightly compact). 
See text fôr exphaiion of how retenti011 rates for kha acea and d l d i t c h  leagth are c o n v ~  to total 

annual stonge. 



Table 8.6 Seasonal storage (tonnes) by basin resulting from sediment deposition within Wlet, 
Wlet c . ,  ansi oM d i i e s .  

Station Yr Rates of Retention (cdyr) 

No. Npme P T M E 

khet 

10 KukhUn 92 488*590 3741451 1291156 991f801 

93 401 * 270 O I O  335 f 225 736 f 2 0  

94 67 * 45 O * O  65 f 44 132 f 36 

WiacPnnln 

10 Kukhuri 92 67 f 163 51 f 125 18 f 43 136 I 277 

93 76 f 146 Of O 63 f 122 139 I 213 

94 11f24 o f 0  10 f 23 21 f 39 

ban' ditches 

10 KuLburi 92 426 f 384 191 f 172 6 f 6  623 I 437 

93 723 f 508 O I O  O f 0  723 f 508 

94 132 f 119 If 1 3 1 2  136 f % 
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and Andheri Mid #2 (12) though the changes were small coqared to the size of the deposits. It wu 

explained in Cbaptet 6 rhat suspended sediients derived from rainfall events over the gullied lowlan 

were overwhelmingiy red in colout while those fiom events over the upland were brown in colour. 

Mixing was observed to occur during only the rising iïmb of some upland flood events providing 

fiuther confidence in the premise that change of bed storage of fine sediment is limited. Such change 

are not considerd in the budgets presented here though it is identified as an area of further research, 

In contrat, the larger Jhkhu River has considerable storage capacity. Large meander ben& 

are present near the Audheri River's confluence with the mikhu River. Measurements were w t  

undertakm on this river. It is liely, however, that the annual storage and ce-entrainment of sedimen 

hypoîhwised for the Andheri River also occurs on the Jhikhu River (in conjunction with the medei  

bends) but on a grander s d e :  the sharp contrast between transport- and supply-limited conditions 

encourages storagefre-entrainment where stream gradient allows. 

8.4.2 Episodic sediment produdion 

To close the sediment budgets, "episodic-regimen sediment production musc be added to the 

sediment production attributed to "normal-regime" surface erosion. Although the measurements and 

estimates of storage and yield presented in the previous section include the component due to 

episodic-regime production, the production estimates considm oniy that part due to repeated, 

persistent surface erosion. During the study perid, m a s  wasting (stream banWbed erosion and 

terrace Mure) and severe rilling and gullying occurced on a number of occasions. These epides  

occurred dominantly as a result of "major" storms (see Chapter 4 for definition) though less severe 

rainfail also caused episodic-regime erosion where antecedent geomorphic conditions were sufficient. 

Durmg the pre-mnsoon season, this type of episodic production took the fonn exclusively of severe 

rilling. During the monsoon season when the surface is generally well vegetated, episodic regime 

production consisted of boîh mas wasting and severe surface erosion. In this section, field 
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observations are presented which identify the cause of the episodic-regime production which occurre 

during the study period. Estimates of episodic-regime production are developed using the yield and 

storage components of single events. 

To account for this episodic production, surveys were d e d  out after the major nuioff 

events of 1992. Three such events occurred in 1992, the h t  of which (July 10, 1992) was, by far, 

the most devastating to the Andheri basin of the entire study - perhaps a ten-year flood event. This 

event caused widespread damage to Stream banks and terraces and many of the openings remainecl a 

sediment production oppominities for the two subsequent heavy events which ocaured during the 

1992 moasoon season (July 30 and August 3), enbancing their production capability. 

An initial overview assessrnent suggested a stratified approach. The headward areas containh 

very steep streams and dominated by hri  showed a wide variety of types of erosion. The Kukhuri 

basin (îî ha) was chosen for detailed measurernents identifying quantity and character of sediment 

produced ami deIivered to the fluvial system, and the primary cause of the erosion (see Appendix 

Ad). The other areas of Andheri basin responded very differently to the event of July 10. 

Overwhelmingiy, the dominant erosional mechanism outside of the hdward  areas was severe 

damage to the Andheri channel in its lower reaches, initiated by the July 10 event. Conversations wii 

fimers corroborated that this event was particularly harsh and unusual. 

Detaüed measurements within Kukhuri basin (see Appendix A6) reveal that sediment 

production within Kukhuri basin resuiting from the event of Juiy 10 was dominated 00%)  by erosioi 

due to channeiised runoff flowing uncuntrolled downslope. What c m  begin as a m i r  problem of 

water management can quickiy develop into a huge emsional event because of the vulnerability of thi 

steep, terraced terrain. In fict, one severely rilled/gullied location yielded almost 39% of the total 

surveyed sediient delivery (510 tonnes) of this ninoff event. Though kher failure was observed to be 

unfommon, when it occurred it too was a large contributor due to the high proportion of fine- 

sediment hvolved: one failure contributed 7% of the total fine-sediment delivery measured. Miet 
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fields located withii draws or at deposition points at the base of hiiislopes also acted as sediment trapr 

in some instances. Of the 70% of net sediient production due to uncontrolled nuloff, 9% of thi 

amount resulted from mff flowing unpredictably due to the road travershg through the upper part 

of Kukhuri basin. Trails were also problematic. n i e  remaining 30% of total fine-sediment delivery 

was directly due to streampower - especiaiiy bank etosion. Bank failutes were observed throughout 

the basin. 

As indicated above, the swollen Stream of July 10 destroyed every diversion dam withii the 

Kukhuri-Andheri Rivet system. The m o  subsequmt events made Little or w obvious change to îhe 

Iower teaches which were radically reorganised by the earlier July 10 event. It was not possible to 

estimate the fine-sediment delivery by the Iuly 10 event within the lower reaches of the Andheri 

River. 

To investigate the extent to which episodic-regime erosion from other major monsoon-season 

events contributed to the basin sediment budgets, Table 8.7 ranks the ten high-flow events with the 

highest yield at Kukhuri station dong with the upIand raina1 characteristics of the associated storms. 

The yield values have been adjusted by prorated storage and normal-regime production to provide 

indications of each event's episodic-regime sediment delivery. Of these ten, five occurred during the 

pre-mormon season, one during the transition season and €ou during the monsoon season. 

Observation hllowing these events indicate that the type of episodic-regime sediment production 

changes with season. These premonsoon events multed in a severe degree of widespread surface 

erosion - one not accounted for by the normal-rem rates presented in Table 8.1. in wntrast, the 

mollsoon season events caused tenace failures and isolated gullying where runoff structures failed. 

The event of July 10, 1992 resulted in the highest amount of episodic-regime sediment production 

with terrace collapse and serious gullies occurring throughout steep areas of the basin. in these 

headwater basins, episodic-regime sediment production acwunted for about balf of annual sediment 

production during the period of study (1992 - 64%; 1993 - 47%; 1994 - 0%). 



Table 8.7 The 10 high-flow events at Kukhuri station with the highest sediment yield during 
1992-1994. 

May 27, 1993 

Jul 10, 1992 

Jun 28, 1992 

Jun 9, 1992 

Jun 22, 1992 

Aug 10, 1993 

Aug 25, 1993 

Aug 22, 1993 

Jun 27, 1992 

Jul 30, 1992 

bpsed on multiple mepsurements wiihin tbe bssia - see text fot further discussion. 
1) Toiai roinfPll determined h m  rain-g~uge network when awilable, othenvise takm h m  Bingle rainfall- 

intensity gauge record. 
2) Episodic-regime delivery determined by a d j d g  the basin yield by proraied storage and normai-regUne 

production. 
3) B m c W  values beside the episodic-regime event production indicaie the perceatage of total m u a l  

pmduction cDused by epidc-reghm production during that event (total sediment production vdues 
taken h m  section 8.5.1). 

These events also point to the importance of fast and effective erosion-control response in 

limiting soi1 loss from runoff events subsequent to a large event. Several of the erosion scars from the 

July 10 1992 event were repaired before the July 30 and August 3 events that same year. (In fact, 

some already had crops growing on them.) Field survey showed bat gullies and Mures that had not 

been repaired were further eroded by the two subsequent events. Though the fatmers are very 

responsive to such erosion damage, due to labour shortages, they are not able to address al1 problems 

as fast as they wouid like. Any strategy which improves the economics of fanning might also enhance 

labour availability withim the terraced areas and should contribute positively to reduchg erosion by 



2% 

helping che fanners cespond more quickly. Oeherwise, successive heavy events can initiate an 

undesirable spiral of degradation. 

Table 8.8 presents analogous adjusted high-yield data at the Lower Andheri station. At this 

larger scale, the importance of the event of July 10 becornes clex. Its rate of episodic-regime 

s e d i i t  deliveq is over an order of magnitude greater than any of the ottier events of the sîudy 

period. This amount is due to an extrâordinary level of recniitment from the bal and banks of the 

Anâheri Stream in its lowec reaches, below station 12. In contrast to the events in Kukhuri basin 

where the event of July 10, 1992 produceû sediment comparabie to the precedmollsoon events of May 

27, 1993 and June 9, 1992, the relative efféct in the Lower Andheci of the July 10, 1992 event was 

much more signifiant. This July 10 event points to the importance of basin spatial scaie (discussed 

futuier in section 8.5.3). Consistent with Kukburi station, episodic-regime sediment production 

contributes about half of the total mua l  sediment production at the Lower Andheri station. (1992 - 

80% (ï3% from an unusual event); 1993 - 21 % ; 1994 - 50%). Events of the pre-monsoon season 

contributed the larger proportion (excluding the July 10, 1992 event). 

It is difficult to compare the relative yields at the two stations given that the rainfall varies 

between upland and basin events and also varies significantly in its erosivity for a given event. It 

appean unlikely that the diversion dams between Kukhuci and Lower Andheri stations are effective 

during these large events - the lack of pattern in yield reduction with scale may support this. It may 

be the low and medium events which are tnincated most effectively by these structures. 

