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Preface

Lakes and coastal environment play a vital role in the global ecosystems.
Their importance has been recognized in the maintenance of biodiversity,
ecology, hydrology and recreation. They provide habitat for wide variety of
flora and fauna and help maintain the life cycle of many species. Lakes and
coastal environment all over the world are ideal places for human habitation,
fisheries, industries, shipping and recreation. Habitat environment of lakes
and coastal environment are deteriorating due to their exploitative use and
improper management. As rapid development and population growth continue
in coastal areas, environmental degradation and over-exploitation will further
erode the biodiversity and undermine the productivity of these unique
ecosystems.

Lakes and coastal environments are transitional areas between dry terrestrial
and permanent aquatic ecosystems and are recognised as highly productive.
Their importance in socio-economic frontiers has been increasingly felt.
These have been used as main source of water supply, food, fodder, fuel,
fishery, aquaculture, timber production, transport, ecotourism, culture and
heritage, research and educational values. The patterns of human occupancy
and activity in the relatively narrow coastal strip have significantly affected
the coastal environment.

Due to increased use of lakes and coastal environment and exploitation
of their resources for various economic growths, these ecosystems are under
severe stress. The stress may further increase in coming years because of
urbanization, industrial growth, transportation, agriculture, housing etc. Unless
timely corrective measures are taken, over-exploitation and environmental
degradation will erode these ecosystems, which in turn will affect their
productivity.

Various efforts are currently underway to develop technologies and systems
for successful management of lakes and coastal environments—both at
national and international levels. However, conflicting interests in the use of
their resources have led to further worsening of the problems facing lakes
and coastal environments. The important issues from a coastal environment
perspective are livestock raising and agriculture in the coastal zone; the
planning, control, and servicing of urban development in this area; the planning
and assessment of major coastal facilities such as industrial projects, tourist
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facilities, and ports; the development of fisheries in the coastal zone; and the
conservation of coastal and near-shore natural resources. Therefore, it is
very important to involve all of those concerned in the process of restoration,
conservation and management of lakes and coastal environments. Thus, there
is an imminent need to promote regional linkages, develop strategic
partnership and follow good practices in the conservation and managements
of lakes and coastal environments. It is also essential to establish new, and
strengthen ongoing regional and international co-operation, linkages and
strategic partnership between governments, international agencies, universities,
research institutions, non-governmental organizations, private sectors, local
communities, and individuals.

In view of the interdisciplinary approaches in the study of lakes and
coastal environment and the rapid progress taking place in the concerned
branches of science and engineering, it is hard for researchers to keep abreast
with all the developments without periodic interactions and discussion. With
the view to promote such an interaction, the Lake series conference, a biennial
event, was started by the Karnataka Environment Research Foundation and
the Centre for Ecological Sciences, Indian Institute of Science, Bangalore in
the year 2000. The main objective was to provide a forum to present and
share scientific knowledge in aquatic ecosystem conservation, restoration
and management. Lake 2002, the second conference was organized by the
Centre for Ecological Sciences, Indian Institute of Science, Bangalore. Lake
2004 is the third in the series. LAKE-2004, an international conference on
“Conservation, Restoration and Management of Lakes and Coastal Wetlands”,
was organised in Bhubaneswar, Orissa during the period 9-13 December,
2004. Distinguished scientists, managers, social workers and administrators
from across the world participated in the deliberations and discussions on
different scientific and socio-economic aspects of lakes and coastal wetlands.
Eminent scientists who have made significant contributions in their respective
fields presented ten keynote lectures. A special session on Chilika Lake was
arranged with two invited lectures. Besides, there were 65 oral presentations
and 28 poster presentations on a wide range of topics such as biodiversity,
coastal engineering, limnology, monitoring and modelling, remote sensing
and geographical information system, water quality, watershed hydrology
and hydrogeology, environmental protection laws and policy options, socio-
economic considerations, people’s participation and awareness, recreation
and ecotourism and management aspects. This book is mainly an outcome
of the conference LAKE-2004. The papers presented in the conference were
peer reviewed by the editorial board and 18 papers mostly on monitoring
and modelling aspects of lakes and coastal environment were included for
publication in a book form.

I hope the book fulfils a gap in our current understanding and knowledge
on monitoring and modelling lakes and coastal environments for their
conservation, restoration and management. The book is intended as an appeal
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to all scientists, managers and social workers to entertain a more global and
holistic perspective and to adopt a macroscopic outlook on their approach to
conservation, restoration and management of lakes and coastal environment.

I wish to record my sincere thanks to the organisers, co-organisers, sponsors
and the scientific community for their active participation in the deliberation
and discussion and for contributing papers to LAKE-2004 and to this book.
The conference was organised by the Institute of Mathematics and
Applications, Bhubaneswar. It was organised in co-operation with the
Berhampur University, Berhampur; Chilika Development Authority,
Bhubaneswar; Orissa Remote Sensing Application Centre, Bhubaneswar;
Karnataka Environment Research Foundation, Bangalore; Centre for
Ecological Sciences, Indian Institute of Science, Bangalore; and Centre for
Atmospheric Sciences, IIT, Delhi. The organizing committee express their
appreciation for the support afforded by the sponsors, the Commonwealth of
Learning, Canada; Ministry of Environment and Forest, Government of India;
Department of Science and Technology, Government of India; Department
of Biotechnology, Government of India; Indian Space Research Organisation;
Council of Scientific and Industrial Research, Government of India;
Department of Ocean Development, Government of India; and the Indian
Institute of Technology, Kharagpur. I am indebted to the members of the
editorial board for their conscientious effort in reviewing the manuscripts,
valuable suggestions and overall guidance in editing the book without which
the publication would not have been possible.

Pratap K. Mohanty
Department of Marine Sciences

Berhampur University, Berhampur-760007
Orissa, India
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1. INTRODUCTION

The formation and break-up or erosion of stratification is a major process in
all natural and man-made lakes, which controls to a large extent the
functioning of their ecosystems. The key challenge here is the specific role
of shear generated and convective turbulence in the formation/destruction of
stratification and their interactions with internal waves. Three aspects of
hydrodynamics, i.e. the dynamical state, the physical mechanism and the
energy level are very important elements in understanding problems of
turbulent mixing and the formation of vertical thermal stratification. The
result of the stratification is the formation of the seasonal thermocline.

Mixing dynamics is of great importance for the management of water
quality because it allows for water pollution prediction in relation to thermal
stratification. In particular vertical mixing is an important aspect with respect
to the exchange processes of heat and dissolved substances between the
different vertical layers of the lake. It is controlled by atmospheric forcing
at the water surface and the resultant advective and oscillatory motions in
the water column. Generally speaking, the intensity of vertical mixing
decreases with depth. Traditionally, mixing is expressed in terms of a turbulent
mixing coefficient in analogy to the molecular diffusion coefficient. The
turbulent coefficients are a measure of the intensity of the process and may
subsequently be used in calculations related to water quality and heat transport.
Mixing can be assessed either directly from microstructure measurements of
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the turbulence levels or indirectly by measuring temporal changes of the
spatial gradients of some particular properties such as temperature.

In the present investigation, the seasonal cycle of thermal stratification
has been simulated for a period of more than five years based on hourly
meteorological input with a one-dimensional (vertical) turbulence model
(LAKEoneD). Using these temperature-depth (TD) profiles, the annual cycle
of phase velocities of long internal waves is calculated depending on the
density difference in the stratified lake. Based on the knowledge of the
actual value of the phase velocity the spectra of free internal oscillation can
be calculated. That is done for the periods of significant stratification (April
to November) by using a horizontally two-dimensional eigen-frequency model.
From the calculations it becomes clear that the first order baroclinic free
oscillations have periods significantly smaller than diurnal or semi-diurnal
values. Thus, resonance with meteorological forcing on that time scale can
be ruled out. Changing spatial patterns of observed temperature distributions
indicate that the small shallow lake in the tropics exhibits differential mixing
which may cause horizontal exchange flows between different stations.

2. LAKE CHARACTERISTICS AND DATA

Study site: Subhas Sarobar (Latitude 22° 34¢-22° 34¢ 30≤ N and Longitude
88° 24¢-88° 24¢ 30≤ E), under the administrative control of Kolkata
Improvement Trust (KIT), represents the lung of East Kolkata with massive
environmental fillip. The lake ecosystem is playing a key role in maintaining
the oxygen balance and is also being used for sports, recreational and cultural
activities. The vast water body and its two islands, one small and the other
big, constitute an excellent habitat for diverse species of life and also have
got potential for attracting the tourists. The water area of Subhas Sarobar
(Fig. 1) is about 16.0 ha. The maximum length and width of the lake are

Figure 1: Three-dimensional view of the topography of lake,
Subhas Sarobar, Kolkata, India.



Mixing and Internal Waves in a Small Stratified Indian Lake: Subhas Sarobar 93

617 m and 352 m respectively while the maximum depth and the mean
depth of the lake are 10 m and 4.8 m, respectively. The waterbody is given
on rent to the Department of Fisheries of Government of West Bengal state.
The open space in the lake is an oasis in the space-limited city. Recently, the
pressure of human activities on the Subhas Sarobar has increased manifolds.
Over three thousand of people per day are using it for washing of clothes
and utensils and for bathing.

Lake temperature data: The observation sites are selected considering the
maximum water depth along the mid-reach (Station I, II and III) which are
also least influenced by human intervention, to study the thermal stratification.
The measurement of temperature profiles in this lake have been started
during the month of May, 2003 using a WTW temperature/oxygen meter
(Germany) along the depth at an interval of 0.5 m below the water surface,
thus providing detailed information on the temperatures prevailing in all
depth regions of the lake. All temperatures are considered to be accurate to
within ± 0.1°C. Also some temperature profiles during the year 1999 are
recorded by the Institute of Wetland Management and Ecological Design,
Kolkata (Saha, 2000).

Meteorological data: The daily meteorological data, i.e. maximum and
minimum air temperature, maximum and minimum relative humidity, mean
wind speed and mean cloud cover were supplied by the Dumdum
meteorological station (Kolkata), located within 9 km of the northern lake
shore and also from the internet site Weather Underground (Pawson, 2004).
In order to take adequate account of the diurnal cycle in meteorological
forcing, which may be important for the long-term development of the thermal
structure of the lake, the meteorological data are interpolated at hourly
intervals. It is demonstrated that the numerical lake model is able to simulate
the main features of the thermal structure of a lake without the luxury of
accurate, high-resolution input data. The empirical equations for the
interpolation of the meteorological data into hourly values are described
somewhere else (Samal, 2004). The hourly values of the global irradiance
are calculated depending on the course of the sun from the geographical
position, cloud cover, C, and wind speed, U.

Light extinction coefficient: As the solar radiation is absorbed within the
water column rather than at the air-water interface, the vertical distribution
of heat depends not only on vertical mixing processes, but also on light
extinction coefficient. The extinction coefficient for clear water is determined
by the empirical formula given in Joehnk and Umlauf (2001)

Kcw = 1.7/Zsecchi

From the maximum measured Secchi-depth of Zsecchi = 1.7 m during our
observation period, we infer a clearwater extinction of Kcw = 1.00 m-1.



94 N.R. Samal et al.

3. SIMULATION MODELS

3.1 Description of the Turbulence Model

The two-layer model: Turbulent kinetic energy in a lake is generated by the
wind shear stress that acts at the lake surface due to meteorological activity
above the lake. This causes a vertical mixing within the water column and
therefore influences not only the temperature distribution but also the average
residence time of the planktonic organisms in the euphotic zone and thus
determines their survival conditions. As compared to the vertical variation of
the dominant processes the horizontal water motion can be ignored if long-
term processes and global dynamics are examined. In this case it suffices to
establish a model for an arbitary offshore water column of specified depth,
valid for an arbitrary lake.

Every temperature and density profile corresponds to a particular value of
potential energy of the water column, which follows from the centre of
gravity of this water column. The considered physical processes in a lake
essentially amount to a mutual exchange between this potential energy and
the turbulent kinetic energy (TKE) caused by wind shear stress and surface
cooling. The centre of gravity of a stable density profile always lies below
the centre of gravity of a homogeneous profile. Thus, kinetic energy must be
expended to homogenize the stratified column or part of it, and conversely,
an unstable water column neutralises itself automatically by transforming
potential energy into turbulent kinetic energy (which in turn may homogenize
a sublaying stable profile so as to re-transform itself via convection again
into potential energy).

Heat flow over the surface of the domain and volume of production of
heat by solar irradiance change, in general, both the location of the centre
of gravity of a water column as well as its heat content. The mechanical
wind energy induced into the lake by turbulence activity and the mixing of
the water by convection, however, only change the potential energy,
maintaining the heat content of the water column.

The vertical transport of the TKE that is generated by the surface wind
shear or the cooling of surface water is substantially simplified by the two-
layer assumption: according to this simplification the entire TKE is at all
times uniformly distributed in the mixed layer, whilst the underlying water
remains at rest. By this drastic assumption the TKE profile, that decreases
rather exponentially, is averaged in the upper and neglected in the lower
layer, so that the model becomes ‘zero-dimensional’ in respect to the TKE
distribution. This two layered model was theoretically proposed and
experimentally verified by Kraus and Turner (1967) and was further
developed, e.g., by Niiler (1977) to simulate the thermal stratification in the
ocean. The actual interface between the two layers, the diurnal turbocline,
may be identified with the largest vertical gradient of the TKE in real lakes.
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Its location does not, in general, agree with the location of the thermocline.
However, the seasonal turbocline that corresponds to the daily maxima of
the diurnal turbocline can be identified with the depth of the epilimnion and
thus with the seasonal thermocline.

The external driving processes influence the content of the TKE in the
mixed layer as follows:

(i) The wind input generates TKE by establishing a vertical shear and
producing breaking surface waves.

(ii) Heat flow over the free surface into the atmosphere increases the
density and thus lowers the buoyancy of the uppermost layers (as
long as the temperature stays above the density maximum). The heavy
water sinks and mixes itself turbulently with the underlying layers
until homogenized conditions are re-established. The TKE of the mixed
layers rises.

(iii) Conversely, heat flow from the atmosphere into the lake raises the
buoyancy of the uppermost layers. TKE produced by the wind shear
must be expended to homogenize the mixed layer by mixing the
stable upper layer against gravity into the lower and colder layers.

(iv) The non-uniform heating of the mixed layer by solar radiation stabilizes
the water column in a similar way as a heat flow across the free
surface, since the absorbed radiative heat is exponentially attenuated
with depth. This process also absorbs TKE.