Xn Chapter 4, it was detecmined that a "major" rainfall event required high total tainfail (> 30 

mm) and a high rainfall intensity (>50 mm/ht). This definition is consistent with these geomorphic 

findings. Of the storms of the events listed in Table 8.8, eleven were fiom major events, two were 

intemediate, and one was unlaw,wn. Given that there were few other major storm events during the 

study period, it is suggested that major events cause episodic-regime ecosion. Beyond the events listed 

in Table 8.7, there is a rapid drop in sediment yield making the contribution to episodic-regime 



Table 8.8 The 14 high-fiow events at M e r i  station with the highest sediment yield during 
1992-1994. 

d Iavor u 
No. Andbcn E v d  KuLbuii 

R, lu Ri r, -1 Roductioa 
(-1 (-1 (-1 (-) 

ml-) 
(-1 

M 10, 1992 
(mior. upw 

May 27, 1993 
(mior. upw 

Sul 30,1992 
(mior; upliad) 

Scp 3, 1994 
(mi-, -1 

Aug 10. 1993 
(=iiiitim;buin) 

Jun 14. 1994 
Woe;  buin) 

Jun 9,1992 
(m@r,upLna) 

Sun 28. 1992 
(-mijor.bu~in) 

Aug 24, 1993 
(mijor,bdn) 

Aug 3, 1992 
(-upLid) 

Aug 1 1, 1993 
Cu*crm;buin) 

Aug 28, 1994 
(-jw.biain) 

Sep 14. 1994 
(?;buin) 

Jul20. 19!a 

1) Abbmhtiom in bmcl;ctr kridc cvcir date indicrtc *orm clur bucd on schcmc prcwiiicd in -ter 6 (nujot; iiircrmcdimtc; m h )  
mdtheninwluutype uai(iincdinChipcct4 (upLud, Iowlrnd; bah), 

2) Tocil niDZill determincd from mhpugc nctworic vhcn avri lbk,  d w c w h  uLcn fmm shgk n i d - i n t c ~ t y  gaugc record. 
3) E p i  dclivcry dctennincâ by djuding the bu ia  yield by prmwd ttomgc *ad mmul-mpime production. 
4) Briekctcd v.luu brridc Ibc cpiiodic-mgbœ cveat production i a d i i  ha pcrcentage of  tolil miri.l produciioii a d  by cphdi-  

rqim production dunng Umt cvcd (lail diiil produccion vduu tikcn firoai a c c h  8 5.1). 
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sedient production unimportant h r  those events not listed. The low ratofal1 values for the events of 

June 27, 1992 and August 22, 1993 are based on mwucements at several locations aad as such are 

accurate in their point indications: these smaller events shown in Table 8.8 ail followed other 

signifiant events by only one day pointing to the importance of antecedent conditions in helping to 

shape the geomorphic effectiveness of these otherwise much less important rainfall events. 

It is useful to consider the consequences of heavy, widespread rainfall occurring during the 

pre-monsoon season or during the "latew monsoon season (Odober) when vegetative awer is once 

again limiteci. This did not occur duing the study period and occurs infrequently in the Middle 

Mountains (Shah, petsonal wmmunication; Figure 2.4b). On the basis of this study, such a rainfall 

event would trigger widespread surface erosion due to the lack of surface cover and cause episodic- 

regime erosion in accordance with the spatial extent of the r a W l  and antecedent surface-moisture 

conditions. These rainfall events are, presumably, the most threatening to this Middle Mountains 

agricultural system. 

8.5 Sediment budgets in space and time 

The spatial and temporal components of the sediment budgets quantified in the previous 

section are assembled by basin. These compilations are presented to investigate the relazive 

proportions of sediment produced by different mechanisms and of total sediment delivery relative to 

total sediient production. To accomplish these comparisons, the components are compiled in two 

different ways. in section 8.5.2, the budget components are presented and grouped into one of the 

three categories - production, storage, or yield. In section 8.5.3, the totals of these budget categories 

are calculated for discussion of sediment redistribution across spatial and temporal scale. 

Confidence limits established in section 8.4 are propagated in al1 these calculations following 

Beers (1957). Addition of independent ertors is calculated in relation to their variances (i.e., [A i a] 

+ I b] = [A + BI I [a2 + b2JoJ ). Multiplication and division of independent errors is 



2% 

propagated in relation to their relative error (Le,, [A f a] . [B f b] = [AB] [l f dA + b/B] ). 

Completely cotrelated errors are accumulateci directly. 

8.5.1 htailed basin sediment budgets 

For each basin scale, the quantity of production, storage, and yield of fine sediment are given 

based on the determinations made in the previous section. These compilations are generated using 

spatial landuse information avai1ai.de in a Geographic Information System. For each production and 

storage component, the total applicable area (or length for canals and ditches) is pmvided through GIS 

queries. These landuse quantities are used to determine sediment-budget estimates using the rates of 

production given in Table 8.1 and the rates of storage provided in Table 8.5. Production h m  

severely-gullied land is obtained fiom the relation given in Figure 8.2. Episodic-regime sediment 

delivery follows Table 8.7 and Table 8.8. Yield values are provided directly from measurements 

flable 8.5). The budgets are compiled for both basins and for each year of the study - Tables 8.9 

(1992), 8.10 (1993), and 8.11 (1994). Yields are also computed for cornparison based on the 

pmducîion and storage estirnates. 

Typically, over two-thirds of the normal-regime surface-exosion from the bon' is deposited in 

the system of bhaal before it reaches the fluvial system. Net buri retention is lowest in the pre- 

monsoon season because episodic-regime surface-erosion losses also occur during this season due to 

major storms ocairring before the vegeîative cover is complete - overall, between 25% and 50% is 

retained during the pre-monsoon season. In addition, the k t  system traps over one-third of sediment 

eotrained in the sbeam in Kulcùuri basin and bmeen 20% and 50% in the Lower Andàeri basin, 

diverthg this sediment into potentially-indefinite storage. The bari and Wter provide a cansiderable 

level of sediment retention within both basins. 

The components of s e d i i t  production reveal a seasonal shift from pre-monsoon surface 

erosion to monsoon-season mass wasting and severe rillinglgullying. Ln addition, there is a consistent 



Table 8.9 Seasonal and anmiai sediment budget components (production, storage, yield) in 
tonnes in 1992 for Kukhuri and Lower Andheri bains. 

decliae in total sedient production and basin sediment yield through the rainy season for both 

Kuldiuri and Lower Andheri bains. These findings indicate strongly that reducing surface erosiun 

durhg the pre-monsaon season c m  provide a greater return in reducing basin sediment yield than 

modifying agricultural practices during the monsoon season. 

Though degraded land produced about 5% of ail sediment during 1992-1994, it contributed 

about 9% to basin sediment yield due to the lack of storage opportunities for this sediment. Because 

the degraded areas are responsive to rainfall amount during any season, they produce sediment in au 

opposite pattern to normal-regime erosion from W. Sediment production from the degraded areas i: 

equivalent to 22% of tdal normal-regime production and 71 96 of the net normal-regime production 

from ail bon Ut Lower Andheri basin. 

Uncertainty in these budgeted quantities originate from thtee main sources - erosion from the 



Table 8.10 Seasonai and annual sediment budget components (production, storage, yield) in 
tonnes in 1993 for Kukhwi and Lower Andheri basins. 

k m  Kukhuri Iawcr Aadbed 

Stongc 

I3JLCt 401 I270 0 î 0 335 î 225 736 I 200 2881 f 1359 0 I O  1634 f 7ï1 4515 f 1227 

khet d 76 f 146 0 0 63 I 122 139 f 213 186 I 153 0 0 105 * 87 291 * 181 

bmi ditch 723 kS08 
I 

0 1 0  O I O  7 U f M S  3192î2242 O f 0  O I O  3192f2242 

Toiil 1200 k 594 O f O 398 î 256 1598 * 586 6259 f 2626 O * O 1739 * i76 7998 f 2562 

Y i d  
mcwd 913 I 1171 O f O 763 * 411 1676 f 12431 2199 f 532 O t O 1249 * 455 3448 f 7W 

bmt 1053f447 010 O I O  1M3f447 - o * o  o i o  0 1 0  O * O  

ibnib 58 25 0 I 0  0 I 0  58f25  - 34 f 14 O f 0  O f 0  3 4 I 1 4  

h m  budget 413 f 1465 O f O 179 f 470 592 f 1514 -50. f 4048 32 f 352 310 f 6508 290 f 7610 * - 

464911972 010 010 4649119î2 

O f 0  O I O  O I O  O f 0  

m f 3 3 0  010 010 m 1 # 0  

451 I 192 O I O  0 I O  454 f 192 

degraded lands, surface erosion from ban, and uncertainty in the C-Q relation during high-flow 

O I O  O f 0  O f 0  O f 0  18 î 352 32 f 352 591 î 4754 671 f 47sO 

E p i i - m *  Pmduccioii 

events in the pre-monsoon season. These uncettainties, and in particular the variance due to the 

relation for degraded-land production (iilustrated in Figure 8.2), propagate throughout the budgets 

resulting in computed yietds which have error margins typically more than double the predicted value 

Fortunately, the measured yield values provide a check on the computed yield values and generally 

show good agreement. In only one case (Kukhuri monsoon season) do the two results not overlap. 

8.5.2 Basin sediment production and deiivery acnrss temporal seales 

Table 8.12 contrasts production and yield components for seasonal and annual periods within 

the Kukhuri basin sediment budget. Duriag the 1992-1994 study period, an average of 1770 

tomedyeiir of sediment was produced within the basin, equivalent to 25 t ha*' yf l  tomeshaiyr. Of 



Table 8.11 Seasonal and annual sediment budget components (production, storage, yield) in 
tomes in 1994 tOr Kukhuri and Lower Andheri basins. 

Tait 211 I 120 2.2 I 1.2 4.3 k2.5 218 * 84 1744 f 1899 56 * 409 1616 * 19û23416 & 2691 

this total, 64% was produced during the pre-monsoon season. An average of 1200 tonnesiyeac was 

exported from the basin for an overall basin sediment delivecy ratio (SDR) of 68% - that is, 32% of 

al1 sediment produced within this 72-ha headwater catchment was recaptured before it lefi the basin. 

During the pre-monsoon and transition seasons, the rate of recapture was higher with 47% of d l  

sediment produced being retained within the basin. The total average m u a l  basin yield was 

17 t hael yil with 8.6 t ha-l yf' of this derived during the pre-monsoon season. 

Table 8.13 presents the andogous results for the Lower Andheri basin. Specifically, an annuai 

average of 13 500 tomes of sediment (25 t ha-' yrl) was produced during the three-year study 

period. Thirty percent of this amount was produced during the pre-monsoon season and a further 56% 

was produced during the transition season, mostly coming from the one event on July 10, 1992. OnIy 



Table 8.12 Seasonal ansi annual sediment production, yield, and overall percentage delivery for 
the W u r i  basin (1992-1994). 

P T M C 

Total Production (toaiies) 

1992 1680 * 1420 1130 * 1710 % f 121 2910 f 22îû 

1993 1610 I 1340 O f 0  577 * 394 2190 f 1400 

1994 211 4: lu) 2.2 * 1.2 4.3 f 2.5 218 f 84 

C 3501 f 1%0 1132 I 1910 67ï f 412 5318 f 2630 

Avg 1170 I 650 377 I 640 226 f 137 1770 I 880 

Specific Production (tooneslbectnte) 

1992 23 f 20 16 f 24 1.3 f 1.7 40 f 31 

1993 22 f 19 o f 0  8.0 f 5.5 30 f 19 

1994 2.9 f 1.7 0.03 1: 0.02 0.06 f 0.03 3.0 f 1.2 

Totai 30 * 27 16 I 24 9.4 f 5.7 74 f 37 

AW 16 f 9 5.2 I 8 3.1 f 1.9 25 f 12 

TOM YieId (tomes] 

1992 812 f 1220 620 i 1630 214 f 140 1650 * 2040 

1993 913 f 1170 OkO 763 f 415 1680 -t 1240 

1994 130 f 260 O I O  125 f 75 255 f 271 

C 1855 f 1710 620 * 1630 1102 f 444 3585 f 2400 

AVl3 618 I 570 207 I 540 367 I 148 l2OO f 800 

Specific Yield (tomes/hecbue) 

1992 11f 17 8.6 f 23 3.0 I 1.9 23 I 28 

1993 13 f 16 O I O  11 f 5.8 23 f 17 

1994 1.8 f 3.6 o f 0  1.7 f 1.0 3.5 I 3.8 

E 26 f 24 8.6 I 23 15 f 6 50 f 33 

Avg 8.6 i- 8 2.9 f 7.7 5.1 * 2.0 17 I l l  

Pb of snnuPI 52 96 17 4% 31 % 100% 

Noie: The d d e a c e  ümiîs show do not cwsider A MX due to hysteresis. 



Table 8.13 Seasonal and annual sediment production, yield, and overail petcentage delivery for 
the Lower Andheri basin (1992-1994). 

Total Production (banes) 

Toîai Yield (tonnes) 

Avg 1220 f 220 5580 f 2400 1420 f 290 8200 f 2400 

Specific Yield (to~es/hectare) 

1992 1.3 f 0.5 31 f 14 2.8 f 1.1 35 i 14 

Note: The confidence ümits shown do not consider error due to hysteresis. 
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8200 tonnesiyear were exportai from the basin for an overall SDR of 61 46. n i e  pre-mormon season 

demoostrateû a geater ability to retain sediment at this scale than at the Kukhuri scale - only 30% of 

premollsoon production was exportecl from the basin, The mtal average annual basin yield was 

15 t ha-'* yrl  with 10 t ha'L yrl of this due to the event of July 10, 1992. 

SurFace hydrological response at the ritinfail-niaoff interface is an important çontrol in 

detennining îhe percentage basin sediment yield. In Chapter 5, it was shown that r W  events of thc 

pre-mo~lsoon season yidd a lower petcentage of their water input at the Lower M e r i  station than 

wents of the moiWWIn sesison. The khet system is more able to hold water during the pre-monsoon 

contributhg to this difierenth1 in basin water yield. Also, the hydrological response of the surface 

changes seamnally. As the surface becornes satucated during the monmn season, tainfidl input is 

more pcone to rapidly ninniag off into the Stream rather than infiltrathg into the upper soiI horizons. 

Landuse is also an important factor affecting m o f f  behaviour. Infiltration measurements 

carried out during 1992 indicate that the long-term steady-state infiltration rate of gcassland, forest, 

s h b ,  anci degcaded lands is typically betweexs 1 and 7 cm/hr. In conttast, M exhibits rates typicallj 

varying between 10 and 50 cmihr, chiefly depending on the coarse-fragment content of the surface 

soi1 horizons. In the sarnple of 20 infiltration tests, the two undertaken on south-facing &ri (hotter - 

see Chapter 2) had the highest infiltration rates, resulthg from the coarse B and C horizons being 

close to the surface at these hot sites (they lackeü a signifiant A horizon). Indirectly, by "mining" th6 

soil on these exposai sites, surface mwff may have dropped thereby reducing the downslope erosion 

hazard. Conversely, the system of ban' ditches, contributes to a faster surface response and an 

aggravated downstream erosion hazard by providing a vast, anthropogenic extension to the naturd 

fluviai system. 

Table 8.14 presents the average annual sediment yield h m  the Jhikhu basin during 1992- 

1994. An average of 120 000 tonneslyear was exported From the basin, or a basin average of 11 

tonnesrna. Due to the measurement limitation identifid and discusseû in Chapter 6, the actual yield is 



Table 8.14 Seasonal and annuai d i e n t  yield fiom the J h i i u  basin (1992-1994). 

AW 32800 f 6830 22200 f 7630 662ûO f 10400 121000 f 14600 

Specific (tonnes/hacîare) 

1992 0.69 f 0.35 3.1 * 1.8 2.5 f 0.5 6.3 I 1.9 

1993 2.7 I 0.7 0.11 f 0.05 6.0 f 1.8 8.7 f 1.9 

1994 5.5 f 1.7 2.8 I 1.1 9.3 f 2.1 18 I 3 

E 8.8 f 1.8 6.0 f 2.1 18 f 3 33 I 4 

Note: The confidence limits shown do not consider mat due to hystereas. 

larger due to higher sand transport. The annual trend during 1992-1994 at the Jhikhu station is 

inconsistent with the trends exhibited by the other nested basins. This decoupling of basin behaviour 

between the 10- and 100-kd scales illustrates wbere variability in these basins is of greatest conceru 

to monitoring. At the Lower Andheri station, most of the rainfall-runoff activity within the basin had 

a signature at the basin outlet - Le., local events in the headwaters or over the lowlands were well 

"tracked" at the outlet. Tbe behaviour of this tributary system, however, is decoupled with respect to 

the larger Jhikhu system h u g h  the combined mechanism of rainfall spatial extent and nuioff 

behaviour. Few rainfall events cover the entire Jhikhu basin hence a given tributaty may or may mit 

have behaviour coinciding with wtiat is recorded at the Jhikhu station once a convective system has 

passed through the basin. AIso, the possibilities tor storage within the larger, lower-gradient JhWu 

basin are considerably increased. As basin scale increases, these scale-related changes bring about a 
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decouphg of the miutary-basin sediment regimes. Presumbly, this decoupling occurs between 10 

and 100 k d  though it also depends on the specific character (especially slope) of the basin anci sub- 

basins of concem. 

The behaviour of south-tàciig tributaries may add fuaber tu the variable complexity. 

Observations suggest that surface soils and management practices differ between the south-facing ami 

mrth-king tributary basins within the Jhikhu valley m s s d o n  through Baluwa. Extrapolation of 

bebaviom identified within the steep north-king basin to south-fac'ig basins may be inappropriate. 

While the basin-tributary regirnes are decoupled ex* under exceptional circumstances (of 

widespread rainfall), sub-bas& of a tributary are fiequently further decouplecl from the tributary 

behaviow due to rainfall spatial variabiiity and landuse hecetogeneity. In Chapter 4, it was reveaIed 

how only 43% of combined "intermediate" and "majorw rainfall events were basin-wide events. The 

remainder was local in nature being centred over oniy the upland or uver oniy the lowland. These 

EdCtS, combined with the seasonal variability in erosivity of the surface soi1 due to management, 

suggest m e r  signifiant decoupling of the sediment regimes of sub-basins within the tributary 

systems. 

Table 8.15 provides evidence of this decoupling by contrasting, according to scale, the exteni 

to which individuai (and several) events cause a high percentage of the seasonal and annuai sediment 

yield at a station. As sa le  decreases, the vulnerabiiity of the basinlplot to individuai events increases 

Tbis trend is particularly acute duing the pre-monsoon season. At small scales, pre-monsoon yields 

are the highest individual contributors to total annual yields. As the spatial scaie increases, the 

traasition season and monsoon-season events inçrease in their effect. 

8.53 -y-, sediment production and yield aama spatial saales 

Seasonal ami mual comparisons 

Table 8.16 assembles the average sediment yield for each spatial scale under study. Specific 



Table 8.15 Seasonai and annuai sediment yield as percentage of seasonai and annual tota 
respectively for individual and setected groups of events for al1 spatial scales. 

Underlined values refer to the season in which ihe higtiest-yield event occurred. 

Lettersinlefimarginaredetïnedcrcotdingto: 
a) Wd seamml (or nanual) finesedimeat yield (tonnes). 
b) perceatqe of total yielded in single iargest weat; 
c) numbet of events, n, used to deCe& ihe percenïage in d); and 
a) petceaiage of total yielded in n eveats ( h m  c). 



Table 8.16 Average seasonaï sediment budgets acto~s al1 spatial scdes. 

a) fOLPl average f- yïeid (tomes) 

Are0 P T M Ys 

0.72 k d  618 * 987 2û7 i 941 367 f 257 IuW) f 1390 

5.3 ka2 l22û f 380 5580 k 4160 1420 f 510 8200 f 4200 

111 k d  32 800 f 11 800 22 2ûû i 13 UX) 66 U)O f 18 000 121 OOQ f 25 300 

' Reauits are for ban' and ULclude episodic-regime pmduction of ody the pre-mwsoon seoson @ a d  on 
b v i o u r  of buri wiîhin the Kukhuri bnsh); if episodic-regime production during îhe transition a d  
mwsoon sepsons were included, sedimat &Iivery rntio wodd rise above 60 46. 