(v) When the mixed layer is deepened, the cold water from below the
turbocline must be mixed with the water above, a process that also
consume TKE.

On the basis of the two-layer assumption, a positive TKE balance of the
processes (i) – (iv) is instantly and completely compensated by lowering the
turbocline into deeper layers (entrainment) and thus consuming the abundant
TKE via processes (v). In the case of a negative balance, the turbocline is
elevated (detrainment) to reduce the depth to which warm surface water has
to be mixed down.

In the one-dimensional turbulence model used here, the restriction to such
a simplified two-layer system is lifted. Driven by hourly meteorological
fields it calculates temperature, turbulent kinetic energy and turbulent
dissipation rates on a depth grid with dz = 0.25 m and on time steps of four
minutes.

3.2 MODEL EQUATIONS

The evolution of all variables is determined by the one-dimensional vertical
diffusion equation with time and space dependent vertical diffusion coefficients
which are discussed in great detail in Jöhnk and Umlauf (2001) and Hutter
and Jöhnk (2004). The equations for temperature, turbulent kinetic energy
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and its dissipation together with the balance equations for momentum in
horizontal direction are solved numerically using a implicit time integration
method.

3.2.1 Internal Oscillations

During the periods of stratification, the isotherms nearly never stay at
horizontal levels (as in the case of the undisturbed equilibrium) but exhibit
periodic fluctuations both in time and space (internal waves and internal
oscillations). In a small lake the internal waves are reflected multifold by the
nearly omnipresent lateral boundaries, resulting in the quasi-standing patterns
of internal oscillations. Although in tropical lakes the temperature differences
between epilimnion and hypolimnion are only a few degrees, due to the high
absolute values the vertical density gradients are rather large and the stability
of the water column is relatively strong. Consequently, the phase velocities
of long internal waves are comparable with the values, which are known
from the deep lakes of the temperate zones.

Due to the short cross-lake distances it is clear that the periods of free
internal oscillations in a small lake should not be larger than a few hours.

We make profit of the fact that under the assumption of flat bottom the
spatial dependency of the variables can be separated into a purely vertical
and a purely horizontal dependency, respectively (Charney, 1955). The
differential equation for the vertical dependency is given by

2 2

2
n

ˆ ( ) ˆd Z N z Z
ghdz

+  = 0,

which together with the boundary conditions at the surface (rigid lid
assumption)

Ẑ = 0  at  z = 0
and at the bottom

Ẑ = 0  at  z = H
form a classical Sturm-Liouville problem for the eigenvalue ghn, which in
the present case is the square of the phase velocity of long internal waves.
N(z) is the Brunt-Väisälä frequency defined by

2 ( )N z  = g d
dz
r

r
,

where r(z) is the vertical density distribution, which in fresh water lakes is
mainly determined by the temperature.

Once cn is calculated, the system of differential equations governing the
horizontal dependency is given by

n
Zi U fV gh
x

∂w + +
∂

 = 0,
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n
Zi V fU gh
y

∂w - +
∂

 = 0,

U Vi Z
x y

∂ ∂w + +
∂ ∂

 = 0.

Here, f is the Coriolis parameter ( f = 0.56 × 10–4 s–1 for Subhas Sarobar),
U, V, Z are the (complex) amplitudes of the components of the horizontal
velocity and the vertical displacement of the isothermes, respectively. By
solving the systems of equations numerically for the eigenvalues (w), we get
a set of eigenfrequencies, which may be ordered in a chronological way
(w1 < w2 < w3 < ......). w1 is the eigen frequency of the so-called fundamental
horizontal mode of oscillation.

The eigen frequencies of the free internal oscillations in the stratified
lake are calculated with a proved numerical finite difference model
(Bäuerle, 1985).

4. RESULTS AND DISCUSSION

4.1 Simulation of Temperature Stratification

The temperature stratification of the lake, Subhas Sarobar has been simulated
for the years 1999 to May, 2004. The model is calibrated by comparing the
results of simulations with measurements. The model run is initialised by
applying the prescribed atmospheric forcing to a water body at uniform
temperature, close to the average air temperature. The total short wave
irradiance is derived semi-empirically as described somewhere else (Samal,
2004), all other meteorological parameters are taken from the measured
values of a nearby weather station. The results for the year of comparison
of simulation with measured data are displayed in the panels of Fig. 2.

The figures show an appreciable good agreement to the measured data. A
simple quantification of the goodness of simulation results for individual
profiles at different stations within the lake—although the simulation is run
only with respect to the deepest point—is made by calculating the mean
squared error. The low temperature as observed in the first profile of the
measured data as compared to profiles of other date between different stations
might be due to differential heating or differential mixing, respectively.

In Fig. 3 the phase velocity of the first baroclinic mode is shown for five
years of numerical calculations. Herewith, it is possible to estimate the spectra
of internal oscillations.

4.2 INTERNAL OSCILLATION

For the three lowest modes of internal oscillations of the equivalence depth
model the dependency of the eigenfrequencies on the phase velocity of long
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Figure 2: Measured and simulated temperature profile of lake Subhas Sarobar.

Figure 3: The development of the phase velocity (celerity) of the first
vertical mode of long internal waves in Subhas Sarobar from 01.01.1999
to 31.05.2004. The depth of the basin is assumed to be 9.25 m. Stratification
is taken from a one-dimensional turbulence model driven by the observed

meteorological forces (profiles at 12:00 hours are taken).
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internal waves is shown in Fig. 4. The curves follow approximately the
formula

Tn =
(n)2L
c

  or  wn = (n)
c

L
p

,

where L(n) is a (mode-dependent) length scale, c is the phase velocity of long
internal waves (first baroclinic order). The value of 25.0 cm/s corresponds
to very strong stratification as observed in summer (Fig. 3). The value of
4.43 cm/s could happen very early in spring or very late in autumn.

We get the length scales L(n) for Subhas Sarobar. by calculating the
eigenfrequencies of the model lake for a certain stratification which
is represented by a specific value of the phase velocity cr as a reference
(Table 1). Obviously, L(1) and L(2) correspond to the mean length and the
mean width of the lake, respectively.

Table 1: The eigenfrequencies and length scales of the four lowest
internal seiches in Subhas Sarobar without Earth’s rotation.
The values of the second column refer to cr = 4.43 cm/s.

Mode wn (× 10–4
 s–1) wn /w1 I(n) (m)

1 2.25 1.000 618
2 3.62 1.627 380
3 4.34 1.929 320
4 5.04 2.240 276

Figure 4: The dependency of the three lowest modes of internal
free oscillations in an equivalence-depth model of Subhas Sarobar
on the phase velocity of long internal waves. The range of c

corresponds to the values of Fig. 3.
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5. CONCLUSIONS

The application of a vertical, one-dimensional turbulence model to the tropical
lake Subhas Sarobar showed good agreements with temperature measurements
at that lake. The calibrated model can now be used to simulate temperature
profiles and mixing intensity depending on meteorological forcing. Several
applications are possible. Firstly the model can be used to hindcast temperature
profiles to fill in measurement gaps in previous years. Secondly it can be
used to predict the temperature development in the lake based on actual
weather conditions. And lastly it is possible to forecast lake temperature and
mixing conditions in the lake under future climate change scenarios. The
theoretical findings concerning internal oscillations need observational
confirmation. However, based on the results of the numerical calculations it
is clear that the main energy of the internal oscillations is at periods of a few
hours. With a minimum of temperature sensors it would be possible to throw
light on that fascinating subject.
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1. INTRODUCTION

The North American Great Lakes lie between 41°N and 49°N and between
76°W and 92°W, on the international boundary between Canada and United
States of America. The lakes supply freshwater for over 30 million people
along their perimeter and are used for a wide range of activities. With
growing coastal population and industrialization, North American Great Lakes
are also currently experiencing declining water quality and water supply.
These concerns required an international cooperation between the U.S. and
Canada in formulation of water quality agreements to protect the water
resources. Basic and applied research on the Great Lakes has been conducted
by several agencies within Canada and the U.S. to understand physical,
biochemical and geological interactions relating to water management issues.

Several large scale cooperative efforts have been carried out in the last
three decades which include the International Field Year for the Great Lakes
(IFYGL, 1981) on Lake Ontario; the upper Great Lakes reference study
(IJC, 1977), which examined the Lakes Huron, Superior and the Georgian
Bay; the Lake Erie Binational study (Boyce et al., 1987); Episodic Events
Great Lakes Experiment (EEGLE) (Eadie et al., 1997), which examined the
sediment plumes in Lake Michigan. In addition several site specific studies
are conducted either for delineating the coastal boundary layer on the north
shore of Lake Ontario (Rao and Murthy, 2001a) or for providing circulation
and diffusion characteristics for siting outfalls in Lake Ontario (Miners et al.,
2002). In this article, we will present an overview of some of the circulation
features and turbulent exchange processes in a distinct inshore region (10-
15 km from the shore) of Lake Ontario (Fig. 1).
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1.1 Monitoring of the Coastal Zone

Over the past three decades intensive coastal experiments have been
conducted. Earlier work was directed more specifically at waste heat
dissipation, and fate of accidental toxic discharge, from large power generating
plants along the northshore of Lake Ontario. Recent experiments have dealt
with possible effects of municipal waste discharges into the nearshore waters.
While instrumentation has improved, the design of the basic coastal
experiment has remained unchanged. Along straight shore lines, a series of
current meter moorings referred to as a coastal chain are installed in a line
perpendicular to the local shore line, at intervals ranging from 500 m to 1
km apart near shore to 2 to 4 km apart at the offshore end of the line. Each
current meter records current velocity and water temperature for several
months. In recent years the development of the Acoustic Doppler Current
Profiler (ADCP) has provided a means of recording accurate current
measurements from many vertical levels by a single instrument. Along with
current meters, meteorological buoys are moored near the offshore end of
the current meter chain to record wind velocity, air temperature, relative
humidity, surface water temperature and solar radiation. Fixed temperature
profiler (FTP) moorings with several regularly spaced temperature loggers,
are often placed at one or more locations to provide detailed vertical
temperature data. The basic coastal chain data is frequently operated

Figure 1: Map of Lake Ontario with bathymetry. The rectangles
show the two experimental sites.



Physical Processes in Large Lakes 103

concurrently with other experimental programmes, such as ongoing water
quality monitoring programmes, drifting buoy experiments, or vessel based
temperature profiling surveys (Murthy et al., 2000). Flourescent tracers have
been used in the past to study coastal dispersion processes. Tracer injection
moorings were installed to generate tracer plumes of constant initial
concentration. Downstream concentration profiles were measured at several
depths using vessel-mounted recording florometers, providing the basis for
the determination of mixing lengths and diffusion coefficients. More recently,
development of satellite tracked drifting buoys has made it possible to collect
fairly long Lagrangian current records indicating water mass transport and
dispersion.

2. COASTAL CIRCULATION

Water movements within the coastal zones of the Great Lakes are complex
and have particular relevance to water quality concerns. Climatologies of
current structure and thermal structure are a prerequisite for many practical
problems. Problems encountered, requiring detailed examination of the
physical limnology within the coastal zone, include waste disposal through
sewage outfalls, large-scale dumping operations, shore erosion and sediment
transport, installation of coastal structures, land reclamation, and recreation.

2.1 Thermal Characteristics

The thermal structure and circulation in the Great Lakes generally depends
on the season because of the large annual variation of surface fluxes (Boyce
et al., 1989). During the spring the thermal bar, for example, acts as a lateral
thermal barrier to the transport and dispersion of materials such as pollutants
between the nearshore and offshore zones. During the unstratified period
(November-June), storm action is the most important forcing, as higher wind
speeds and the absence of stratification allow the wind forcing to penetrate
deeper into the water column. In summer and fall there is a distinct thermocline
in the upper 30 m in most of the lakes which makes them stratified. During
this period of stratification, significant wind events will cause upwelling and
downwelling of the thermocline along the shore. The scale of the offshore
distance over which these events takes place depends on the wind stress and
nearshore bathymetry, and is typically of the order of 5-10 km, hence, within
the coastal boundary layer (Rao and Murthy, 2001a).

2.2 Coastal Climatology

The time series data provide the basis for a climatological description of the
site as a function of wind and other atmospheric variables. Analyses of time
series data on currents and temperature exhibit extreme variability on spatial
and temporal scales, and hence, statistical concepts traditionally used in the
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fields of oceanography and meteorology have been adopted to summarize
the data. Initially statistical/climatological summaries are prepared to assist
in assessing the long-term characteristics of a location. Based largely on the
analysis of statistical measures of the flow regimes, the relative frequencies
of occurrence and duration of various flow regimes can be identified, and a
climatology of the flow regime can be produced for a particular location. An
example of the vector plot of currents in western Lake Ontario for a selected
period is shown in Fig. 2.

While mean currents largely determine simple dilution rates and transport
characteristics, variations in currents due to turbulence and other high
frequency perturbations can be very important in dispersing contaminants
through mixing and diffusion. The variance in a data record is a measure of
these variations. Vector data can be manipulated to find the direction along

Figure 2: Rose histogram plots of current meter data during
summer 1997 in western Lake Ontario.
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which the sum of the squares of orthogonal components resolve to an x-axis
lying in that direction is a maximum. Such an axis is sometimes called a
‘principal axis’. Ellipses with major and minor axes respectively proportional
to variance of the flow along and perpendicular to a principal axis were
drawn for all current stations to provide an estimate of dispersion at each
site. These are shown in Fig. 3 for 1996-97 data. The mean vectors for each
segment are also plotted at each station, and, while scales differ, are intended
to illustrate that the variance is much greater than the mean current; and
hence, is much more important in determining the dispersion.

Individual recorded velocities are the result of motions of several types
and spatial scales. Spectral analysis looks at time series data and determines
the proportion of the energy (kinetic energy for current or wind data; heat
flux for temperature data) attributable to phenomena of different frequencies.
For instance, nearshore current data yields high energy values for shore-
parallel velocities below 0.01 (~ 4 days) cycles per hour, compared with
shore-perpendicular component. The offshore sites show a peak of energy in

Figure 3: Variance ellipses and mean velocity vectors during
1996-97 in western Lake Ontario.
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a narrow band at the inertial frequency. Recently the characteristics of turbulent
cross and alongshore momentum exchanges during upwelling-downwelling
episodes are obtained in the Lake Ontario (Rao and Murthy, 2001b).