+ See text for expianation. 

average yieid shows the effect of scale on sediment yieid. As scale increases, the specific yield 

decreases from 30 to 11 tha. Though specific production shows litde overail change feom Kukhuri to 

Lower Andheri (cf: Tables 8.12 and 8.13) this drop in specific yield is largely a r d t  of an increase 

in deposition and recaphue within the basins. The estimated total production from ban' does not 

include the episodic-regime mmponent attributed to terrace wllapse. Due to its high delivery rate, 

inclusion of thii source should increase the sedimentdelivery ratio above 60% . 
As scale increases, t h e  is also a shift h m  yidd during the pre-monsoon season to yidd 

during the moasoon season. High losses on individual fields during the pre-monsoon season are 

maderated as scale increases. Conversely, as scaie increases beyond the plot, the possibility for 

erosion damage from saturation and channelised nuioff increases and hence the increase in specific 

soi1 l o s  with sale during the monsoon season. In f&, the overall rate during the pre-monsoon and 
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m o m n  seasons is equal at the 1-km2 scale. The 1Wha resdt for the 5.3-km2 basin is a~)maIous 

due to the widespread extent of the rainfail associateci with the July 10, 1992 event over the Lower 

Andheri basin. 

The importance of individual events is highlighted by considering the relative Lengtbs of the 

premonsoon a d  monsoon seasons. As sale încteases, the relative number of high-flow events in the 

monmon season as compared to the premoasoon season increases. For instance, at 0.72 km2, there 

were twice as many events, on average, during the monsoon season in cornparison with the p r e  

monsoon season. At 5.3 km2, the ratio gmws to 1:3 and at 11 1 km2, it is about 1:4. At the larger 

scaies, the erosive pre-monsoon events are diluted by a much larger number of monsoon events so 

that the pre-monsoon component of sediment yield declines in relative importance. 

What is the SDR at the Jhikhu scale? Measuements of sediment production are unavailable at 

this 111-km2 scale hence the SDR cannot be calculated. Figure 8.3 presents the annual specific yields 

in relation to scale. The morphology of the meandering Jhikhu River and its fîoodplain both suggest 

that its storage capacity is f.ar greater than that of the tributary streams (like the Andheri). Further, 

there are several large diversion systems on the Jhikhu River which serve extensive systems of valley- 

bottom kha. The extent of Wiet fields is 2.5 tirnes as great in relative area in the Jhikhu basin as in 

the Andheri basin. These differences between the studied tributary system and the Jhikhu basin point 

to a strong drop in SDR between the 5.3- and 1 11-km2 basins. This drop is consistent with the 

decoupling of the basins' sediment regimes discussed earlier. A SDR ratio of 30% to 40% appears 

ceasonable. The actual value may be lower but it appears unlikely to be higher. 

in Figure 8.3, the data illustrated for the smallest scale (LOO m2} are for normal-regime ban' 

erosion. At bis scale, landuse is resolved and the sediment regimes are therefore landuse specific. 

Ban' is used because it is dominant in the headwater basins. In particular, the rates are determineci 

based on the behaviour of ban' within Kukhuri basin. 



Annual fine-sediment yield and fine-sediment delivery ratio in relation to sale during 
1992-1994. 

Notes: * 
SDR for lbikhu (1 1 1 km2) is indicated by "?" 

because it is not based on caldation due to the absence 

+ Yiild at îhe 0.0001 km2 scale is shown for (Kukhuri) bari 
because this landuse dominates in this and other headwater basins. 

0.000 1 0.01 0.1 1 10 100 Io00 

Basin or Plot Scale (km ) 
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Single mnts  

'Ilie muai and seasonal patterns identifiai above are also evident for single events. Table 

8.17 codrasts measuted sediment yield at the nested hydromeaic stations for the major fine-sediment 

transport events during 1992-1994. Of the seven premonsoon events shown, five show a decrease in 

specific yield in relation to basin size. Trends during the monsoon season show greater variability: 

almost hdf show a dectease while the other events either are mixed or increase. With the exception oi 

the July 10, 1992 event, inmeases in specific yield are due to r a i d l  spatial variability - signifiant 

cainfU during these events did not fall on Kukhuri basin (and sometimes also did not fall on M e r i  

basin). The rate of dectease for monsoon-season events is less than that of the pre-monsoon events, 

consistent with the annud and seasonal results discussed above. 

8.6 Implications fot nutrient loss 

The trends in soi1 loss hold implications for nutrient loss and redistribution. The high level of 

redistribution within these basins (suggested by the low SDR) indicates that erosion causes not only 

basin loss. In the small headward sub-basin of 72 ha, 40% of eroded soi1 is recaptured before it 

leaves the basin. One famer's loss is another fmer's gain. 

in Chapter 6, it was determined that the nutrient content of suspended sediment in the pre- 

monsoon can be up to an order of magnitude higher than that of the monsoon season (Figures 6.2Sb, 

6.26b, 6.27b, 6.3 lb, and 6.34b). Since 26-87s of total average annual soi1 loss occurs typically 

during the pre-monsuon season at ail scaies, this suggests that over 75% of annual nutrient yield 

through sediient export may occur during the pre-monsoon in intensively managed basins. At some 

scales this number may be over 95%. These nutrîents originate in upland buri and are dominantly in 

the clay and silt fractions and are in addition to the nutrients lost in the organic matter which is lost 

during pre-monsoon floods. Severelydegraded areas, though providing an important contribution to 

basin sediment yield (up to 24%), do not contribute significantiy to basin nutrient yield. 



Table 8.17 Sediment yieid at nested hydrometric stations for single events. 

Evcat Date Tord Y~id (t} Specific Y& (tlh) 

Station Number 

10 2 1 10 2 1 

Jun 9, 1992 

Jun 22,1993 

Jun 27, 1992 

Sun 28, 1992 

May 27, 1993 

Jun 14, 1994 

Jun 16, 1994 

Jul 30, 1992 

Aug 3, 1992 

J d  20. 1993 

Aug 10, 1993 

Aug 11, 1993 

Aug 14, 1993 

Aug 22, 1993 

Aug 24, 1993 

Aug 8, 1994 

Aug 28, 1994 

Sep 3, 1994 

Transition Season 

582 1629 16650f 7150 27460 f 19630 

O f O 0.03 f 0.01 8760 f 5430 

o f 0  O f O 16460 f 9820 

8.1 * 22.6 31.3 f 13.4 2.5 f 1.8 

O f 0  0.00 f 0-00 0.79 f 0.49 

O i o  O f 0  1.5 * 0.9 



8.7 Conclusim and Remmmmhtioas 

Conclusions focus on both the relative contriiutions to îhe sediment budget by landwe and 

mechanism as a W o n  of scale and on patcetns of behaviow which shape these component 

quantities. niese results have implications for the farming system and for M e r  research and 

monitoring in these envhnrnents. 

8.7.1 Caneliisim 

Scrlnrntklbnour 

Sediment production and yield varies with season, scale, and landuse. Pre-monsoon 

production dominates anaual production at the smaller basin scales and r d t s  from moderate to 

severe sheet and riIl erosion especially during high-intensity rainfail events (I, > 50 rnmh). As scal 

increases, erosional mechanisnu characteristic of signifiant monsoon-season events (stream bank and 

bed erosion and terrace failme) dominate annual sediment production. The system of bari ditches 

captures about one third of sediment production within this landuse class and the het system capture 

between 30 and 60% of total sediment production. While storage mechanisms are dominated by these 

management activities wiîhii the 10-km2 scale, alluvial storage may dominate between the 10- and 

LOO-km2 scales. About haif of al1 sediment production is retmed to long-term storage before it wi 

leave the basin indicating a high degree of soii redistribution within these headwater systems. 

The average annual yield rates of 10 to 20 t ha  for al1 basins are consistent with high values 

report& in the litetahire for basins of 1 to 10 ha (see section 5.2.1) but are an order of magnitude 

less than extreme values (ICKb200 tha) often associated with loess and other highly erodible soils. In 

Galay's (1997) assembly of regional denudation rates based largely on monitoring programs in larger 

rivers, the raults for Jhikhu basin are some of the lower values presented for Nepal. 

Ilanduse 

Laodwe plays a pivotai role in shaping the timing and quality of sediment yield. The 
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incoqlete vegetaîhe wver of the premwinsoon season (especially during the early part of this 

season) resdts locally in predictable damaging rates of sediment production during high-intensity 

rainfall. This soiï loss is dominated by erosion of mmient-rich clays and silts and represent the large 

majotity of agricdturally important nutrients lost in sediment during the entire rahy season. Rainfall 

events of the monsoon season are m o ~ t  damaging delivering high-intensity, high-volume tain over 

steep slopes. Al1 landuse types are affectecl but hadequate water management resulting in water 

flowiag uncontrolled downslope is the larges contributor to episodic soi1 loss h m  cultivated areas 

during ohis season. Sudden and untested changes to hiilslope hydrology (perhaps due to a new road) 

may present problems to present indigenous approacbes which rely on the empirical testing of ninoff 

control design. If these "major" storms are also sufficiently widespread, the swollen streams cause 

massive charnel degradation and bank Mure as evidenced by the July 10, 1992 event - the most 

geomrphically significant ment of the three-year study period. Degraded land without a seasonal 

change in surface cover produçes sediment throughout the rainy season in proportion to storm 

rainfall. Because degraded Land is typically of low nutrient content (especially that within the study 

am), it is important for downstream sedimentation but of limited importance to nutrient loss from the 

headwater agricultural system. 

@isodtEifg 

Sediment and nutrient production and yield are highly episodic and are a function of both 

season and scale. The effect of individual eveats is greatest during the pre-monsoon and declines 

through the rainy season. As scale increases, the importance of individual events also declines. 

Individual events typically yield over half of the respective seasonal yield within the 10-km2 sa le  and 

often yield 90 to 100% of the seasonal total. In addition, individual events commonly yieid benneen 

30 and 50% of the annual total yield at al1 scales. The dominant yield event tends to occur during the 

pre-mollsoon season at smaller scales and during the monsoon season at larger scales. 

These results suggest that total sediment production during normal-regime and episodic-regime 
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events are coughly equivalent within the annuai budget - i.e., each contributes about half of annual 

production. It is the cbarir#et of the sediment in these two production components which is 

contrasting and is strongly seasonal. - 
The stom classification system developed in Chapter 4 presents a useful ftamework fôr 

evaluating the importance of storm rainf'all to the sediment budget. "Majorw events provide the 

gceatest potential for episodic-regime sediment production; intermediate and (significant) m h r  events 

can result in episodic-regime production îhough favourable antecedent conditions appear to be 

necessary. 