2.3 Coastal Boundary Layer Characteristics

Near the coastal boundaries of large lakes, offshore meandering currents
undergo adjustment and move primarily along the boundaries as they approach
close to the boundary. The time series of low frequency (filtered, >24 h)
flow values u– (t) and v– (t) are subtracted from the observed hourly values u(t)
and v(t) to obtain the fluctuations u¢(t) and v¢(t). The variance ( 2u¢  and 2v¢ )
is used as a measure of the magnitude of velocity fluctuations. Turbulence
intensity levels in coastal waters can be characterized by root mean square
(rms) values as 2u¢  and 2v¢ . The mean flow kinetic energy, and the
fluctuating currents kinetic energy are then simply given as:

{MKE, TKE} = ( ) ( )2 2 2 21 1,
2 2

u v u vÏ ¸+ +¢ ¢Ì ˝
Ó ˛

(1)

Figure 4 shows components of kinetic energy (total, mean and fluctuations)
as a function of offshore distance. The mean flow kinetic energy dominates
within 8-10 km from the shore. Fluctuating kinetic energy or turbulent kinetic
energy increases with offshore distance, as near-inertial oscillations become
dominant offshore. In summer the MKE increases offshore to a peak at
about 3 km from shore then decreases further offshore. Murthy and Dunbar
(1981) characterized this flow regime, where total kinetic energy or mean
currents increases to a peak as the frictional boundary layer (FBL). Within
this zone the currents are influenced by bottom and shore friction. Beyond

Figure 4: Components of kinetic energy (total, mean and turbulent)
with distance from shore in Lake Ontario.
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3 km, due to the adjustment of inertial oscillations to shore parallel flow an
outer boundary layer develops, known as the inertial boundary layer (IBL).
The total (FBL+IBL) forms the coastal boundary layer (CBL). In defining
the width of the IBL previous studies used the distance where the inertial
oscillations dominate the shore parallel flow. Alternatively, the CBL width
can be simply taken as the distance where the TKE contributes maximum to
the total kinetic energy. During the summer stratification in Lake Ontario the
width of the CBL as determined here was around 10 km, which is consistent
with earlier observations (Csanady, 1972).

2.4 Coastal Upwelling/Downwelling

Flow and structure of the coastal boundary layer in the Great Lakes presents
a complex scenario during upwelling and downwelling episodes under summer
stratified conditions. The theoretical framework which has been created to
explain these events comprises two kinds of models. The first model deals
with the initial response of the lake to uniform wind stress, and the second
type of model deals with the closed nature of the basins wherein transient
response is described in terms of internal wave propagation. From the
observations we have delineated elements of both theoretical models. In the
coastal upwelling zone a near balance exists between wind stress, Coriolis
force and internal pressure gradient. However, as the wind subsides two
types of waves are established: the Poincare¢ wave and the internal Kelvin
wave. Poincare¢ waves are basin wide response with oscillations in the
thermocline across the entire lake with anti-cyclonic phase propagation. On
the other hand, internal Kelvin waves are coastally trapped response of the
thermocline that progresses cyclonically around the lake. The Rossby radius
of deformation which is typically of the order of 3-5 km in the Great Lakes
is the e-folding scale for the amplitude of this wave as a function of distance
from shore.

An example of coastal upwelling and downwelling circulation along the
northshore of Lake Ontario is presented below. During this experimental
period temperature variations were dominated by the influence of a few
short wind events (Fig. 5). The eastward (westward) wind stress caused
thermocline elevation (depression). The upwelling events were characterized
by relatively weaker eastward flow, and downwelling events with strong
westward currents, with each episode lasting for about 4 to 6 days. The
results show inferences to the propagation of internal Kelvin waves due to
the thermocline oscillations within the CBL.

2.5 Thermal Bar

A thermal bar is a shore-parallel front which separates descending waters at
or near the fresh water temperature of maximum density (4°C) during Spring
and Fall seasons. Thermal bars are important because of their influence on
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mixing, cross-shore exchanges, and the variability of biotic factors. During
a thermal bar episode of 17 April to 24 May 1990 in Lake Ontario, the cross-
shore exchange coefficients, Kx are nearly constant and consistently smaller
than the along-shore counterparts, Ky (Fig. 6). These results suggest that

Figure 5: The alongshore wind stress, and temperature profiles
in the western Lake Ontario.

Figure 6: Alongshore and cross-shore exchange coefficients and temperature
during the thermal bar episode (17 April to 24 May, 1990).
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small-scale horizontal fluctuations and cross-shore turbulent momentum
exchanges are severely inhibited in the spring during the thermal bar.

3. HORIZONTAL DIFFUSION

Horizontal exchange of heat, energy, and momentum occur at scales generally
much larger than vertical exchanges, given the large horizontal lengths of
natural basins compared to their depths. This has prompted many researchers
to de-couple horizontal transfers from vertical ones, even though horizontal
and vertical processes interact. Numerous dye studies and tracer experiments
conducted to determine the diffusion characteristics of the water column also
show that the vertical exchange coefficient is much smaller than the horizontal
counterparts. Here, we illustrate the nature of horizontal diffusion
characteristics in the Great Lakes from a set of carefully conducted
experiments (a) Satellite tracked Lagrangian drifters, and (b) using point
current meters or acoustic doppler current profilers.

3.1 Lagrangian Drifter Experiments

Drifters have been used to study particle dispersion by oceanic turbulence
since the early work of Stommel (1949). Since that time drifter trajectories
have been obtained for a wide range of length and time scales. It quickly
became apparent that eddy diffusion in oceans and lakes is not Fickian.
Taylor (1921) showed that, in a stationary homogeneous turbulence, particle
dispersion is related to Lagrangian integral time scales. Here we report
drifter trajectories in an experiment conducted in Lake Ontario for two
different flow regimes (Figs 7a and 7b). The Lagrangian integral time scale
(Ti

L) and length scale (Li
L) are the time and distance over which the drifter

motion remains correlated are given by

Ti
L = L

ii
0

( )
T

R dt tÚ  and Li
L = 2 L

i ii
0

( )
T

u R dt t¢ Ú (2)

where Rii
L (t) is the auto correlation function defined as

Rii
L (t) =

'
i i

0
2

i

( ) ( )
1

T

u t u t dt

T u

-t

+ t¢

< >¢

Ú
(3)

where u¢ is the residual velocity defined by u¢ = u – <u>, <u> denotes
average over time. Further, it was observed that because of low frequency
motions, Lagrangian integral time and length scales are generally time
dependent and do not approach a constant limit. Most of the individual
autocorrelation functions oscillate and have significant lobes, which
underestimate the integral time-scale as they are integrated over the duration
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of the time series. To avoid this, we follow the usual practice of integrating
from zero to the time of first zero crossing.

Following earlier discussion it is assumed that the drifter velocity
fluctuations are homogeneous and stationary as a first order approximation,
and hence we can write the mean squared dispersion due to single-particle
motion as

2
ix¢  = 2 L

i ii
0

2 ( ) ( )
t

u t R d- t t t¢ Ú (4)

When diffusion time elapses beyond some lag time t  (Lagrangian
correlation time scale), RL

ii (t) will drop to zero. Physically t  is the decay
time scale of those eddies which contribute to diffusion. Therefore, for large
time scales t t>  the horizontal eddy exchange coefficient is given by

KL
i =

2 L
l iu T¢ (5)

Figure 7: Trajectories of drifters deployed along the northshore
of Lake Ontario during two experiments in 1990.
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3.2 Eulerian Experiments

In the previous section, statistics in which drifter velocity was a function of
its Lagrangian coordinates and times were considered. In a stationary and

homogeneous turbulence, the Lagrangian variance 2
lu ¢  can be assumed to

be equivalent to Eulerian variance 2
eu ¢ . Hay and Pasquill (1959) also

pointed out that the essential difference between Eulerian and Lagrangian
velocities is that, at a fixed point, velocity fluctuations appear to move rather
quickly, as turbulent eddies are advected past the instrument. They have
shown that the Lagrangian correlation function Rii

L(t) and the Eulerian
counterpart Re(t) have similar shape but differ only by a factor b which is
greater than unity. Re(t) = Rii

L(bt). Introducing these assumptions, the
horizontal exchange coefficient in terms of Eulerian statistics can be written
as

Ke = 2
e eu Tb ¢ (6)

where Te is the Eulerian integral time scale and b =1.4 (Schott and Quadfasel,
1979).

Table 1 presents the horizontal exchange coefficients obtained by Eulerian
and Lagrangian measurements during two experiments. In the first experiment
during which significant upwelling occurred (see Fig. 7a), the statistics show
that alongshore exchange coefficients (Kx) were slightly higher than cross-
shore components (Ky) in the first 5.5 km from the shore, i.e. in the FBL.
The cross-shore components reached a peak at around 6-7 km from shore
and remained steady outside the CBL. These results indicate that momentum
transfers occur in the longshore direction in the FBL and cross-shore transfers
may dominate in the IBL. Although the magnitude of alongshore Lagrangian
eddy coefficients were higher than Eulerian values, they show a peak nearly
at the same distance. The cross-shore exchange coefficients in the surface
levels were lesser than sub-surface values in the IBL. During the second
experiment that is favoured by downwelling circulation (Fig. 7b) the
alongshore components were higher in the CBL, and outside the CBL the
cross-shore exchanges were dominant. The turbulent momentum exchanges
were rather small in the FBL, but significantly increased in the IBL. The
exchange coefficients obtained at 3.5 m depth from drifter trajectories have
also shown higher alongshore values within the CBL. Both alongshore and
cross-shore values increased rapidly to high values outside the CBL with
increasing Lagrangian time scales. As observed in the upwelling case, the
cross-shore exchange coefficients from Lagrangian measurements were
smaller compared to Eulerian coefficients.
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4. CONCLUSIONS

This paper presents an overview of wind-driven coastal circulation and
turbulent diffusion processes in the aquatic environment. The results in this
article are drawn from large-scale field experiments conducted in the Great
Lakes. Although the Great Lakes are easier to study than oceans because
they are smaller and do not have salinity effects and tides, still many of the
physical phenomena, particularly the circulation forced by large scale winds
is similar to that of associated with coastal oceans or inland seas. The coastal
circulation and dispersion properties of receiving waters are studied primarily
to control hygienic and aesthetic harm to the environment, and to control
possible ecological disturbances and modifications. There are several
conceptual and theoretical models concerning the dynamics of large-lake
systems. However, it is difficult to identify the relative effects of several
physical mechanisms to arrive at acceptable predictive hydrodynamic and
water quality models. Therefore, large-lake research places heavy emphasis
on carefully designed model-driven experiments to collect synoptic and time-
series data on currents, thermal structure and diffusion characteristics. These
data are used to develop and validate water quality models to simulate
observed biogeochemical parameters and processes in large-lake systems
and coastal oceans.
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1. INTRODUCTION

Lagoons, estuaries and other semi-enclosed coastal systems are usually high
biological production areas. The physical and chemical dynamics and ecology
of shallow estuarine areas are strongly influenced by the runoff of freshwater
from the land and the exchange of water with the adjacent open sea. The
freshwater input influences estuarine hydrography by creating salinity
gradients and stratification and assures large transport of silt, organic material
and inorganic nutrients to the estuaries. The open marine areas impose large
scale physical and chemical forcing on the estuarine ecosystem due to tide
and wind generated water exchange.

Understanding community ecology and ecosystem function of coastal
areas is essential for assessing the effects of coastal development and framing
coastal management strategies. Biomonitoring or observing how aquatic plants
and animals respond to anthropogenic changes can be a significant indicator
of the level of efficiency of restoration strategies. Biological monitoring
compliments physico-chemical monitoring since the physical and chemical
data measure the concentration of pollutants at an instant but biological
information can reveal the history or the past effect of any discharge of
pollutants on the organisms. Hence, studies on coastal ecology are directed
towards finding how organisms in the coastal waters interact with each other
and with the physical, chemical, and geological processes in the coastal
areas.

In order to obtain solutions to environmental problems associated with
coastal areas, we should support a holistic approach to coastal environmental
management. Traditional monitoring programmes have to be strengthened,
laboratory experiments need to be conducted and mathematical models have
to be formulated to evaluate the present state of the system as well as the
effectiveness of past and proposed coastal management strategies. In
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conjunction with monitoring programmes and laboratory experiments, there
is a need to formulate quantitative models to predict, to guide assessment
and to direct intervention.

1.1 Modelling Approach

During the past few years there is a growing awareness to use modelling
principles to study the coastal transport processes-hydrodynamics, sediment
transport, and biological transport. Modelling should not be thought of as a
theoretical exercise; it is a rational way to put together all the available data
and knowledge about the coastal system to get insight into the working of
the coastal processes and make quantitative predictions. The strength of
mathematical modelling lies in the freedom to meddle with the system i.e.,
to incorporate alternative mechanisms into the model and investigate different
scenarios. This flexibility allows the modeller to test and develop hypothesis
regarding the governing mechanism, forecast the time evolution of the system
and ascertain the impact of alternative management strategies. Models,
furthermore, provide a unifying framework for thinking about the interplay
between the various factors that govern a system. There has been more
advancement in the formulation and numerical treatment of formulated
equations of dynamic models whose purpose is to understand coastal dynamics
—tides, storm surges and currents. These models, after validation, are used
effectively in coastal management, especially in technical planning, flood
control and estimating level of inundations.

1.2 Ecological Models for Coastal/Marine Environment

The circulation/dynamic models are fundamental for any further understanding
of the biological processes since the circulatory pattern regulates the supply
of dissolved inorganic nutrients to the surface layers where the biomass has
to reside to utilize the sun's energy. There has been a lot of advancement in
modelling the dynamics of the flow in the lagoons, estuaries and coastal
areas but modelling the ecology of these natural aquatic environment is
relatively new. The main difficulty is because (i) unlike the dynamical models
which have a well-defined starting level in the form of Navier-Stokes
equations, the ecological models do not have a prescribed starting point and
(ii) the variance associated with any set of data is usually very much greater
than the mean and hence testing the theories is not easy (Steele, 1975). Early
models of marine/aquatic ecology were based on population dynamics. While
these time dependent models in the form of dynamical systems have been
very helpful in understanding biological processes, they did not explicitly
include the effects of advection and diffusion on the ecological system. But
with the advancement of computational techniques and technological
sophistication in recording the data at several spatial locations, a holistic
approach leading to spatiotemporal models is getting popular (Pinazo et al.,
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2004; Griffin et al., 2001; Flindth et al., 1999; Ryabchenko et al., 1998;
Oguz et al., 1996). The objective of the mathematical modelling of ecological
problems is quantification of the interaction within and between species and
their inorganic environment and the investigation of the temporal/spatial
variation of groups of individual of various species.