Given the prevailing management within the Middle Mountains, high-intemity rainfall poses 

the greatest practical threat for sediment production during the pre-monsoon season whereas high- 

W I M K  midhll is the greatest ongoing concern during the rnoasoon season. In addition, if high- 

volume rainfall during the monsoon season is also sufficiently widespread, massive sediment 

production and channel reorganisation is possible - this is of great concem to farmers because 

ubiquitous irrigation stmctutes built and maintained Whin channeis are a vital c o q n e n t  of the 

agriculturai systm. High-volume rainfall arriving during the pre-monsoon season posa the greatest 

physical threat ta tbis agricultural system. Such an event last was recordecl in Kathmandu in June, 

1971 and within the Jhikhu basin in June 1978 but did not occur in the study a m  duting 1992-1994. 

8.73 Re~ommendationa 

Monitoring andjùrther reseorch 

The conclusions of the present study suggest the effect of management regime in general and 

indicate broadly applicable prescriptions. However, many site-specific situations caunot be addrased 

by this study due to the lack of detailed evaluation of field-scale ecosion mechanisms. For instance, 

which buri ditch design is most effective and feasible in recapturing eroded soil under a specific range 
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of conditions? In addition, improving the confidence of storage estimates would significantly 

smengthen conclusions reached h m  the sediment budgets. 

Erosion rates in relation to surface condition (iaaduse) need further investigation (hi, forest 

s h b ) .  Beyond surface cover, which of the controllhg variables is most influentid in shapiag surfacc 

erosion tates in h? How important is terrace slope as opposed to h i  slope? Rates of suchce 

erosion h m  mn-cultivated landuse classes should be measured. Measwements of mil loss from 

gullied lard would greatly reduce error margins of budget estimates and provide a stconger basis for 

choosing between investment in the cehabilitation of degraded land versus improved mauagement 

strategies within htensively-maaaged M. 

Strict attention should be paid to sa le  variability with respect to r a i d l  input and surface 

response. Tributary sediment-regime behaviour is variably complex between the 10 and 100 km2 

scales. Sub-basin (1-km2 scale) sediment-regime behaviour cari be decoupled ftom tributary basin 

behaviour (IO-km? scale) for some events due to landuse heterogeneity and rainfaIl spatial variability. 

These complexities should be built in to the sampling design at the earliest stage possible. 

Mimagement 

Reducing surface erosion during the premonsoon season provides a greater return in reducinj 

basin sediment yield thaa modifying agricultural practices during the mnsoon season. This strategy 

also provides the most direct approach for reducing nutrient losses fmm the agricultural system. 

Development strategies which improve labour availability to the upIand farmers should 

improve the erosion-control effeçtveness of current indigenous management techniques. 

The greatest potential for erosion in the terraced uplaads is a heavy pre-monsoon rainfall 

event with required threshold r-1 totd and intensity and extent sufficiently widespread to cause 

extensive channel erosion downstream. nie combination would devastate the upland bai and destroy 

the productivity of the Wier system downstream by damaging the diversion dams, canal system, and 
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potemially also the khet themselves. Such an ment did not occur during the study period. The 

vuinecability of this agricultural system to rainfall of different chacacter indicates the precarious 

balance present. 

Due to the lack of a control, the findings do not allow comment on the relative sediment 

regimes of agciculturally-managed versus naturaï basias. However, within these highly-managed 

b a h ,  the chapter has illustrated the significance of the human role to the basin's sediment budget 

and has iddfied the extent to which the sediient regimes of these managed, headwater Middle 

Mountain basins are systems of soi1 redistribution rather than systems of sediment expoa. 



9. Conc1usions, G e n d  Discussion, and Recommendations 

Erosion and sediment transport in headwater, agriculturai basins of the Middle Mountains 

have been studid using intensive monitoring during 1992-1994 within nested basins ranging in size 

h m  72 to 11 141 ha. Variation of stotm-peciod variables in tirne and space was assessed using five 

recording rain gauges and a network of up to fîfty 24hour gauges. Surface erosion was measured 

fiom five erosion plots on steep, cultivated M. Patterns of suspended sediment behaviour were 

examined using detailed event sampliag at seven hyhmetric stations. Basin sediment yield was 

ddermined for three of these nested basins. Sediment storage was assessed using accumulation pins i 

Wtet fields, Wiet canals, and lwi ditches and thcough erosion and chamel surveys. Findings have b 

assembled into sediment budgets over contrasting spatial and temporal scales. 

Detailed labotatory and hydrological analyses of saeam suspended sediments (2287 high-flov 

samples) have been presented. Hysteresis in sediment transport was assessed using data from 141 

high-flow events. Sediment colour (1649 samples) and phosphocus content (598 samples) have been 

used as fingerprints to investigate how the controls on suspended sediment shape its behaviour. 

Sediment texture was determined for 341 sediment samples and these data were used to further 

explore suspended sediment behaviour and examine additional connections between landuse and soi1 

loss through time and space. 

9.1 Conclusions 

The main fmdings from the study are as follows: 

RaiMd1 dynamics 

An annual average of 77 storms was identified over the three-year period. Using 1 ,  @eak 10 

minute storm rainfall intensity) and R, (total storm rainfall) in a matru storm classification, 3.5% 

were classified as major storms & > 30 mm and 1, > 50 mmlh), 76.8% as minor s t o m  (R, < 

10 mm and 3 mm < 1 ,  < 10 mm), and the temainder (19.7%) as intermediate stonns. About 1/3 c 



al1 storms w x r e d  during the pre-monsoon season. 

In over 50% of ail storms, I,, and I, began in the first 15 min of the storm and in 2596 of ail 

storms, 1, excedeci 30 mmh. Thece were no signifiant differences between the distribution of 

masoon and pre-monsoon storms by aspect nor elevation though some stom period variables did 

show differences. In cornparison with monsoon storms, pre-mollsoon stotms delivered less total 

rainfall, were shorter in duration, occurced after longer peciods without min, and showed a delayed 

occurrence of L. 

Regionally, over the 11 1-km2 study basia, wet-season rainfall increased with devation. thougl 

a positive trend with elevation was also discernible on the 5-km2 hillslope scale, local mpographic ani 

synoptic interactions resuited in marked exceptions. Variation in monthly hiilslope rainfall exceedd 

50% and elevationai trends seasonally reversed. The majority of tcibutaty basin delivery was local in 

nature with signifi~iilltly different arnounts of cain falling over conmting upland and lowland 1-km2 

areas. Given the measured variabidity, severai rain gauges are needed (within the 5-km2 basin) to l m  

error to within 50%. 

Soi1 erosion unà dyMmics 

Annual soi1 losses of up to 40 tiha were measut4 from rainfed upland cuitivated fields. Pre- 

monsoon losses were over an order of magnitude gceater than the monsoon losses and were attribut4 

to a lack of vegetative cover during the pre-moasoon season. The highest annual rates of soi1 loss 

resulted from unfortunate timing of pre-monsoon storms with respect to the development of the 

surface cover. Below a tbreshold of 1,  = 30 mm/h, littie erosion was observed due to surface erosior 

ftom M. Degraded land with a yeat-round lack of surface cover (and ofhm @lied), experienced an 

accelerated rate of erosion h m  rains in every season. 

Vegetative cover was the strongest observed management control on sediment regimes. In 

addition, the irrigation system capturai a major proportion of surFace mn-off through diversion. 

However, indigenous management showed a reduced effectiveness at the highest measured flows. 



Sedimmr prophes  and behuviow 

Seasonal shif?s in sediment rating curves resulted fiom a change in clay and silt recruitment 

h m  buri. Silt and clay dominated sediment yield during the pre-monsoon season whereas silt and 

fine sand dominated during the monsoon season. Saad output was controlled hydraulically over all 

scales and the slope of the sand C-Q relation was proportional to basin steepness with a minimum 

îhreshold discharge required. Although C-Q relations commonly lacked hysteresis (SV behaviotu was 

obsorved most frequently) hysteretic relations were a h  common. In particular, clockwise hysteresis 

iadicating a degree of sediment exhaustion was obsmed frequently during the monsoon season. 

High-phosphom sediment dorived almost unifOrmly from the intensivelycultivated uplands, 

especially during the pre-monsoon season, and dominated the high-flow samples. Most low- 

phosphocus Stream sediment originated from areas of gullied red mil. Sediment colour paralleled 

closely its nutrient condition. Phosphorus content, colour, and texture of soi1 and sediment were 

found to be effective sediment fmgerprints (tracers) especially when conclusions based on their 

behaviour were supported by hydrological data relevant to theu interaction. 

Indigenous management 

The fantlers alter profoundly the sediment regimes of these headwater basins and in general 

most of theu management activities are designed to minimise net mil loss from a basin. Fanners weri 

observed to practise techniques well adapted to this mountain environment and to be very receptive to 

innovation. Indigenous kmwledge is in keeping with scientific calibration though it is inconsistent 

amss  the farming population. It was suggnted that any attempt to introduce new erosion-control 

measures would require, in order to successfuI, a good understanding of the meastue's interactions 

with the larger complex farming system and the importance of labour which is generally in short 

SUPP~Y 

Sedinient budgets 

Sediment yield was determineci to be highly dependent on season, scale, and landuse. Pre- 
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moasoon sediment production dominateci mual production in the headwater basins with riIl and sheet 

emsion King the dominant process. Streambanlr etosion and tenace failure were the dominant 

processes during the monsoon season. Of the total sediment production, 30 to 60% was tecaphiteci 

into the hri and Wiet at the 10-km2 basin scde. At larger scales, up to 60 to 70% of sediment 

production was put into long-term storage withi the basin. Average annuai s e d i t  yield was found 

to be 10 to 20 tha  for al1 thtee basin scales examined in this study with a decreasing trend h m  the 

smallest to the lacgest basins. Degraded lands produced sediment in direct proportion to total event 

r;iinfall, independent of season and spatial scale. 

Individual events were most damaging at small spatial scaies (over 60% of total annual soi1 

loss at 100 mZ) declining in importance as s a l e  increased (15% to 20% of total annual mil loss at 

100 km2). Episodic-regime losses are the most damaging during the pre-monsoon when fields are 

prqared for production. The r d t s  suggest that total sediment production duing normal-regime and 

sediment-regime events are roughly equivalent within the annual budget. Major rainfall events 

provideû the greatest potential h r  episodic-regime sediment production; iruermedime and significant 

minor events resulted in episodic-regime production though favourable conditions were necessary. 

Tbis study supports the hypothesis put forth at its outset. Management practices pursued by 

the Middle Mountain fimers are effective at restricting soi erosion and at limiting soi1 loss from 

headwater basins. In addition, measured rates of soi1 erosion and the high degree of sediment 

recapture do not in themselves indicate a deterioration of the health of this agricultural system. The 

sediment dynamics, however, do suggest vuinerabiiity especially given the likelihood in the future of 

increased population and reduced mil fertüity. 

93 Genml discussion 

The findings from this study provide an erosional diagnosis and have important implications 
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for soii-emion monitoring schemes apecially those implemented to guide deveiopment activities. 

The source of suspendeci sediieot in these low-order streams varies with catchment sale  a d  

with the advance of the rainy season. Erosion fiom dryIand cultivated fields ( k i )  is of greatest 

concem to farmers and has been observed to be strongIy seasonal. Perhaps the most imporîaut findi 

of this study is the damaging rates of soi1 erosion which occur during the pre-monsoon season when 

iaûequent, high-intensity rain WIs on bare, dtivated mils. During May ami June, the farmers begix 

to cultivate their soils in anticipation of the rain and the vegetative cover increases rapidly as the rah 

season progresses. By mid-My, this mechanism of persistent sediment production and nutrient loss 

from the upland areas becornes of lictle concem. Famers are aware of the importance of sutface 

cover and have adjusted their techniques to reduce soii loss during the rainy season but M e r  

attention is needed during the pre-moasoon period. Modifications to the farmiag system which addra 

vegetative cover during the pre-monsoon season will result in inmediate cedudion of soii losses h n :  

steep buri. Farmers who cultivate steep marginal slopes are some of the poorest living within these 

headwater areas and will benefit most from the impIementation of practices of enbaaced soi1 

conservation during the pre-monsoon season. Unfortunately, the timing of high-intensity rainfâil with 

respect to the timing of cultivation is difîïcult to predict and remains a major problem in pursuing 

upland soii conservation. 

Sediment export from these basins declines substantially with the arriva1 of the monsoon 

season but new conceras arise. Though peak rainEaIl intensity is comparable between the pre-monsooi 

and the m o m n  seasons, the total amount of r a i d l  during monsoon storms is higher which stressei 

the farming system in two important ways. nie vast system of ditches throughout the bon' serves to 

evacuate ninoff eficiently to preserve the stabüity of steep dopes. However, it is a precarious balam 

and any part of the system which is not düigently maiatained or bas b e n  changed recently without 

proper design, cm result in large losses episoâically due to severe riIlkg or gullying or due to the 

complete Mure of a terrace or system of tenaces. Second, synchronisai tributary inflow or 
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widespread heavy raiafall, or both, can yield discharge rates which, even if ody bief, are damaging 

to ciparian areas and to structures or both. The high-vahe summer cice ccop is vulnetable to large 

flood events that desbroy dams constcucted within the streams for irrigation. These losses are barder 

to prevent due to their episodic nature and variation with rainf'all. In genecai, hillslope losses can be 

mitigated by impmving the ecommic viability of the agridairal system so that sufficient labour is 

available for its intensive mainteriance. 

The dect  of spatial and temporal differences in r H 1  on the sediment regimes is not as 

important as the effect of vegetative cover. nie character of pre-monsoon and monsoon season s t o m  

is not signifiwitly different in rainfall intensity. Total rainfall, as mentioned above, can be greater 

during monsoon storms causing problems downstream. Long-term rainEall records suggest that, 

histocically, the highest monthiy and 24-hour raina1 amounrs corne in June - these storms pose the 

greatest episodic thceat by rainfall to the farming system. Sixndtaneous damage wouId result from 

high-volume mnoff in streams Md hi&-intensity rainfall on bare cultivated ground. It is due, in 

partiCulac, to the unpredictability of these types of events that a broader prescription for land 

management canwt be developed from this study. 

Different problems arhe h m  severe land degradation. These areas do not typiçally enjoy an 

improved vegetative cover in any season and hence are chronic sediment producers. Degtaded areas 

examined in this study area are on relatively gentie slopes thereby restricting mechanisms of sediment 

production on these lands to surface erosion (notably gully erosion). Presumably, severelydegraded 

areas on steep hillslopes (e-g., neglected ban gone out of production) would erode at a greater rate 

due to the additional mass wasting wmponent. The soil loss h m  degraded land bas little direct 

ecowmic importance to farmecs due to its low nutrient content. However, the loss of this land from 

production means greater pressure on the remaining land to support the population. In addition, in a 

country with considerable hydropower potentiaf, there is a direct cost associated with reservoir 

sedimentation due to sediment production from these areas. It may be cost effective for proponents of 
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these capitai-intensive pmjects to include targeted off-site land rehabilitation in theu development 

proposais to inccease the lifetime of reservoirs. Measures taken to prevent additional degradation may 

also be cost effective on this basis. 

By design, a large proportion of these headwater soi1 losses is recaptured before leaving these 

basins. Although at larger basin scales (100 ba2), alluvial storage may be an important mechanism 

(especially for sands), it is the intentional and incidental cecapture and storage due to manipulation by 

the indigenous farmers that is important in the beadwater basins. The indigenou methods are both 

effective and vulnerable. On July 10, 1992, a flood resulting from rainfall widespread over a 5-lant 

study basin destcoyed every irrigation dam wilhin the meam. WorkÏng with the bers to develop 

techniques to improve their ability to cecapme previously-eroded soü is a useful area of applied 

reseatch. 

The high rates of sediment recapaire with scale determined in this study are consistent with 

other agricultwal basins around the world (Church et aZ. 1989) and help to put in perspective the 

measurements summarised earlier in Tables 5.1 and 5.2. Despite detailed research, it will remain a 

challenge to integrate findings like these into models of larger systems in Nepal especially those 

which cross physiographic regions due to the hetemgeneous nature of sediment production, storage, 

and transport. 

Rainfall and land-surface variabilities challenge the ability of conventional measurements to 

reach definitive conclusions. Rainfall c m  be highly "cellular" restricting the usefulness of individual 

tain gauges to providing brod regionai indications of monthly rainfall expectation. Preferred 

topogcaphic pathways and exhaustion and enhancement due to elevation are additional effects which 

limit the usefulness of a single gauge, even when it is within the basin of interest. Surface 

hydrological response varies seasonally due to vegerative cover and spatially due to management and 

topography over scales too small to be considerd by most development-relatai monitoring programs 

in these environments. 
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How best to respond to these monitoring limitations? Placing tigbt limits on research goals 

would help to restrict data requirements a d  limit expedations of the monitoring. Piiot-scale 

monitoring may help to expose site-specific variability important to the project under considmation. 

high degree of uncertainty should be anticipated. 

If soil and sediient dynamics are to be understood cost effectively, it is necessary to be 

creative in exploithg site-specific opportuaities for investigation. For instance, sediient texture and 

other sedient-quality parameters may be able to provide a quick assessrnent of the origin of 

suspeaded sediient. Repeat measucements should be taken to partition variance. Incorporating the 

recommendations from research into sediment budget techniques should also be a priority (e.g., 

Dunne 1984). Above dl, distinguishing between development to support the farmiag system and 

development to reduce downstream sedimentation should help to focus monitoring. If the inhecent 

variability in these headwater basins is ignored and W h g s  are inaccurate or inconclusive, 

development monies may be poorly or mistakenly applied. 

What can this study conclude about the health of this agriculniral system with respect to soil 

erosion? The indigenous management techniques are very capable at restricthg basin soil loss despite 

the low level of capital available and the physical difficulties that this environment imposes. The 

challenging physical envuonment and the duration of agriculture on these hillslopes imply that, 

historically, net soil losses may have b e n  equivalent to mil development. However, the system is 

vulnerable to rapid change because of the difficulties for indigenous management to adapt quickly 

enough to additional constraints. In particular, any economic changes which ceduce the viability of 

labour-intensive management could diminiih the ability of the system as a whole to maintain mil loss 

at the m e n t  relative levels. However, the high degree of ski11 and adaptability of the fatmers within 

this envitonment suggests that carefully designeci intewentions (see section 9.2.1) which target aspect 

of the agricultural system most in need of support while not undermining the present methods have a 

reasonable likelihood for success. 
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Tbere is an implication that Middle Moutain fafmers have mt been involved in an alleged 

spiral of cause and effect briigiag devastating floods to the Indo43angetic Plain. Pcesent mmgeIIMt 

is e-ve in limiting n a  basin sediment loss if only for the bers' own self interest. Basin export 

is mt extreme by worldwide standards (section 5.2.1) nor is it high within NqaI in cornparison to 

rata detetmined at stations on the major rivets (Galay 1997). 

If the documeoted decline in soi1 fertility (Schceier et al. 1994) continues, it may undermine 

the viability of the present system in containing soi1 lusses to th& m e n t  levels. As su&, changes in 

soi1 fectüity warrant further attention including nutrient budgets which parallel the sediient budgets 

presented in this study. To plan for effective intervention, a closer quantitative examination of 

indigewus methods is also justified. 

1s the farming system sustainable given observed current mil dynamics? Tbougb they rnay be 

sustainable today, it is unlikely that they can remain sustainable in the future under the increased 

iauduse intensification that may be necessary with projected population increases unless support is  

provided strategically h m  outside sources. As the vulnerability of the agricultural system increases, 

it will take increasingly longer for it to recover from damaging, infrequeat events. Meanwhile, it is 

just a matter of t h e  before a large pre-monsoon storm occurs which decimates boîh the hillslopes and 

the chanuels, Who wilL pay the price for a delayed recovery? 

9 3  Recommendations 

The above conclusions and discussion suggest the following recommendations: 

93.1 Forming system 

New approaches should be pursued which bring a vegetative cover to bue soi1 in the pre-mnsoon 

season (e.g., mulches, relay crops, drought-cesistant cover crops thcough intermpping, 

plastic film technology, or other physical barciers). Benefits from such changes will be felt 



primariiy on-site by the upland fatmer in tenns of higher pmductivity. 

New appmaches should be pursued ta decrease the etodibiiity of u p l d  cultivated soils. Oae 

possibiiity is to iocrease the organic matter content of the plough layer though this is also 

perhaps the most dficult given the severe constraints on organic matter inputs present in this 

agricuihrral system. 

Selective structural enhancements to the water-management system should be made to minimise 

failures during the rainy season aad to duce water Iosses during the dry season. 