This article will deal only with coastal ecological models, starting from
the simplest ones to their current status. The basic equations, the intra-
species interaction are all explained in Section 2. Every aquatic ecosystem
is a unique natural feature, and hence, it is impossible to make generalized
statements. The models can be evaluated only by applying them to a case
study where necessary data is available. With this in mind, as an illustration,
a case study corresponding to the largest lagoon in India—the Chilika lagoon
is discussed in Section 3. Finally, the limitations of the modelling approach
are discussed in Section 4.

2. THEORY BEHIND COASTAL ECOLOGICAL MODELS

Modelling coastal ecology is mostly based on following the food chain:
mechanisms by which the phytoplankton consumes the nutrients, the
zooplankton feeds on the phytoplankton, the carnivores on the zooplankton,
the big fish on the carnivores etc. Figure 1 gives a schematic diagram of the
food web which is followed while formulating a mathematical model. The
models are made on the basis of these compartments, which may be biotic
(e.g. zooplankton, whales) or abiotic (e.g. nitrate, detritus, dissolved organic
carbon (DOC)). The procedure followed is to build a model by first defining
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the compartments and then specify the equations governing the transfer of
material between compartments.

Mathematical models for marine/coastal ecology were first developed in
the 1940s (Riley, 1946, 1947) to understand the seasonal patterns in plankton
abundance keeping in mind that large changes in plankton populations can
have far reaching consequences in terms of food supply or climate change.
The first few models which were inspired by these early models were time
dependent first order differential equations (Evans and Parslow, 1985; Franks
and Chen, 1996; Fasham et al., 1990; Fasham et al., 1993) whose formulation
required knowledge of (1) growth rate of phytoplankton as a function of
irradiation and nutrient limitation, (2) loss rates for phytoplankton from their
mortality, sinking, diffusing and grazing by zooplankton, (3) changes in
nutrient concentrations due to the uptake by planktons, regeneration, mixing
due to turbulent waters which bring the bottom nutrition to the surface etc.,
(4) growth rate of zooplankton as a function of phytoplankton concentration,
nutrition and its own efficiency in food assimilation, and (5) loss rates of
zooplankton due to natural mortality or grazing by higher trophic levels. A
simple three compartment NPZ (Nutrient, Phytoplankton, Zooplankton) model
(Steele and Henderson, 1981) ignoring spatial gradients, can be represented
by three coupled ordinary differential equations as follows:

dP
dt

 = Production of phytoplankton – Grazing by zooplankton
– Mortality losses (1)

dN
dt

 = – Production of phytoplankton – Grazing by zooplankton
– Mortality losses (2)

dZ
dt

 = Production of phytoplankton – Grazing by carnivores
– Mortality losses (3)

Including more number of species in the model need not necessarily make
the model more realistic since it may make the accuracy of the model worse.
Few species model can be more instructive since one can ensure taking into
account the major functional responses or interactions of the species. One of
the best models so far is that of Fasham (1990) who considered a nitrogen-
based model of plankton dynamics in the oceanic mixed layer. The model
studied the annual cycles of phytoplankton using seven compartments
(Phytoplankton, Zooplankton, Bacteria, Nitrate, Ammonium, Dissolved
organic nitrogen and Detritus).

The distribution of the species changes not only with time but also with
space. Studying the spatial heterogeneity or plankton patchiness demand
more sophistication in the models. Differences in spatial mobility,
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bioconvection and gyrotaxis (Pedley and Kessler, 1992) may also be
responsible for these spatial structures. Some of the initial studies on modelling
coastal ecology concentrated on the vertical distribution and hence the
diffusion of the biological variables like nutrients, phytoplankton, zooplankton,
fishes etc. (Tett, 1981). The objective was to describe nutrient (dissolved and
cellular) and phytoplankton distribution in the vertical direction due to
turbulent diffusive processes. The next step in modelling was to include the
effect of circulation and hence introduce physico-biological models. The
wide range of scales corresponding to space and time make implementation
of these models (Pinazo et al., 2004; Griffin et al., 2001; Flindt et al., 1999;
Ryabchenko et al., 1998; Oguz et al., 1996) quite a formidable task.

We restrict our discussion only to time dependent models which involve
rate equations and shall describe the specific functional forms used in
equations (1-3) along with the case study to be discussed in Section 3.

3. CHILIKA LAGOON - A CASE STUDY

Chilika Lagoon (19°28¢ N to 19°54¢ N and 85°06¢ E to 85°35¢ E) is the
largest brackish water lagoon with estuarine character (Fig. 2).

Figure 2: Map of Chilika showing different sectors.
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Interest in detailed analysis of the ecology of the lagoon and the various
factors affecting it is due to the opening of the new mouth on 23 September
2000 to resolve the threat to its environment from various factors—
eutrophication, weed proliferation, siltation, industrial pollution and depletion
of bioresources.

In an earlier study (Jayaraman et al., 2006), the dynamics and salinity
distribution of Chilika was modelled. For a holistic study of the processes
affecting the lagoon, it is important to model the seasonal variations in the
planktonic species. With this objective, in this section, a purely ecological
minimal model for simulating the annual plankton dynamics of the lagoon
is presented. The model tries to study the ecology through a three-compartment
(NPZ) formulation resulting in dynamical system of equations. This model
is solved for different sectors of the lagoon which have distinct characteristics
in terms of depth, light penetration, nutrients, salinity and hence planktonic
growth.

3.1 Mathematical Formulation

A three-compartment (NPZ) model for nutrients (N), phytoplankton (P) and
zooplankton (Z) is proposed here. The specific governing equations for the
three variables N, P, Z considered in this study are:

0
N

α
( )

NdN mr P N t
dt K N D

È ˘
= - - +Í ˙+Î ˚

(4)

( )
( )

0

N Z 0

α c P P ZNdP r P
dt K N K P P

-È ˘
= - -Í ˙+ + -Î ˚

(5)

( )
( )

0

Z 0

e c P P ZdZ g Z
dt K P P

¥ ¥ - ¥
= - ¥

+ - (6)

where the concentrations of nutrients, phytoplankton and zooplankton are
measured in mMNm-3, t is time, a- (day-1) is the light limited growth rate of
phytoplankton, and r (day-1) is the respiratory loss rate of phytoplankton. KN
(mMNm-3) and KZ (mMNm-3) are the half saturation coefficients for nutrient
uptake and zooplankton grazing respectively, c (day-1) is the grazing rate and
P0 (mMNm-3) is the grazing threshold. N0(t) is the source of nutrients, m
(day-1) is the vertical diffusion rate and D is the depth in metres. The e is
the grazing efficiency and g (day-1) is the loss of zooplankton to carnivores.
The values of the parameters fixed for the validation of the model values
with the observed data are given in Dube and Jayaraman (2006). A detailed
term-by-term explanation of the equations (2-4) is given in Evans and Parslow
(1985).
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3.2 Numerical Experiments and Prediction of Range
of values for the Parameters

Numerical experiments are performed to examine the relative importance of
different parameters involved in the model. The time step used in the numerical
integration of the model is 15 minutes. Though most parametric values are
taken from observed data/literature, ranges of some of the unknown parameters
are found using the stability criteria for dynamical systems (Dube and
Jayaraman, 2006).

The results obtained from the above defined model are given in Figs 3 to
5. These results have been validated against the data given by Adhikary and
Sahu (1992), which are the only time series observations available. However
the units of measurement used by them are number of phytoplankton per
litre so only a qualitative validation of the results is possible.

Figure 4: Annual distribution of phytoplankton in central sector

 

i 4

Figure 3: Annual distribution of phytoplankton in northern sector
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3.3 Conclusions of the Chilika Model

Numerical experiments and sensitivity tests with different parameters show
that the main parameter affecting the productivity is the growth rate, which
depends on light and nutrients. It is also found that the time of maximum
planktonic growth is mostly dependent upon the parameter values within the
growth rate term. The major peaks of phytoplankton in all the sectors of
Chilika, as seen in the data (Adhikary and Sahu, 1992), have been well
reproduced by the model. Though we have validated for only one year, we
have also verified for different years (1987, 1998, 1999, 2000 and 2001)
using the discrete data we have from other authors.

For a holistic and complete understanding of the influence of physical
processes, freshwater discharges and tidal forces on the seasonality of
phytoplankton in Chilika lagoon, a physico-biological model linking an earlier
study (Jayaraman et al., 2006) with the present analysis needs to be formulated.

4. LIMITATIONS OF MODELS

Ecological models have to be supported by reliable observations before we
rush to use them for predictions or coastal management. It must be
remembered that the real problem is far more complicated, number of state
variables are far too many, and the model cannot include all the interactions
exhaustively. A lot of tuning goes into a model to validate it against field
data but one cannot say with certainty if the model will be fully reliable for
prediction purposes. The increased power of computing and the improved
biological data supported by satellite observations collectively promise and
encourage the modellers to take up more challenging problems which include
most of the spatio-temporal characteristics of the coastal transport processes.

Figure 5: Annual distribution of phytoplankton in southern sector
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1. INTRODUCTION

Brackish water lake is home of peculiar organisms, as its salinity is middle
of those of sea and fresh water. Its salinity changes sensitively with sea
level, river flow rate and lake topography. Hinuma Lake is one of brackish
water lakes in Japan and connects with the Pacific Ocean through a tributary
and a major river. Therefore the inflow process of salt water to the lake is
very complex. The purposes of this study are to estimate impact of sea-level
rise on the lake salinity and to examine adaptation options to preserve
ecosystem against the impact. To this end, we carried out a long-term
observation on the inflow of sea water and seasonal change of salinity to
understand the mechanism of sea water intrusion and to verify the numerical
simulation model. The influence of topographic changes on salinity is also
investigated for the last five decades.

2. FEATURE OF HINUMA LAKE

Hinuma Lake is located about 80 km north of Tokyo in Japan. Figure 1
shows the topography of Hinuma river basin. This lake connects with Pacific
Ocean through a tributary Hinuma River (8 km), and the main stream, Naka
River (0.5 km). The flow rate of Naka River is ten times as large as that of
Hinuma River; which means that the salt water intrusion to the lake is
mainly governed by Naka River. The water depth profile of Hinuma River
is shown by Fig. 2 which is strongly irregular. The lake is shallow, 2 m in
average, and shallower around lake head and mouth.

Fresh water clam, Corbicula japonica Primes, is surviving in the Hinuma
basin. The number of the clam has, however, been decreasing for the last
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two decades. The citizens and fishermen attribute it to salinity decrease by
the change of water depth in the downstream of Hinuma River, and land
reclamation around the lake mouth.

3. PROCESS OF SALT WATER INTRUSION

Vertical distributions of salinity from the junction of the two rivers to the
lake were measured in different tidal phases by manual salinometers from a
ship. The self-registering salinometers measured temporal change of salinity
at five points shown by Fig. 2 during one year, which was implemented by
the cooperation between Ibaraki University, National Research Institute of
Fisheries Engineering and Ibaraki Prefecture Inlandwater Fisheries Institutes.
The self-registering salinometer at 11.5 km point implemented by Ibaraki
Prefecture Inlandwater Fisheries Institutes has been working from August
1997.

Figure 1: Hinuma river basin.

Figure 2: Longitudinal section of Hinuma river.
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Strong salt water instrusions were observed on December 19, 2002 as
shown in Fig. 3. Figures 3(a), (b) and (c) show the results in the end of first
flood tide phase, weak ebb tide phase and next flood tide phase respectively.

Figure 3: Salinity distribution around Hinuma river.



128 Hisamichi Nobuoka and Nobuo Mimura

Salt waters start to flow into the tributary after the halocline interface in
Naka River becomes higher than the bottom level of the tributary (Fig. 3(a)).
This is usually delayed a few hours after the initial phase of the flood tide.
The vertical profile of salinity becomes partially mixed-type at the downstream
side. On the other hand, the profile changes to uniform when the salt water
mass passes a quite shallow portion 3 km upstream from the junction. This
salt water stalls at a deep region between 4 and 8 km and cannot further
intrude into the lake in a single tide period, 12 hours. In the following ebb
tide phase (Fig. 3(b)), the salt water body in this deep region has been stalled
and the upper part of water body returns to downstream. The vertical profile
in downstream side from 3 km becomes stronger mixed-type than that in the
previous flood tide phase. In the next flood tide (Fig. 3(c)), new salt water
body which is strong mixed-type comes in this deep region, and the previous
salt water body stalled in this deep region intrudes to the lake. The observed
results on the other day when the tidal range was large was also same as
these dynamic process. When the tidal range was small, the horizontal length
of the process was short and a salt water body did not intrude to the lake.
A large salt water body intrudes to the centre on the Lake about ten times
only in a year (Fig. 4). Figure 5 shows the temporal change of the active
salinity intrusion from the lake mouth to the centre region of lake in November
2002. The observed 6.4 km point is in the tributary, the 8.2 km and 10 km
point are shallow water depth around the lake mouth and the 11.7 km point
is the entrance of the centre part. The periodical fluctuation of salinity
following the tidal fluctuation occurred up to the shallow region, the 10 km
point. When a large amount of salinity is supplied at lake mouth, the 8.2 km
point, this salt water body infiltrates to the centre part of lake through the
10 km point. The remarkable phenomenon is time lag of salinity fluctuation

Figure 4: Salinity in Hinuma lake.
(The observed data are provided by Ibaraki Prefecture

Inlandwater Fisheries Institutes)
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between the 8.2 km to 10 km point when the salt water body intrudes. The
lag is a few hours. As water surface fluctuation in the lake is delayed three
hours on comparing with that at the Ooarai port in Pacific Ocean, the time
lag of salinity is not the phase difference of tide waves. These results indicate
that the shallow water depth topography around the lake mouth act as a filter
obstructing the salinity infiltration, i.e., the topography change the salinity
dynamics from continuous to intermittence phenomena.

4. THREE DIMENSIONAL FLOW MODEL

The present model consists of two sub-models for flow field and density
field, which are almost same as the model adapted to Tokyo bay in Japan
by Mimura et al. (1998). The governing equations of flow model are continuity
and momentum equations (Equations 1 and 2) and that of density model is
diffusion equation of salinity (Equation 3).