Sevetelydegraded laad shouid be put back hto production, partiçularly gullied areas and areas witb 

poor surface cover: recommended appmaches include stabilising gullies and other bare 

surfaces through structural and v e g d v e  techniques; initiating and supporting community 

efforts to bring serioudy degraded lands back into production, paying particular attention to 

solutions which do not require inclefhite input from the outside (e.g., Upadyha 1994); and 

taking action to prevent moderatelydegraded land h m  becoming seriously degraded. Thougt 

these steps can also take pressure off the limiteci land base, theK most significant effect will 

be to reduce downstream sedimentation. 

It may be beneficial to maintain production on marginal lands with stony surface soils because the 

high infiltration rates promote reduced runoff. Yields will be low but they may be stable 

overall specidly in contrast with strategies which focus on developing high-yieid steeplands. 

The biggest hwdle in maintainhg production on stony fields will be in overcoming the 

moisture deficit during the growing season. 

The current indigenou management system practised in the Middle Mountains should be supponed 

by policies promoted by government and development organisations. 

Development strategies should be implemented to improve labour avaiiabiiity for the upland farmers 

to help improve îhe erosion-conml effectiveness of current iadigenous management 

techniques. 



93.2 Monitoring 

When pumbg rainEall monitoring for erosion studies in the M i e  Mountains, a mininium 

resolution of 0.25 mm and a sampling intervd not exceeding 2 min should be used. A storm 

definition based on a two-hour period-witfuwit-min respects inherent chacadetistics of tainfall 

in the Middle Mountains. 

A stagestratifiai rating cuve can be used fbr small basins (1 km?; in lacger basic& (above 5 km"), 

further supplementary data are aeeded to address the complexity of interacting processes. 

Particle-size measufements of suspendeâ seùiirit and otheo s e d i t  properties cm provide usehl 

ches with respect to dominant sediment supplies; mineralogy holds great potential in 

landscapes with such diverse soils and emsional processes. Treating sediment as a single, bu11 

quantity severely limiîs insights gained into the system under study and drastically restricts îh 

ability to have confidence in predictive relations. 

Study design should include both a nested and a non-nested set of basins and sub-basins to provide 

maximum information. Nested basins assist in examinhg tbe role of controls whiie non-nestec 

basins cm remove confounding associated with scale and steepness. 

Deterministic behaviour within the erosion and sediment-transport system should be identifid and 

exploited to decrease monitoring requirements. 

Measurements should be d e d  out in al1 seasons, particularly when exarnining dynamics ovec 

srnall spatial scales (within 1 km?. 

Before ô e g i i g  any monitoring program, a cacefd examination of research goals is needed and 

two questions should be asked: 

Can temporal and spatial variabilities be diguised at the intensity of the planned 

monitoring? 

Could these scale effects be important to the goals of the research? 

If the aaswer to both of these questions is yes, greater monitoring resolution is needed or the 



research goals should be modified to accommodate a smaller study area. 

933 Further R4sePrrh 

This study has identifid several areas in need of further research for studies of erosion and 

sediment budgets in the Middle Mountains: 

Sediment Sources 

Map al1 sediment sources within cbannels and on land sutfaces. 

Measure rates of surEace msion from degraded grassland, W b ,  and forest land. 

Improve the quantitative derstanding of rates of surface erosion from buri by examining soi1 

propecties - e.g., soii infiltcabiiity, degraded/cumulic profile description, and the relative 

importance of aggregate stability. 

Sediment Storage 

Cacry out water and sediment mass balances of the irrigation system. Determine the eficiency of 

the diversion dams. 

Improve the measurements of deposition in bori and &et mals. Carry out detailed mapping of bol 

ditches. 

Modelling 

Investigate the usefulness of a "floating" rating curve especially for subseasonai peciods during 

which the sediment regime substantially departs h m  the seasonal average - for instance, 

during May in the earIy part of the pre-monsoon season. A floating rating curve catchas 

down graduaily within a season (perhaps daily) rather than discontinuously at seasonat limits. 

Znàigenous Management 

Carry out m e r  investigation to document and caiibrate indigenous methods influentid to the 

sediment regime. 



Scale 

Resolve the sa le  between the plot (0.01 ha) and the sub-basin ha). Measure total =eut mff 

and soil loss h m  O. 1-ha bari plots using sampling installations wirbin naîurai draws. 

Plan ahead to deal with measurement limitations. If interested in sand export h m  these basins, 

impletueat a reliable sampling strategy. Consider mitrient calcuiations wbich cequice oaly claj 

and silt field. 

NMiems 

Develop nutrient budgets withii headwater basins. Identify areas of vdnerabiiity in total nutrient 

loss. 

9.4 Postscript 

A common western view of these steepland m e r s  sees them as an enemy of the land, 

practising agriculîure where they should not. This study suggests a different view, one îhat sees the 

farmers managhg in a way that is well tuned and adapted to their environment, and open to 

improvements which creasively build upon their existing knowledge rather than cast it aside. 

This reseacch also suggests that there temains a usefiû place for Science in intemational 

development in Nepal. Many scientific questions need to be addressed to improve the effectiveness of 

developrnent activities. This perspective is somewbat contrary to the ide. of trans-science as put forth 

by Thompson and Wuburion (1985). If appropriate and carefiilly-constructed questions are asked, 

results h m  scientific investigations can be useful. While such tïndiigs may bear d'uectiy on an 

evaluation of the Theory of Himalayan Environmental Degradation, more importantiy the irnproved 

understanding can make development more able to enhance the lives of upland -ers. 



Appendices 

Appendix Al Photographs of the Study Area 

Figure Al .  1 Terraced agriculture in the study ara: (a) rainfed (bai) and (b) irrigated ( k t ) .  



Figure A1.2 Reach of the h w e r  Andheri River during mid-monsoon at (a) highflow and (b) lov 
flow. 



Appendix A2 Descriptive Rainfall Stptistics of Study Area 

Table A2.1 Average monthly, maximum rnontbiy, minimum monthly, aiad maximum 2Mour 
rainfail (mm) at Baluwa, 900 m (1992-1994, avetages based on 1993-1994). 

- - 

Period Average Maximum Miiiium Maximum 
Montbiy Monthly Monthiy 24-hour 

January 29.1 41.2 17.0 20.7 

March 24.0 40.2 7.8 22.2 
April 45.1 80.9 9.2 19.5 
May 80.5 83.3 76.0 39.5 
June 234.3 3 14.0 1S.6 84.1 

July 226.2 480.0 203.7 75.2 

November 6.2 12.3 0.0 12.3 



Table A2.2 Average moathly, maximum monthly, minimum monthiy, and maximum 24-hour 
rainfall (mm) at Kathmandu Airport, 1336 m (1W-1986). 

Table A2.3 Average monthiy, maximum monthly, minimum monthly, and maximum 24hour 
rainfall (mm) at Bela, 121 1 m (1-1994). 

Mod Average hiT ' Minimum Maximum 
Monthly Mmthly MonMy 24-Hour 

Febwry 25.7 53.7 13.0 18.7 

Mnrch 32.7 66.5 0.0 28.8 

April 47.3 88.6 16.6 26.9 

May 155.9 208.2 99.1 56.5 
Juae 190.6 250.3 140.3 56.5 

Juiy 352.7 400.8 279.4 115.6 

August 308.9 384.0 217.6 101.4 
September 181.8 230.0 126.0 75.0 

Ckbber 19.2 44.3 0.0 21.4 
November 6.6 19.9 0.0 19.9 
Decwnber 5.6 17.2 0.0 11.8 

Yeu 1352.9 1617.2 1179.0 115.6 



Table A2.4 Average moatbly, maximum montbly, minimum monthiy, and maximum 24-hou 
rainfall (mm) at Dhulikhe1, 1500 m (19904994). 

Period Average Maximum Minimum Maximum 

Year 1689.0 1974.7 1297.0 92.7 

Table A2.5 Average monthly, maximum montMy, minimum monthly, and maximum 24-hour 
r H 1  at Pmchlrhal, 865 m (1978-1994, averages based on 1978-1985 and 1988- 
1994). 

April 46.0 123.5 2.7 90.0 

May 103.1 176.0 33.0 121.0 

July 300.4 428.0 192.4 116.0 

Augwt 292.0 390.0 201.0 99.0 
Seprember 190.8 373.0 87.2 75.1 



A3. Location and Performance Information of Rain Gauges 

Table A3.1 Rain-gauge surnmary irhnnation inciudiig gauge number, elevation, and location. 

Gauge Elevation (m) Location 

1 865 Baluwa @y tipping bucket, Gauge 80) 

Luitelgaun (lower) 
Luitelgaun (upper) 
Dhaireni Danda 
Sitraulagaun 
Ojheîar 
Station 2 
Erosion Plot 213 @y tipping bucket, Gauge 
w 
Chiurebot 
Aitabari Bari 
Dahaldanda 
Thapagairi 
Saigadekoîhumka 
Dandaghar 
Dandapari 
Lalgi ri 
Bela (by HMG standard, Gauge 92) 
Thumica 

Chhw 
Dandagaun 
Dandagaun (lower) 
Erosion Plot 1 (by tipping bucke-t, Gauge 
83) 
Baiuwa sdlool 

Sauracbaurdanda 



Table A3.1 (contimied). 

- 

Gauge Elevaîion Location - 

(ml 
3himsenthan (by tipping bucket, Gauge 82) 
Simle 

Aap@ 
Bhimsenthan (lower) 

m o g =  (upper) 
Thulogaun (low 
Tmghare 
Biiamtar 
Rarsche 
Gothgaun 
Erosion Plot 4 (by tipping bucket, Gauge 81 and 
by HMG standard, Gauge 97) 
Erosion Plot 5 
Sarkithok 
Dandathok 
Thuligaun 
Palanchok Bhagawatisthan 
Jogi Thok 
Khoria (upper) 
Pandali 
PaIanchok Bhagawatisthan (lower) 
below Khoria 
Saline 
Thulipipal 
Tamaghat 
Station 1 
Sri Ram Pati 
MRM Nursezy 
Khukurii Rumto (station 10) 



Table A3.1 (continueci). 