0u v w
x y z
∂ ∂ ∂+ + =
∂ ∂ ∂ (1)

2

x

y z

∂ ∂ ∂ ∂ ∂rh ∂ ∂Ê ˆ+ + + = - - + Á ˜Ë ¯∂ ∂ ∂ ∂ r ∂ ∂ ∂

Ê ˆ∂ ∂ ∂ ∂Ê ˆ+ + Á ˜Á ˜ Ë ¯∂ Ë ∂ ¯ ∂ ∂

u u uv uw g ufv A
t x y z x x x

u uA A
y y z z

(2)

Figure 5: Temporal change of salinity into Hinuma lake.
(The observed data at Point 6.4 and 8.2 provided by National Research

Institutes of Fisheries Engineering, Japan)
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In the above equations u, v and w are velocity in x, y and z direction, h
and h are water depth and water surface elevation, S is salinity, and g, r and
f are gravity acceleration, water density and Coriolis coefficient.

The improved parts of the model compared with the previous model were
that Symmetric SOR method and Donor Accepter method are employed to
solve the governing equation of flow model to reduce the numerical error.
Donor Accepter is a method combined with Central and up-wind difference
scheme. The parameter of the combination ratio is an empirical variable to
get the stable and precise solutions in each tide and river flux condition. As
boundary condition, temporal records of tidal elevation at Oarai port near the
river mouth in Pacific Ocean, flux rate at each river and those of wind stress
were given from field observations implemented by Ibaraki prefecture and
Ministry of Land, Infrastructure and Transport. No salinity measured data
for this simulation exists so that the values were set as 35 PSU and 0 PSU
at Ocean and river boundary, respectively.

Figure 4 also shows the capacity of salinity prediction by the model in the
condition of present sea level. Calculated result is in a good agreement with
observed data.

5. IMPACT OF SEA LEVEL RISE BY GLOBAL WARMING

The changes of salinity in the lake by sea-level rise were predicted by the
model. Scenarios for sea-level rise were four cases as shown in Fig. 6;
+9 cm (minimum), +50 cm (average) and +88 cm (maximum) following

Figure 6: Four scenarios of sea level rise.
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IPCC (2001) and + 25 cm which is the interpolation level. The target season
was summer which is the spawning and growing season of the corbicula
clam.

The calculated results of salinity at Off-Ooya River by each sea-level in
2100 are shown in Fig. 7. From the case +25 cm, the increase in salinity
appears clearly. In the case +50 cm, the salinity rises much more not only
along the tributary but also in the lake. The clam cannot survive under the
high salinity of over 23 PSU (Nakamura, 1999), and even at present, they
do not live in the ocean side from 3 km point from the junction because of
this limit. Therefore, as sea-level rises, the living area of Corbicula will
move upstream. In the case +88 cm, as the salinity above the bottom of the
tributary almost becomes over 23 PSU, the clam will be able to live only in
the lake.

The density of the average salinity below the water depth 2 m in the lake
is taken for the significant salinity. This significant salinity is about 3 PSU
lower than the results in Fig. 7. The temporal change of the significant
salinity during sea level rising is shown in Fig. 8. The difference by the
scenario of the sea level rise will appear gradually after 2020, and will
become clear in about 2050. The influence of the sea level rise will not be
able to be confirmed in a minimum scenario (SLR+9 cm in 2100).

Figure 7: Impact of sea level rise.
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The large change of the rate of discharge of fresh water in every year
influences inflow rate of salinity very much. Table 1 shows the month-
averaged salinity in the lake for five years. The difference between maximum
and minimum salinity is about 9 PSU and the standard deviation of the
salinity is about 4 PSU.

Table 1: Mean salinity in June at Off-Ooya River
(Ibaraki Prefecture Inlandwater Fisheries Institutes)

Year 1998 1999 2000 2001 2002 Average Standard
deviation

Salinity 3.29 1.77 1.83 10.99 5.32 4.643 3.83
[PSU]

To take account of this fluctuation, maximum or minimum salinity are
estimated by following supposed equation,

   
obs

max min cal.
obs

. (1 )S S S
S
s

= ± (4)

in which sobs and obsS  are standard deviation and averaged salinity calculated
from the observation data shown in Table 1, Scal is calculated salinity by
simulation model and Smax and Smin are predicted maximum and minimum
salinity. The predicted salinity on each scenario is shown in Fig. 8. The
solid, upper and lower dotted lines are the average, maximum and minimum
salinity, respectively.

Figure 8: Temporary change of salinity in the lake by sea level rise.
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Though the difference between maximum and minimum salinity becomes
large, we may be able to understand these results for the following reasons.
When a large river flood occurred, there were no salt waters even in the river
mouth because the width of the mouth in Naka River is only 200 m. On the
other hand, when a water shortage occurred, salt water body arrived at the
15 km point in Naka River from the river mouth and at the 1.5 km upstream
point from the lake. These results suggest us that we have to monitor the
salinity rise induced by sea-level rise in taking account of these fluctuations,
i.e., the effect of the flux rate of fresh water. For Hinuma basin, the evaluation
term has to take 10 years which is the one cycle of the flux rate change
induced by rain fall, or the evaluated salinity by sea level rise has to be
calculated except the effect of the flux rate from observed salinity.

6. ADAPTATION TO SEA-LEVEL RISE

If we can raise the bottom of the river and lake in parallel to sea-level rise,
salinity in this area will not change. However, as it is economically impossible
to raise the bottom in all of the area, we should find the narrow sections for

Figure 9: Temporal change of salinity in taking account
of water discharge.
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effective options of adaptation taking into account historical natural changes.
In this study, the following four options were set;

Case A: The river bottom is raised at only the 3 km points in the tributary,
where the water depth is shallowest in the river even at present. At this
position, sands deposit naturally.
Case B: The artificial channel near the lake mouth is reclaimed again to put
it back to the natural elevation.
Case C: The maximum water depth from the junction points of both rivers
to 3 km in the tributary is set as 4 m. It may take a long time to attain this
topography naturally.
Case D: Only the bottom in the tributary close to the junction rises up. At
this position, the bottom elevation often changes due to flood flow in the
main stream.

Through an estuary, a complete barrier is effective only for shutting out
the salt water. However, this structure has been generating large destruction
of ecosystem in Japan. Therefore, this option was not adapted in this study.

Figure 10 shows the temporal change of salinity at Off-Ooya River for the
adaptation of Cases A and B, and Fig. 11 shows the comparison of all the
adaptation capacity. Although each case reduce the salinity a little, Case-A
which is the bottom up at the shallowest point in the tributary was found to
be most effective among all the options to prevent salinity change induced
by sea-level rise in this lake. The salinity at the upstream side of lake was
reduced well. To decrease the salinity density more in the basin while keeping
the above concept, we will need to take the additional adaptation in the main
stream, Naka River.

Figure 10: Effect of adaptation for salinity.
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7. CONCLUSIONS

The process of salt water body intrusion in Hinuma basin is complex due to
the irregular water depth. The large salt water body is formed in the centre
region of the lake only ten times in a year. The numerical simulation results,
however, show that the body will intrude much according to the sea-level
rise. Increasing salinity in the lake will appear after 2020 and become distinct
around 2050. In the most critical scenario, which is +88 cm sea-level rise,
the salinity in the tributary will become higher than the density for the clam
to survive. For salt water instruction against sea-level rise, adapting the
concept of historical natural change which maintains the natural process as
best as possible, was not enough to reduce the salinity. Therefore, the present
study suggests that we will need a support of natural power, for example
natural topography change, to keep ecosystems against sea-level rise.

REFERENCES

International Panel for Climate Change, 2001. IPCC Third Assessment Report: Climate
Change 2001.

Nakamura, M., 1999. Fishery of Corbicula japonica Primes, Tatara publication,
266p (Japanese).

Mimura, N., Tukada, M. and Suzuki, M., 1998. Simulation of Behavior of Oxygen-
Deficit Water in Tokyo Bay by Three-Dimensional Water Quality Model. Coastal
Engineering 1998, ASCE, pp.3575-3587.

������
������
������

���������
���������

��������
��������

��������
��������
��������

10 11 12 13 14 15 16 17
Mean Salinity [PSU] (Jul. to Aug.]

 
SLR+88cm

Case-A

Case-B

Case-C

Case-D

Figure 11: Comparison of salinity by adaptations.



136 A. Dube et al.

Numerical Simulation of Salinity
Structure in Chilika Lake

A. Dube, G. Jayaraman, A.D. Rao and P.K. Mohanty1

Centre for Atmospheric Sciences, Indian Institute of Technology Delhi
Hauz Khas, New Delhi - 110016
1Department of Marine Sciences
Berhampur University, Berhampur - 760 007

1. INTRODUCTION

The physical processes in Chilika Lake (Fig. 1) are complicated due to the
flow regime, effluent discharge from urban runoffs and treated/untreated
pollution sources. It is important to understand and analyze the individual
contributory factors—changes in the landscape, climate variability,
eutrophication, effects of species recruitment events etc.—since the physical,
biological and chemical variability result from a combination of these effects
and their interaction. The entire ecosystem of Chilika Lake is under continuous
threat due to siltation, choking of the mouth connecting the lake to the sea,
eutrophication, weed infestation, salinity changes and decrease in fishery
resources. Hence remedial measures have to be taken in order to preserve
the ecosystem of Chilika.

The present study is concerned with the seasonal circulation and salinity
structures in Chilika. The high biodiversity of the lake is maintained due to
this cyclic variation. It is because of the influx of fresh water during monsoon
season and the inflow of sea water through the outer channel that a distinct
salinity gradient exists along the lagoon. This periodic mixing of fresh and
saline water helps in maintaining different species—marine, estuarine and
fresh water ones—in Chilika. Also, currents regulate the supply of dissolved
inorganic nutrients to the surface layer where most of the phytoplankton is
found. They also control the light levels experienced by phytoplankton below
the surface layer. Thus, physical exchange process plays a key role in the
sustainability of the planktonic food web. The conclusions, based on a
systematic study of the dynamics, salinity and ecology, should help in
analyzing whether the significant improvement found in the productivity of
the lake, is sustainable.
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In Section 2, a brief description of the study domain is given. This is
followed by Section 3 where the mathematical equations pertaining to our
study domain are solved using finite difference scheme with staggered
C-grid. Field observations and data required to validate the model are given
in Section 4 and finally, Section 5 presents the results, based on several
numerical experiments and finally in Section 6 important conclusions based
on the analysis of the results of Section 5 are given. The objective is to
understand the dynamics of the lake corresponding to (i) the Southwest
monsoon (SWM) and Northeast monsoon (NEM) seasons and (ii) pre and
post new mouth-opening conditions which will add to our initiative to improve
the lake and its ecosystem.

2. DESCRIPTION OF STUDY AREA

The water spread area of the Chilika Lake varies between 1165 and 906 sq
km during the monsoon and summer respectively (Siddiqi and Rao, 1995).
A significant part of the fresh water to the lake comes from river Mahanadi
and its distributaries (Mohanty et al., 1996). It shows an overall increase in
depth of about 50 cm - 1 m due to SWM. The seasonal mode of variation
in Chilika is dominant over the interannual mode (Pal and Mohanty, 2002).

Based on the physical and dynamical characteristics of the lake, the lake
is divided into four compartments—northern, southern, central sectors and
the outer channel (Fig. 1). The outer channel has an inlet, which was

Figure 1: Map of Chilika lake showing different sectors.
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the only connection of Chilika with the Bay of Bengal till September 2000
(Fig. 1). The inlet affects the exchange of water between the lake and the
Bay of Bengal; it also controls the current and salinity patterns in the lake
and its size determines the amount of water and salt exchanged with the Bay
of Bengal.

Due to choking of the outer channel (Chandramohan and Nayak, 1994)
exchange of water and salt between the lake and the sea was affected and
for the preservation of Chilika ecosystem a new inlet mouth was opened
near Sipakuda (Fig. 1) on 23 September 2000 (www.chilika.com). Opening
of the new mouth has significantly changed the lagoon environment (Chilka,
2001) making it essential to compare the pre and post mouth-opening
circulation patterns and salinity structures.

3. MATHEMATICAL FORMULATION

We use a system of rectangular Cartesian co-ordinates (Fig. 2) in which, the
origin O is within the equilibrium level of the sea-surface, Ox points eastwards,
Oy northwards and Oz vertically upwards. The u, v, w are the Reynolds
averaged components of velocity in the directions of x, y and z respectively,
f (= 5 × 10–5) the Coriolis parameter, g (= 9.81 ms-2) the acceleration due
to gravity, r (= 1.025 × 103 kgm-3) the density of the water supposed to be

Figure 2: Coordinate representation.
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homogeneous and incompressible, t time, S the salinity and Kx and Ky the
kinematic eddy diffusivities in the x and y directions respectively assumed
to have the same numerical value of 600 m2s-1. The (Fs, Gs) and (FB, GB)
are the x- and y-components of the surface wind and bottom stress respectively.
Pa is the surface pressure. z = z(x, y, t) gives the displaced position of the
free surface and the position of the sea floor is given by z = –h(x, y). The
ratio of fractional change in density for unit change in salinity is given by
b(= 6.5 × 10–4).

The lake is shallow and so we integrate vertically the basic equations of
continuity and momentum to get the equations describing the dynamics of
the lake as
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where u = (ζ )uh+ and v = (ζ )vh+  are new prognostic variables, (ζ )h+ gives
the total depth of the water column and over-bars denote depth-averaged
values given by

ζ

h

1
(u, v)

(ζ )h -

= Ú+
(u, v)dz and 

ζ

h

1(S)
(ζ )h -

= Ú+
(S)dz (5)

A parameterization of the bottom stress is made by the conventional
quadratic law.
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where cf = 1.25 × 10-3 is an empirical bottom friction coefficient.
Surface shear stress due to wind is usually computed using a bulk

aerodynamic formula

( )
( )

1 22 2
S D a a a a

1 22 2
S D a a a a

ρ

ρ

F C u u v

G C v u v

¸= + Ô
˝
Ô= + ˛

(7)

where CD (=1.125 × 10-3) is the drag coefficient, ra (=1.176 kgm-3 ) is the
density of air and (ua, va) are the wind velocity components in x and y
directions, respectively.

The analysis area covers an extent of about 60 km (east-west) and 50 km
(north-south) and in order to incorporate all the islands, the coastal boundaries
and the open-channels, at least a minimum grid interval of about 750 m is
required. Accordingly, the real boundary of Chilika Lake is approximated as
closely as possible by a stair-step boundary (Fig. 3). With this grid
specification, it was found that computational stability could be maintained
with a time step of 60 sec. The coastal boundary in the model is taken to
be a vertical sidewall through which there is no flux of water except for the
two open channels connecting the lake to the sea.