Gauge Elevation (m) Location 
66 940 Above station 2 

San Danda (near Gauge 17) 
Dhdikhel @y HMG soiadatd, Gauge 93) 
Reia Pakha (between stations 11 & 12) 
Dhaireni Bagmahal 
Baluwa (tipping bucket at Gauge 1) 
Bhetwalthok (tipping bucket at Gauge 41) 
Bhiienthan (tipping bucket at Gauge 3 1) 
Kamidanda (tipping bucket at Gauge 25) 
Bela (tipping bucket at Gauge 11) 
Bela - HMG standard (at Gauge 20) 
W i d  - HMG standard (at Gauge 68) 
Panchkhal - HMG station (no replicate; 
goverment maintained) 
Bhetwalthok - HMG standard (at Gauges 41 
& 81) 

A33 Perlamance charaderistics 

Three different types of min gauges are compared here: 

1) recording rain gauge ("tipping bucket") 

2) standard gauge of Nepal government ("HMG") 

3) gauge custom made for this study ("Custom") 

There are eight cornpariSom. In five instances, the tipping bucket is comparai to the custom gauge; ii 

three instances, the government standard (HMG) is wmpared to the custom gauge. 



Figure A3.1 Catch ratios (Custom/Tipping-bucket) at Sites 1,2, 3, and 4. 
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Figure A3.2 Catch ratios (CustomlTipping-bucket & CustomIHMG) at Sites S,6, and 7. 
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Appendix A4 Questionnaires 

A4.1 Perceptions, attitudes, and appromches (1991) 

Soi1 erosion 

Is soi1 erosion good or bad for your land? Does the soii need protecting? 

What lrinds of soi1 erosion occur? 

How much time each year do you spend maintainhg the bari terraces and risers? The khet terraces 

and risers? 

Water manogentent 

Does watw need management? 

When it rains, where does the bari soii go? 

What functions do caods serve in the farming system besides irrigation? 

What month is the worst t h e  for a heavy tain in the ban? in the Met? 

Awareness 

Why is there f ld ing  in Mia? Do you think your farming practices affect flooding in India? 

Do you think farmers here are dohg enough to protect the soii? 

If there are ways to protect the soii that you don't kuow about, would you be interested in learning 

about them? 

A43 Sdl classification (1992) 

Farmers are presented 16 soils on white paper and asked the following questions: 

a) What is the name of each mil? 

b) Which of these soiis is the best and worst with respect to erosion? 

c) Which of these mils is the best and worst with respect to production? 

d) Which of these soils is the best overall? 

e) Do saiis change over tirne? If so, how? 



A43 lflhet-accutnuiation management (19i2/3) 

Soil-accumulation pins were Wied in 199213 in khet dong the Andheri River. The 

individuais who îàrm the fields where these pins were installeci were asked the folIowing questions: 

Generul injbnnannnanon abouî Wiet management 

What is the name of your Wief? Who is the khet owner a d  what is his place of tesidence? 

Wh& is the name of the irrigating caoai? 

What is the khet type? Wbat is the soii type? 

DeSCfjbe the productivity of this khet (hlmn). 

How many crop rotations do y w  bave in one year in this Irhet? 

What are the dry season crops? 

How is water availabiiity in this ichet? 

What is the annud maintenance rquirements in this khet? Type of repairs? Number of days 

required pet year? 

1s soil emsion a concern in this met? 1s soil accumulation a concern in this khet? 

InjiilMMion about the khet specifically in 1992 

On what date was the rice planted? 

When was the rice harvested? 

What type of rice was planted? 

Describe this yeac's rice harvest. 

Describe the fertilizer regime (type and amount, per ropani). 

Describe the water availability. 

Describe the required maintenance this year. 

Type of repairs. 

Number of days required. 

Did anyîhiag irregular or ouistanding occur to/i this khet this year? 



A4.4 Sdl classification (lm) 
Fannec is asked to select a soil on the land that hdshe fanns and that helshe kmws well. 

1. Desctibe the following Chpracteristics: 

a) wlour (specify the colour or range of colours found) 

b) stickiuess (L/M/H) 

c) texture (fine, medium, coarse) 

d) stoniness (amount: L M M  anci specify type(s)) 

e) where is this soil typically found? (bari, khet, steep slopes, valley bottom,. . .) 

f) how deep is thii soil, typically? 

g) desmi the soil's capacity to hold water (L/M/H) 

h) wmpared to other mils, does rainfall runoff or go into this soii? 

i) when dry, how workable is this soil? (Easy, Medium, Difficult) 

j) when wet, how workable is this soil? @/MD) 

k) is this well-suited or poorly-suited for steeply-sloping terraces? 

1) is îhis well-suited or poorly-suited for flat tertaces (on steep land)? 

m) how bug can terraces be with this soil (shortlmediumiiong)? 

n) any special considerations about the bhad sizelslope ? 

O) for a dry year, describe the yield from this soi1 (L/M/H) 

p) in a wet year, describe the yield from this soii &/Mm) 

q) compared to other mils, describe the average yield from this soil (L/M/R) 

r) describe this soil's requirements for synthetic fertilizer (amount: LIMM and specify type) 

s) describe this soil's requirements for compost fertilizer (amount: L/M/H) 

t) list which crops are ba t  suited for this soil (maize, rice, peanuts, tomato, oilseed, gadic, potato, 

etc) 

u) how many times do you plough this soil for one crop? 



A4.5 M e ~ ~ s i o n  management (1993) 

In 1992, bari fields were seleded for detailed wii analyses (infiltration measurements, soi1 

classification interviews, etc). The owners of îhese fields were asked to auswer the fiillowiag 

questions: 

Are you the oumet? If not, what is the owner's name anci village? If yes, do you farm the land? 

Generai characteristics 

What is the age of this bari? 

What type of bari is it? 

What is the soii type? 

1s this bari stoney? 1s bis good or bad? 

How workable is this soii when dry? When wet? 

Ctopping 

How -y crops do you grow here per year? Wbat types? 

Wbat fertilizers do you use? How much and when are they applied? 

What is this bari's productivity in a very dry year? In a very wet year? 

Soi1 erosion management 

In general, is soil erosion a concern on this bari? If so, when? What type of erosion? 

Did this bari experience any soil loss this year? Last year? What were the dates and describe the 

type of erosion. 

Do you use runoff ditches in this bari? If yes, explain how you desipkhaose the number, depth, 

width, and length. 

Do you cut back the terrace risers? If so, why? How many times per year? When? Where do you 

put the mil? 



A4.6 Irrigationdam management (î993) 

Dam 

Who look after this dam ? 

How long has there been a dam in that location? 

Describe what happened to the dam in 1992. On what date was it rebuilt? 

How many persondays were required to rebuild it? 

Before 1992, can you remember when the dam was previously destroyedidamaged? 

How long does it take for soii to accumulate fully, upstream of the dam? 

Do you ever put mil behind the dam from youc fields? If so, where does îhii soi1 corne hm? Hov 

often do you do this? How much do you put there? 

Do you ever remove soi1 from behind the dam? If so, why? How often? How much? 

Canal 

6 1s it functioaal now? If not, why? When will it be fixed? 

Does soii accumulate in the canal? If so, where? (be specific) How much? Where do you put this 

mil? 

When do you clean the canal? 

How long do you spend on this cleaning each yeac? (person days) 

Khet 

How many ropani of khet does this canal irrigate? 

Do you eut back the tenace risers in the khet? 

Each year, when do you cut them back (be specific)? 

How much do you cut back? 

Why do you cut them back? (give multiple reasons if so) 

6 Where do you put the mil? 



A4.7 Site desaipïioo8 d soils desaSbed by farmers (1992 & 1993 interviews) 

Table A4.1 Summary of site data k r  11 mils selected and de-scriied by farmers in 1993. 

Soii Number Slorie Aspect Elevrtion 

15 ENE 
13 NNE 

3 Flat 
O SW/FLAT 

7.5 S 

O wsw 

Note: d soils tPiren h m  bmi except #11 (Wid). 

Table A4.2 Summary of site data for 16 soils selected and described by famers in 1992. 

Soil LPitduse SI- Aspect Elevation Horizon 
No. 

SSW 

WSW 
WNW 

NNE 
N N W  

NNE 
S 

WNW 

S 

wsw 
NNE 
NNE 
wsw 
NNW 
WSW 

WSW 



Appenaix A5 Stage-Discharge Relations 

Figure A5.1 Stagedischarge relationship at station 1, Jhikhu River at Bheadabaribesi. 
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Figure A5.2 Stage-discharge rehtionship at station 2, Lower Andheri River. 
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Figure A5.3 Stagedischarge relatioasbip at station 3, Dhap River at Shree Rampati. 
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Figure M . 4  Stagedischarge relationsbip at station 9, Upper Andheri River. 
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Figure A5.5 Stagediicharge relationship at station 10, Kulrhuri River at Andheri River. 
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Appendix A6 199f Smey of Mass Wasting 

In 1992, ground surveys of episodic Surface erosion and m a s  wasting were carried out 

following the large event of July 10, 1992 (estimated to be the ten-year flood event). These detailed 

measurements of erosion within the Kukhuri basin are presented in Tables A6.1 and A 6 2  for those 

items respectively caused by hadequate water management and streambank erosion from high-flow. 

The source of the sediment accordhg to landuse is indicated by: 

Bon' 

Siream Bed 

Stream BanK 

Canal 

Grassland 

Khet 

Road 

Trail 

The quantity and character of sediment produced and its delivery percentage to the fluvial system are 

identifiai. These tables reveal that sediment delivery within the Kukhuri basin resulting from the 

event of Juiy 10 was dominated (68%) by erosion due to channelised mfF flowing 

unmamged downslope. The remainder was related to erosion of Stream banks due to the rapid runoff 

in the swollen charme1. 



Table A6.1 Summary of sediment produaion and delivery of episodic erosion amibute. to 
inadequate mff management from the eveat of July 10, 1992. 

Item Source Elevation Total Percent Delivery Fine-Sediment 
No. Type cm) Ptoduction Fies Rate Delivery 

(m'l (W (46) (m" 

1375 

1390 

1321 

1318 

1345 

13 10 

1345 

1185 

1155 

da 

da 

t 180 

many 

nia 

1140 

nia 

nia 

Note: Numerous small terrace slumps (< 1 m3 aiso noted, most with limited delivery to the 
channel. 



Table A6.2 Summary of sediment production and delivery of qisodic erosion attributai to 
streambank enision due to high-tïow conditions from the event of July 10, 1992. 

Item Source Elevation Total Percent Delivery Fie-Sediment 
No. Type (m) Production Fies Rate Delivery 

(mJ) (5)  (5 )  (m3 
19 BD 1370 100 I O  100 10 
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