Figure 3: Representation of the boundary by orthogonal stair steps.
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3.1 Boundary and Initial Conditions

Theoretically the only boundary condition needed in the vertically integrated
system is that the normal transport vanish at the coast, i.e.,

 u cos a + v sin a = 0 for all t ≥ 0 (8)
where a denotes the inclination of the outward directed normal to the x-axis.
It then follows that u = 0 along the y-directed boundaries and v = 0 along
the x-directed boundaries. In addition to the boundary conditions for the
hydrodynamic model, appropriate boundary conditions have to be specified
for salinity equation. Along with the normal transport, the diffusive flux of
salinity at the lateral boundaries must vanish i.e.,

S
n

∂
∂ = 0 where n is the unit normal to the lateral boundary. (9)

At the tidal inlets, a sinusoidal tide is prescribed and given by

2πζ( ) cos tt a
T

Ê ˆ= Á ˜Ë ¯
(10)

is used. The a is the tidal amplitude and T is the time period of M2 tide
which is equal to 12.4 hrs approximately. The two tidal inlets of the lake are
very nearby (17 km apart) and therefore, the tides at both the tidal openings
are considered to be in phase and having the same amplitude a.

The fresh water flux at the river opening is provided in terms of the
velocity of fresh water entering into the Chilika basin from the rivers. This
is calculated according to the following formula

u(x, y) = 
( , )

q
h x y L

(11)

where q (3300 million cum) is the amount of fresh water in cubic metres
entering into the Chilika basin obtained by observations made during the
SWM and L is the length of the inlet.

For the solution of the equations (1-4) subject to the boundary conditions
a finite difference scheme with staggered C-grid is used (Mesinger and
Arakawa, 1976).

4. OBSERVATIONS

Observations on hydrographic parameters correspond to SWM and NEM
covering about 33 to 37 stations in the body of the lake after the opening of
the new mouth. Observations before the opening of the new inlet were
obtained from Mohanty et al. (2001). Methodology for observation and
analysis of most of the parameters was adopted from Parsons et al. (1984).
The observations are given in Tables 1(a, b). All the hydrographic parameters
show a wide spatial and temporal variability. There is almost a uniform
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decrease in the depth by about 1 m during the NEM as compared to SWM.
The model bathymetry (Fig. 4) is generated based on observations from
January 2002. Magnitude of current velocity is observed to be much less
during NEM as compared to SWM. Maximum velocity zone is the channel
(tidal effect) during NEM and for SWM the fresh water inlet.

Salinity variation in the lagoon is significant which ranges from 0.2 ppt
to 22 ppt in the pre mouth-opening condition and from 0.4 to 33 ppt in the
post mouth-opening condition during summer. Fresh water influx causes a
reduction in salinity during SWM.

Table 1a: Summary of hydrographic parameters in Chilika lake
(Values within bracket indicate the ranges) Southwest

Monsoon (pre mouth-opening)

  Northern Central Southern Channel
Depth (m) 0.95 2.2 2.4 1.6

(0.3-1.6) (1.6-2.8) (1.5-3.3) (1-4)
Salinity (ppt) 0.85 6.9 9.6 7.63

(0.4-1.3) (4.6-9.2) (8.0-11.2)
Southwest Monsoon (post mouth-opening)

Depth (m) 1.7 2.0 2.5 2.7
(1.1-3.4) (1.0-3.1) (1.0-3.6) (1.0-4.3)

Surface Water
Current (cm/s) 65.2 66.9 57 110.7

(33-117) (42-88) (0-98) (88-149)
Salinity (ppt) 0.9 5.6 18.0 3.0

(0.4-4.4) (0.4-12.7) (12.7-20.2) (1.8-3.6)

Table 1b: Summary of hydrographic parameters in Chilika Lake
(Values within bracket indicate the ranges and * indicates

the unavailability of data)

Northeast Monsoon (pre mouth-opening)
Northern Central Southern Channel

Depth (m) 0.8 1.7 2.1 1.5
(0.2-1.4) (0.7-2.6) (1.2-3.0) *

Salinity (ppt) 3.75 8.46 8.95 9.9
(0.65-6.85) (7.84-9.08) (8.39-9.42) *

Northeast Monsoon (post mouth-opening)
Depth (m) 0.6 1.7 2.2 2.3

(0.6-0.7) (0.7-3.0) (1.9-2.4) (1.1-4.1)
Surface Water
Current (cm/s) 3.7 1.3 4.3 22.3

(0.00-25.0) (0.00-5.4) (2.0-7.7) (18.1-26.1)
Salinity (ppt) 5.2 5.7 7.4 14.6

(4.9-5.5) (4.4-7.7) (6.8-7.8) (13.4-16.3)
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5. RESULTS AND DISCUSSIONS

The 2D depth averaged model is used to obtain information on the response
of Chilika waters to (i) wind forcing and (ii) tidal effects. The model is
forced by the climatological mean winds representative of the months of
July and January (representative months for SWM and NEM respectively).
During January, the direction of the wind is almost North East (40°) with
uniform speed of 2 m/s and for July the direction is almost South West
(200°) with a uniform speed of 6.5 m/s over the entire lake area (Hastenrath
and Lamb, 1979). At the open sea boundary, a sinusoidal tide of amplitude
a (1.12 m) and salinity of 33 ppt is considered (Nayak et al., 1998). Fresh
water influx from the rivers is also included in the model for SWM.
Computational steady state was achieved in 25 tidal cycles and the results
discussed below were obtained after steady state solution was reached. Our
earlier study (Jayaraman et al. 2005) deals at length with the circulation in
the lake and we shall discuss here the resulting salinity patterns.

The results are discussed separately for July and January corresponding
to (i) pre mouth-opening and (ii) post mouth-opening conditions. Comparisons
are later made and conclusions drawn in the next section for (i) the two
different seasons and (ii) pre and post mouth-opening conditions.

Figure 4: Bottom topography (m) Chilika lake.
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5.1 SOUTHWEST MONSOON (SWM)

5.1.1 Old Tidal Inlet

Circulation and salinity in Chilika are affected by three main factors during
the SWM namely wind, tide and fresh water influx. The results obtained
from the numerical experiments performed with the above forcing factors
are analyzed for mean circulation and salinity where the mean was taken
over a tidal period after the steady state was achieved.

Figure 4 shows the residual circulation, which is ebb; hence proving that
ebb current is stronger than flood—a result confirmed by observations (the
peak flood current velocity is 45 cm/s and the peak ebb current velocity is
55 cm/s). The currents are almost uniform (1 to 5 cm/s) in the main
body of the lake except for the northern sector due to fresh water influx
(10 cm/s to 45 cm/s), the channel due to tidal influence (10 to 20 cm/s) and
southern sector which has very low current velocity of about 1 cm/s.

Figure 5 shows that the region of maximum salinity is the channel and
there is a steady decrease in salinity from a maximum of 33 ppt near the

Figure 5: Mean circulation as a result of July wind, tide
and freshwater influx.
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inlet to 10 ppt near the central sector. Salinity progresses in central sector in
the form of a plume where it ranges from 8 to 6 ppt. Further into the central
sector the salinity distribution is almost uniform (6 to 4 ppt). The northern
and southern sectors show low salinity values ranging from 1 to 4 ppt. The
salinity ranges in different sectors match well with the observed ranges in
the corresponding sectors.

5.1.2 New Tidal Inlet

In this experiment, the new tidal inlet is also included in the model. The
peak flood and ebb tide velocities are 95 cm/s and 110 cm/s respectively and
are observed near the new inlet mouth. The circulation profile is almost the
same as with one inlet showing that the residual circulation in the lake is not
affected qualitatively due to the opening of the new mouth.

Figure 6 shows the mean salinity distribution in Chilika. Salinity values
show an overall increase due to the new inlet mouth. The outer channel
shows a salinity range of 33 to 10 ppt. A large salinity plume dominates the
central sector and has salinity range of 10 to 8 ppt. The effect of fresh water
influx is clearly seen in the northern sector where the salinity is almost zero
at the inlet but increases steadily as we move away from the fresh water

Figure 6: Horizontal salinity in ppt as a result of July wind,
tide and freshwater influx (old inlet).

(kms)
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inlet. Northern sector shows higher salinity values (8 to 2 ppt) from the
previous case of one mouth. It can be observed that the new tidal inlet
affects salinity values throughout the main body of the lake except in the
northernmost and the southernmost regions.

5.2 Northeast Monsoon (NEM)

5.2.1 Old Tidal Inlet
Forcing factors affecting circulation and salinity in Chilika during NEM are
wind and tides. Three factors which differentiate NEM from SWM are (i) no
appreciable fresh water influx, (ii) lesser depth and (iii) change in wind
magnitude and direction.

Figure 8 shows the mean circulation for NEM. The mean profile is ebb
which implies that ebb current is stronger than the flood (peak flood and ebb
current velocities are 45 cm/s and 50 cm/s respectively). In almost the entire
main body of the lake, velocity is uniform (1 cm/s). In the central sector it

Figure 8: Mean circulation as a result of January wind and tide (old inlet).



Numerical Simulation of Salinity Structure in Chilika Lake 147

goes slightly higher and takes a value of 2 cm/s. Channel is seen to be the
region of maximum velocity where it ranges from 1 to 10 cm/s.

Figure 9 depicts the salinity structure in Chilika during NEM. Maximum
salinity is observed in the channel (33 to 14 ppt). Salinity values show a
steady decrease as we proceed towards the central sector where it takes on
a plume structure and has a range from 12 to 10 ppt. Central sector has a
salinity range of 12 ppt near the channel to 6 ppt near the northern and
southern sectors. Northern sector has a salinity range of 6 ppt (near the
central sector) to 1 ppt whereas the southern sector is the lowest salinity
zone (4 to 1 ppt). Salinity values show an increase from their values during
SWM due to a lack of fresh water influx during NEM.

Figure 9: Horizontal salinity in ppt as a result of
January wind and tide (old inlet).

5.2.2 New Tidal Inlet
Ebb current is seen to be stronger than the flood current from the mean
circulation profile which is ebb (peak flood and ebb current velocities are 81
cm/s and 95 cm/s respectively). The channel shows a velocity range of 5 to
10 cm/s. Velocity in the main body of the lake is the same as the pre mouth-
opening case which shows that the residual circulation in the main body of
the lake remains unaffected by the opening of the new inlet mouth.

Figure 10, the mean salinity structure, shows that maximum salinity is
observed in the channel (33 to 30 ppt). At Magarmukh salinity decreases to
26 ppt (as against 16 ppt observed with one inlet). The progress of salinity
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into the central sector is in the form of a plume which shows a rapid variation
of salinity with values ranging from 26 to 16 ppt. Northern sector shows an
increased salinity range (14 to 2 ppt) which is also due to a lack of fresh
water influx. Among all the other sectors the southern sector shows the
lowest salinity (10 to 2 ppt). In general the way salinity progresses from the
channel into the main body of the lake remains the same as from the case
of one mouth except that the salinity values show an overall increase
throughout the lake area due to the increased tidal influx.

6. CONCLUSIONS

A two-dimensional numerical model was developed to simulate circulation
and salinity structure in Chilika Lake. Numerical experiments show that
bottom topography besides wind and tides plays an important role in
determining circulation patterns in the Lake. Firstly ebb current always remains
stronger than flood irrespective of the seasons. The channel is the deepest
region of the lake (1 to 4 m) whereas the central sector is shallower as
compared to the channel (1 to 2 m). This gradient facilitates the ebb in
Chilika.

Secondly two big eddies are formed in the central and the northern sectors
due to the depth gradient in these regions. These two results validated by

Figure 10: Horizontal salinity in ppt as a result of
January wind and tide (both inlets).
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observations are confirmed to be caused by the depth gradient since the
numerical experiment with uniform depth failed to show these results.

It is also seen by the numerical experiments that wind forcing is effective
only in the main body of the lake whereas tidal forcing is effective only in
the channel. Though the second opening has helped in increasing the tidal
influx and hence the salinity, its influence is not felt in the interior of the
lake due to the constriction of flow area between the lake and the channel
area near Magarmukh. The simulated results have been validated against the
limited observations and found qualitatively in good agreement.

Seasonal studies based on our model can help in understanding whether
the observed significant improvement in the biological productivity of the
lake after post mouth opening is sustainable.
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1. INTRODUCTION

Akkeshi Lake is located in Hokkaido, the northern island of Japan. The lake
is connected to Akkeshi Bay, which is a part of North Pacific (Figs 1 and
2). The average depth of the lake is 2 m. Oshima et al. (1999) formulated
an ecological-physical coupled model and has explained the role of eel grass

Figure 1: Schematic view of Akkeshi lake.
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in the marine ecosystem. The major current that influence the lake is mainly
caused by M2 tide and also wind driven circulation (Oshima et al., 1999).
There are three main rivers that are connected to the lake and their average
nutrient load values are given in Tables 1 and 2. The oyster and clam
cultures are carried out in the lake, and it has been earlier observed that
epiphytes as well as cultured clam play important role in the material flow
of the lake. The purpose of the present work is to reveal the role of epiphyte
and clam in the lake ecosystem using three-dimensional ecological physical
coupled model.

Figure 2: Bottom topography of the model area. Grey area corresponds
to the box, where the budget of nutrient is calculated.

Table 1: Notation used in the physical model and their values

Horizontal gird size f C F C 500 m
Time interval f C 20 sec.
Average amplitude of tide 0.5 m
Period of tide 12 hour
Vertical gird size 0.5.0.5.2.0.2.0.5.0.5.0.5.0. bottom m

Table 2: Open boundary condition of ecosystem model

Layer CHL NH4 NO3 PO4 PON DON POP DOP ZOO
1 4.77 4.32 0.28 0.45 0.40 3.00 0.04 0.30 0.40
2 4.87 4.02 0.30 0.45 0.40 3.00 0.04 0.30 0.40
3 5.12 3.28 0.34 0.46 0.40 3.00 0.04 0.30 0.40
4 5.51 2.09 0.41 0.47 0.40 3.00 0.04 0.30 0.40
5 6.76 1.78 0.71 0.71 0.40 3.00 0.04 0.30 0.40
6 7.94 1.37 1.68 0.90 0.40 3.00 0.04 0.30 0.40
7 8.07 0.54 2.39 0.87 0.40 3.00 0.04 0.30 0.40
8 8.07 0.54 2.39 0.87 0.40 3.00 0.04 0.30 0.40

Unit µg/l µM µM µM µM µM µM µM µM
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2. MODEL DESCRIPTION

The present ecological and physical models (3-D model) are based on Oshima
et al. (1999). The epiphyte and clam, which have major roles in the material
cycles in Akkeshi Lake (Winata, 2001) are added to that ecosystem model
(Fig. 3). Iizumi et al. (1995) has pointed out that the main source of nitrate
and silicate is from the river. The time dependent feature of nitrate
concentration of rivers falling in Akkeshi Lake is shown in Fig. 4. Obetsu
river, that flows along the urban area, is the major source of nitrate and
records high values just after a heavy rainfall and might be caused by flushing
out of surface dust of town. Bekanbeushi river, which mainly flows along
the natural forest, indicates low nitrate concentration just after the rainfall
and might be caused by dilution of nutrient. During simulation, input of
nutrients from river and inflow of rivers are taken into consideration based
on the observations. The number of clam is 3200 individuals m-2 and biomass
of eelgrass is 200 g m-2 in April and increases linearly to 400 g m-2 in June.
Epiphyte attached to eelgrass is taken into consideration, and their distribution
coincides with that of eelgrass. Biomass of epiphyte has been observed by
a student of Hokkaido University (unpublished) and is supposed to be 20 mg

Figure 3: Schematic view of ecosystem model (DIN: dissolved inorganic
nitrogen, DIP: dissolved inorganic phosphorous, DON: dissolved organic
nitrogen, DOP: dissolved organic phosphorous, PON: particulate organic

nitrogen, POP: particulate organic phosphorous).
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Chl-a m-2 in April (Hasegawa, personal communication). Their biological
parameters are assumed to be same as phytoplankton (Iizumi, personal
communication). The model was run under the average meteorological
condition in April for 100 days in order to obtain quasi-steady state. After
that, observed wind force, river discharge and solar radiation were the inputs
from May to October 2003. The analysis was made for the results averaged
over above six months.

3. RESULTS AND DISCUSSION

A time dependent feature in each ecological compartment in the centre of
the lake during spin up is observed (Fig. 5). This clearly shows that after 30
days, all compartments seem to reach the steady states. Thus, the results can
be used after 100 days spin up as the initial condition of simulation.
Figures 6 and 7 show the daily material cycles in the average simulation
period condition. The inflow to clam is much larger than that to oyster
because the biomass of clam is much larger than that of oyster. It is also
clearly observed that clam grazes not only phytoplankton but also Particulate
Organic Nitrogen (PON), the source of which is epiphyte and eelgrass. As
shown in these figures, epiphyte uptakes nutrients twice as large as
phytoplankton does. Epiphyte plays an important role in the ecosystem of
the lake.

The horizontal distributions of ammonium and chlorophyll-a (converted from
nitrogen to chlorophyll, using a C:N ratio of 133:17 and a C:Chlorophyll-a
ratio of 50:1) at the sea surface as well as observed value in April, 2003
(Mukai et al., unpublished) are shown in Figs 8 and 9. As shown in Fig. 9,

Figure 4: Nitrate concentration of rivers which flow into Akkeshi
Lake and precipitation near Akkeshi in 2003.
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Figure 5: Time dependent value of each compartment at the central lake.

Figure 6: Daily averaged nitrogen flow among compartments
at the box shown in Fig. 2 (g day-1).

Figure 7: Daily averaged phosphorus flow among compartments
at the box shown in Fig. 2 (g day-1).
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Figure 8: Simulated horizontal distribution at the surface of ammonium and
observed one (bottom) (unit: micro mole l-1). Four figures are: Standard: standard
case, the nutrient release from the bottom corresponds to POM accumulation. No
clam: without clam culture. No Epiphyte: without epiphyte. Release × 0.01:
Nutrient release is 1% of POM accumulation (POM: particulate organic matter).
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Figure 9: Simulated horizontal distribution at the surface of chlorophyll-a and
observed one (bottom) (unit: micro g l-1). Four figures are: Standard: standard
case, the nutrient release from the bottom corresponds to POM accumulation.
No clam: without clam culture. No Epiphyte: without epiphyte. Release

× 0.01: Nutrient release is 1% of POM accumulation.
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phytoplankton is lower at the south of the lake where the clam cultures are
taking place. It is well known that shellfish acts as a filter in the marine
ecosystem. The ammonium concentration is high at the river mouth (north-
western part) due to the input from river and also is high at the southern
lake, where the release from bottom mud is high due to the cumulative PON
by fecal pellet of shellfish. In Figs 8 and 9, the results of sensitivity analysis
are also described. In absence of clam, phytoplankton does not increase;
however, in absence of epiphyte, there is a clear increasing trend. This
suggests that epiphyte and phytoplankton is competing. In case with
ammonium release smaller than PON accumulation (in the standard case,
ammonium release is set to be same as PON sink), the simulated results of
ammonium show a good agreement with the observed values. This suggests
that PON accumulation is much higher than the nutrient release from the
bottom. This phenomenon is characteristic in low temperature lagoons.

4. CONCLUSIONS

The following three important results are obtained from the numerical
ecosystem-physical coupled model experiment for Akkeshi Lake. Clam plays
most important role in the material cycle in Akkeshi Lake. Epiphyte is more
important for shellfish food rather than phytoplankton. The amount of
ammonium released from bottom mud is comparatively smaller than the
accumulation of PON. The sensitivity analysis is one of the most important
issues in numerical model studies especially for ecosystem model.
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1. INTRODUCTION

In recent years, there is a significant interest in the use of partial breakwaters
to control waves. Most of these breakwaters are extended from the bottom
up to the water surface, while partial breakwaters only occupy a segment of
the whole water depth. In coastal engineering, partial barriers as breakwaters
are more economical and sometimes more appropriate for engineering
applications. These kinds of breakwaters also provide a less expensive means
to protect beaches exposed to waves of small or moderate amplitudes, and
to reduce the wave amplitude at resonance. A bottom-standing partial
breakwater not only resists the wave propagation but also allows the navigation
of vessels over it. The bottom-standing breakwaters are being used for fish
farming in coastal fishery. In addition, these breakwaters create a calm region
in the downstream of the wave motion and act as a sheltered region for a
large group of marine habitats during severe wave conditions. Moreover,
with the environmental concerns, the bottom-standing breakwater resists the
sediment transport and provides a strong protection against coastal erosion.
On the other hand, a surface-piercing breakwater does not require a strong
bottom foundation and most suitable for protecting coastal and offshore
structures in deep water region. The problems of propagation of water waves
by floating/submerged obstacles have been studied theoretically by many
investigators within the framework of linearized potential theory in a fluid
domain of constant density. Some of the classical investigations on wave
scattering by rigid obstacles are by Newman (1965), Miles (1967), Mei and
Black (1969), Bai (1975) and McIver (1986). The interaction of linear water
wave in a channel of constant depth impinging on a vertical thin porous
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breakwater with a semi-submerged and fixed rectangular obstacle in front of
it is investigated by Yang et al. (1997).

Recently Söylemez and Gören (2003) studied the diffraction of oblique
water waves by thick rectangular barriers. However, there is negligible
progress on wave interaction with submerged or floating structures in two-
layer fluid having a free surface and interface. Such situations arise in the
ocean by solar heating of the upper layer, or in an estuary or a fjord into
which fresh river water flows over oceanic water, which is more saline and
consequently heavier. In such situations, the fluid can be idealized as a two-
layer fluid by considering a lighter fluid of density r1 lying over a heavier
fluid of density r2. It is observed that ships experience an abnormal resistance
force in the Norwegian fjords, which was a mystery for a long time and was
referred to as dead water, until Bjerknes explained that the reason behind
this unknown phenomenon is due to the internal waves at the interface,
which are generated by the motion of the ships (see Kundu and Cohen,
2002). The propagation of waves in a two-layer fluid (in the absence of any
obstacles) was first investigated by Stokes (1847) and the classical problem
of this type of two-layer fluid separated by a common interface with the
upper fluid having a free surface is given in Lamb (1932) and Wehausen and
Laitone (1960). In two-layer fluid, two types of wave modes exist because
of the existence of free surface and interface. The wave generated due to the
free surface are known as surface waves (propagating faster with a higher
wave mode referred to as surface mode (SM)), and the waves generated due
to the existence of the interface are known as internal waves (propagating
slowly with a lower wave mode referred to as internal mode (IM)) (see
Milne-Thomson, 1996). Linton and Mciver (1995) developed a general theory
for a two-dimensional wave scattering by the horizontal cylinders in an
infinitely deep two-layer fluid, and calculated the amount of energy that was
converted from one wave number to the other for the case of circular cylinders
in either the upper or lower fluid layer. The motivation for their work came
from a plan to build an underwater pipe bridge across one of the Norwegian
fjords, bodies of water which typically consists of a layer of fresh water
about 10 m thick on top of a very deep body of salt water.

In the present work, the scattering of water waves by floating and
submerged dykes in a two-layer fluid is investigated in two-dimensions in
the context of linearized theory of water waves. The dykes are of rectangular
geometry and two-layer fluid is considered to be of finite depth. Matched
eigenfunction expansion method is used to solve the boundary value problem
and due to the flow discontinuity at the interface, the eigenfunctions involved
have an integrable singularity at the interface. The orthonormal relation used
in the present analysis is a generalization of the classical one corresponding
to a single-layer fluid. The reflection coefficients and force amplitude are
plotted and present results in two-layer fluid are compared with those existing
in the literature for a single-layer fluid.
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2. MATHEMATICAL FORMULATION

Figure 1: Definition sketch.

In the present study, the Cartesian co-ordinate system is chosen with
x-axis in the direction of wave propagation and y-axis in the downward
direction. The problem is considered in the two dimensions and the dykes
of rectangular cross section are placed in the fluid domain as in Fig. 1. The
fluid is assumed to be inviscid and incompressible and the wave motion is
considered in the linearized theory of water waves by neglecting the effect
of surface tension. In the two-layer fluid, the upper fluid has a free surface
and the two fluids are separated by a common interface, each fluid is of
infinite horizontal extent occupying the region –• < x < •; 0 < y < h in case
of the upper fluid of density r1, and –• < x < •; h < y < H in case of the
lower fluid of density r1. The flow is assumed to be irrotational and simple
harmonic in time and hence the velocity potential F (x, y, t) exists such that
F (x, y, t) = Re [f0 f (x, y) exp (–iwt)]. The factor f0 = –igI0/w is removed
for convenience in the construction of eigenfunctions, where I0 is the amplitude
and w is the wave frequency of the incident waves. The spatial velocity
potential f satisfies the Laplace equation in both the fluid regions and the
linearized free surface boundary condition as given by

∂f
∂y

+ Kf = 0 on y = 0, (1)
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where K = w2/g, and g is the gravitational constant. At the interface, the
continuity of the vertical component of velocity and pressure yield the
boundary conditions

 
y h y hy y= = -+

Ê ˆ Ê ˆ∂f ∂f=Á ˜ Á ˜Ë ∂ ¯ Ë ∂ ¯
and 

y h y h

.K s K
y y= =+ -

Ê ˆ Ê ˆ∂f ∂f+ f = + fÁ ˜ Á ˜Ë ∂ ¯ Ë ∂ ¯
(2)

where 1 2= r rs  with 0 < s < 1. The condition on the solid boundaries is

given by 0,∂f ∂ =n  where n is the outward normal to the boundary.

3. SOLUTION METHOD

3.1 Case of a Surface-Piercing Dyke

In this section, the wave scattering by a surface-piercing dyke as shown in
Fig. 1 is discussed. The dyke has width 2a  and wetted draft d. The symmetry
of the configuration is being exploited to simplify the solution by considering
f (x, y) as a sum of symmetric and antisymmetric parts. Thus, f is written
as s a ,f = f + f  where the symmetric potential fs is an even function of x and
the antisymmetric potential fa is an odd function of x. With this decomposition
of velocity potential, the boundary value problem reduces to two simpler
problems in the region x ≥ 0 only.

Considering the waves incident from large positive x upon the dyke, the
solution proceeds by taking eigenfunction expansions valid in each of the
two regions marked in Fig. 1 and matching them on the common boundary.
The symmetric velocity potentials fs in region (i) and region (ii) are given
by

{ }

{ }

II
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1 exp ( )
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A p x a
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È ˘
- +Í ˙
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Í ˙
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2 0 0 n n
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xB y B y
a

•

=
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The corresponding expressions for the antisymmetric potential fa are
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n I,1 n

sinh
( ) ( )

sinh
xxB y B y
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•

=

l
f = c + c

lÂ  in region (ii). (6)

In the open water region (i), the vertical eigenfunctions n'sf  satisfying
Laplace equation along with Eqs. (1-2) and condition on the solid boundary
at seabed are given by
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pI = –im1, pII = –im2, where mn, n = 1, 2 are positive real and pn, n ≥ 1
are positive purely imaginary roots of the dispersion relation in p as given
by

 { }
{ }

2

2

(1 ) tanh ( ) tanh tanh tanh ( )

tanh tanh ( ) 1 0.

s p p H h ph pK ph p H h

K s ph p H h
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Here m1 and m2 represent the propagating modes for the surface and
internal waves respectively. For the dyke covered region (ii), the
eigenfunctions satisfying Laplace equation along with Eq. (2), and the
condition on the solid boundary on the seabed (y = H) and at the bottom of
the dyke (y = d), are given by
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where { }2
0 ( ) ( )L s s H h h d= - + -

and

2
nL = ( ) ( ){ } 21

n n4 sin h d
−−λ λ − × 2

n nsin ( ){2 ( )s H h h d λ − λ −

2
n n nsin 2 ( )} sin ( ){2( )h d h d H h+ λ − + λ − − λ

]nsin 2 ( )}H h+ λ − (11)

I iλ = − β where b is positive real and n ,  1nλ ≥  are positive purely
imaginary roots of the dispersion relation in l as given by

tanh ( )
(1 ) tanh ( ) tanh ( ) 0.

tanh ( )
h d

s H h h d K
s H h

λ − − λ λ − λ − − = + λ − 
(12)

It may be noted that in the dyke covered region, in case of d < h the
vertical eigenfunctions have only one propagating mode because of the
presence of the interface, whereas in the case of d ≥ h the term n = I does
not appear in the expression of eigenfunctions and the corresponding vertical
eigenfunctions becomes

1
n n n( ) cos ( ),  0,1,2,...y L H y n−χ = λ − =  , (13)

2
0 1L d H= − and ( )2

n 0.5 1 ,L d H= −  for ( 1),n ≥

where n ( ) ,  0,1,2,...n H d nλ = π − = . (14)

The aforementioned expressions for fs and fa satisfy all of the boundary

conditions except those on x = a. It may be noted that s, a s, a
n n0.5A R= for

n = I, II, where s, a
IR and s, a

IIR are related with the reflection coefficients IKr

and IIKr  in surface and internal modes respectively. It may be noted that the
aforementioned eigenfunctions are orthonormal with respect to the inner
products as given below
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The unknowns s a
n n{ , ,  , ,1,...}A A n I II= and s a

n n{ , ,  0, ,1,...}B B n I= are
determined by using the continuity of pressure and horizontal velocity at
x = a along with the suitable utilization of the orthonormal relations as
defined in the Eq. (15).

3.2 Case of a Bottom-Standing Dyke

The scattering of incident wave trains by a bottom-standing dyke in the two-
layer fluid is explained in the present section. The symmetricity of the
problem is again exploited by writing the solution as the sum of a symmetric
and an antisymmetric part. The line of symmetry is same as before and the
origin of x has been chosen to be at the centre of the dyke (Fig. 1). The
symmetric and antisymmetric parts of the velocity potential in the region (i)
is same as that described in case of a surface-piercing dyke. The symmetric
and antisymmetric parts of the velocity potential in region (ii) are as given
below.

s s n
2 n n

n I, II, 1 n

cosh ( )
cosh

xB y
a

∞

=

λφ = χ
λ∑ ,  

a a n
2 n n

I, II, 1 n

sinh ( ).
sinhn

xB y
a

∞

=

λφ = χ
λ∑ (16)

The expression of n ( )yχ  is very similar to that of open region vertical
eigenfunction fn as defined in Eq. (7) and ln satisfy a dispersion relation
similar to that given in Eq. (9). All other solution procedures in the case of
bottom-standing dyke are very similar to that used in the case of surface-
piercing dyke.

4. NUMERICAL RESULTS AND DISCUSSION

Numerical results are computed and analyzed for the wave scattering by
surface-piercing and bottom-standing dykes in a two-layer fluid. The effects
of various non-dimensional physical parameters on wave reflection in both
SM and IM are analyzed. For convenience, the wave parameters are given
in terms of the non-dimensional wave number m1d, water depth h/H, fluid
density ratio s and dyke parameters a/d, H/d and b/H.

4.1 Case of a Surface-Piercing Dyke

In the present subsection, the reflection coefficients in SM and IM and the
hydrodynamic forces on the surface-piercing dyke are analyzed. For sake of
simplicity, all the results are plotted with respect to the normalized wave
number m1d in SM.

In Fig. 2, the reflection coefficients KrI and KrII in a two-layer fluid for
two different values of H/d ratios are compared with the results obtained by
Mei and Black (1969) in a single-layer fluid. In general, the reflection
coefficients in SM are similar to that observed by Mei and Black (1969)
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except in case of intermediate frequency range, where KrI is found to be
significantly small. It may be noted that in case of a two-layer fluid, due to
the presence of the interface, waves in SM and IM propagate below the dyke
(when d < h), which is not the case for single-layer fluid. For small values
of m1d, which corresponds to long wave region, the interface is very close
to the dyke and allows more wave to reflect by the structure. Whilst, for
large values of m1d, which corresponds to short wave region, the interface
is far from the free surface and wave transmission in SM due to interface
becomes insignificant. On the other hand, for intermediate frequency range,
the waves in SM transmitted significantly due to the presence of the interface
and this may be the reason for smaller reflection coefficients in SM as
observed in the present study as compared to the wave reflection in the
single-layer fluid. When the surface dyke is above the interface, the general
trend of the IM wave reflection coefficients observed in the two-layer fluid
is found to be similar to the one observed for a bottom-standing dyke in a
single-layer fluid (see Mei and Black (1969); Fig. 2). However, when the
surface dyke touches the interface or it is extended beyond the interface the
reflection coefficient in IM is found to be 100%.

The variation of reflection coefficients in SM and IM versus m1d are
plotted in Fig. 3 for different values of H/d. For all values of H/d with an
increase in m1d the wave reflection in SM increases and attains a 100%
reflection in the deepwater region. On the other hand, for d/H < h/H, the
general trend of reflection coefficient in IM follows an oscillating pattern
and it attains a zero reflection in the deepwater region. This is due to the fact
that in the deepwater region, the dyke is far from the interface and hence it
has a negligible impact on waves in IM. However, as the dyke approaches
towards the interface, the wave reflection in IM increases sharply and attains
a 100% reflection over the entire frequency range in case of d ≥ h.

Figure 2: Comparison of reflection coefficients in SM, KrI  and IM, KrII
versus m1d for two different H/d values at a/d = 1.0, h/H = 0.25

and s = 0.75 with Mei and Black (1969).



Wave Interaction with Floating and Submerged Rectangular Dykes 167

The effect of dyke width to wetted draft ratio, a/d on reflection coefficients
in SM and IM are shown in Fig. 4. It is observed that with an increase in
a/d ratio, the reflection in both SM and IM increases. This is expected
because an increase in dyke width will enhance the wave reflection and
when the width becomes infinitely large, the wave reflection in SM become
100% over entire frequency range because in such situation there will not be
any transmitted wave in SM existing in the downstream direction. On the
other hand, the wave reflection in IM is similar to the one observed in the
case of a bottom-standing dyke in a single-layer fluid (see Fig. 2 of MEI Mei
and Black, 1969).

Figure 3: Reflection coefficients in SM, KrI and IM, KrII versus m1d
for different H/d values at a/d = 1.0, h/H = 0.25 and s = 0.75.

Figure 4: Reflection coefficients in SM, KrI  and IM, KrII versus m1d
for different a/d values at H/d = 6.0, h/H = 0.25 and s = 0.75.

Figure 5: Reflection coefficients in SM, KrI and IM, KrII versus m1d
for different s values at H/d = 5.0, a/d = 1.0 and h/H = 0.25.



168 P. Suresh Kumar et al.

Reflection coefficient is plotted versus m1d in SM and IM for various
values of s in Fig. 5. It is observed that in the deepwater region, the wave
reflection in SM increases with an increase in the value of s and a reverse
trend is observed in case of IM wave reflection.

The magnitude of horizontal and vertical hydrodynamic forces per unit
incident wave amplitude and length of dyke are analysed in Figs 6 and 7.
The pattern of hydrodynamic forces for single cylinder in case of the two-
layer fluid is similar to the one explained in Mciver (1985) in case of a pair
of cylinder in the single-layer fluid. In addition, resonance behaviour is
observed in the case of horizontal hydrodynamic force. As a result, a rise in
the horizontal hydrodynamic force at resonance frequency will lead to a
higher drag on the obstacle. However, it is observed that the magnitude of
resonating horizontal hydrodynamic force increases with a decrease in H/d
value and an increase in a/d value. On the other hand, the vertical
hydrodynamic force increases with an increase in m1a and in the deep water
region the magnitude of vertical hydrodynamic force is high for small H/d
and a/d values.

Figure 6: Horizontal and vertical force per unit incident wave
amplitude and length of dyke in MN/m2 for different H/d

values at a/d = 1.0, s = 0.75 and h/H = 0.25.

Figure 7: Horizontal and vertical force per unit incident wave
amplitude and length of dyke in MN/m2 for different a/d

values at H/d = 6.0,  s = 0.75 and h/H = 0.25.
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4.2 Case of a Bottom-Standing Dyke

In the present section, the reflection coefficients in SM and IM for the
bottom-standing dyke are analyzed for various physical parameters of interest.

The variation of reflection coefficients in SM and IM versus m1d are
plotted in Fig. 8 for different values of H/d. In general, it is observed that
the wave reflection in both SM and IM are found to be increasing with a
decrease in H/d. When the bottom-standing dyke is in the lower fluid domain
(H – d)/H > h/H,  i.e., H/d = 2.0 and 3.0), with an increase in m1d the wave
reflection in both SM and IM decreases and approaches to zero in the
deepwater region. This is because the bottom-standing dyke has a negligible
impact on the wave motion in both the modes in the deepwater region. On
the other hand, when the dyke is extended up to the upper fluid ((H – d)/
H < h/H, i.e., H/d = 1.05 and 1.15), the wave reflection in SM increases up
to certain intermediate frequency range; thereafter it starts decreasing and
the trend suggests that it attains a zero reflection in the deep water region.
The increase in the wave reflection in SM, for certain intermediate frequency
range in case of (H – d)/H < h/H is due to the fact that the waves propagating
at the interface get completely blocked in such situations and this will lead
to a higher wave reflection. For (H – d)/H < h/H, the wave reflection in IM
is found to be increasing with an increase in m1d and the trend suggests that

Figure 8: Reflection coefficients in SM, KrI and IM, KrII versus m1d for
different H/d values at a/d = 6.0, h/H = 0.25 and s = 0.75.

Figure 9: Reflection coefficients in SM, KrI and IM, KrII versus m1d
for different a/d values at H/d = 2.0, a/d = 0.25 and h/H = 0.75.
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the reflection in IM attains 100% reflection in the deepwater region. This is
because in deep water the interface is far from the free surface and in such
situation free surface cannot transmit the waves in IM and this will lead to
a situation where there will be no wave transmission in IM.

The effect of dyke width to wetted draft ratio, a/d on reflection coefficients
in SM and IM are shown in Fig. 9. It is observed that with an increase in
a/d ratio, the reflection in both SM and IM increases. The general trend of
the reflection coefficient pattern in both SM and IM is similar to the one
observed in the case of a bottom-standing dyke in a single-layer fluid (see
Fig. 2 of Mei and Black, 1969).

The effect of interface position  h/H on reflection coefficients in SM and
IM are shown in Fig. 10. It is observed that for both (H – d)/H > h/H and
(H – d)/H < h/H, with a decrease in h/H ratio, the reflection in SM increases.
However the general trend of the reflection coefficient variation in SM is
different for (H – d)/H > h/H, and (H – d)/H < h/H. On the other hand, the
wave reflection in IM increases with an increase in the value of h/H.

Reflection coefficients are plotted versus m1d in SM and IM for various
values of s in Fig. 11. It is observed that the wave reflection in SM has
higher reflection peaks for higher values of s and a reverse trend is observed
in case of IM wave reflection.

Figure 10: Reflection coefficients in SM, KrI and IM, KrII versus m1d for
different h/H values at H/d = 2.0, a/d = 6.0 and s = 0.75.

Figure 11: Reflection coefficients in SM, KrI and IM, KrII versus m1d for
different s values at H/d = 2.0, a/d = 6.0 and h/H = 0.25.
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5. CONCLUSIONS

The wave scattering by rectangular surface-piercing and bottom-standing
dykes in a two-layer fluid is investigated. Orthogonal relations suitable for
the two-layer fluid, in both the cases of open water region and dyke covered
region are utilized to solve the problems. The symmetricity of the problem
is exploited by splitting the velocity potential in symmetric and antisymmetric
parts and this made the problem simple and the number of unknowns to be
found out by solving the matrix system are also reduced dramatically. The
wave reflection for both surface-piercing and bottom-standing dykes is found
to be strongly dependent on the interface location and the fluid density ratio
apart from the dyke geometry. Moreover, the hydrodynamic force on the
surface-piercing dyke is also studied and a strong resonating horizontal force
is observed for certain range of frequencies. A similar approach can be
utilized to study more general problems in two-layer fluid having a free
surface.
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1. INTRODUCTION

Rubble mound breakwaters are the structures which are meant to reflect and
dissipate energy of the wind generated waves and thereby to prevent their
incidence on water area intended to protect. Submerged breakwater with its
crest at or below still water level (SWL) can cause substantial wave attenuation
and can be effectively used in places where tidal variations are small and
only partial protection from waves is required, like harbour entrance, beach
protection, small craft harbours etc.

The wave breaking over submerged breakwater causes great turbulence
on lee side. Current and turbulence together on lee side of submerged
breakwater have a strong power of erosion on a sandy bottom and can thus
prevent siltation. They also offer resistance through friction and turbulence
created by breakwater interference in wave field causing maximum wave
damping and energy dissipation, minimum wave reflection and bottom scour,
and maximum sand trapping efficiency (Baba, 1985; Pilarczyk and Zeilder,
1996). They are also used for coastal protection.

The reef is a structure which is little more than a homogeneous pile of
stones without a layered structure. The hydrodynamic performance of the
reef is investigated based upon physical model study to ascertain its suitability
as coastal defense structure. The varying geometry and seaward location and
wave transmission at the reef will help in designing an optimum structure.

2. LITERATURE REVIEW
The influence of the slope, crest width and depth of submergence of various
shapes of submerged breakwaters on wave transmission was studied by
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Johnson et al., 1951; Dattatri, 1978; Khader and Rai, 1980; Dick and Brebner,
1968; Smith et al., 1996; Pilarczyk and Zielder, 1996; Twu et al., 2001;
Shirlal and Rao, 2003 and Shirlal et al., 2003. Some of the above authors
opined that the submerged structure is constructed in a water depth of
1.5 m to 5 m with a slope of 1:2 to 1:3 and a height exceeding 0.7 times
the depth of water. A reinforced concrete smooth submerged breakwater
experimented in Russia with a seaward slope of 1:1.67 and vertical shoreward
slope gives optimum wave transmission with minimum reflection for a tidal
range less than 2 m and steepness greater than 0.075 (Baba, 1985). But there
are as many opinions as the number of investigators on what should be the
crest width of the submerged breakwater. In case of submerged structure the
wave attacks on its crest and less on the seaward slope. Hence slope angle
is not the governing parameter for stability. Various investigators have tested
reefs of stone armour with steeper slopes of 1:1.5, 1:1.67 and 1: 1.75.
However, better dissipation of waves, lower reflection and easier transport
of sediment over the structure were observed for submerged breakwaters
with seaward slopes ranging from 1:2 to 1:3 (Pilarczyk and Zielder, 1996).
Ahrens (1984) showed that for a submerged reef, wave reflection is less than
20% for slopes of 1:1.67 for zero freeboard which is critical.

The reef is a structure which is little more than a homogeneous pile of
stones whose weight is sufficient to resist the wave attack. A submerged reef
is an optimized structure to highest degree. The reef is fundamentally built
to break the steep waves and as this structure is submerged and porous, wave
reflection is small and wave energy damping and wave transmission are the
significant characteristics. The important reef parameters affecting the wave
breaking and transmission are structure height, crest width and submergence.
Therefore, an experimental investigation was carried out to determine the
impact of the above parameters of submerged reef breakwater on wave
height attenuation and wave transmission. Ahrens (1984 and 1989), Gadre
et al. (1992), Pilarczyk and Zeilder (1996) and Nizam and Yowono (1996)
have presented equations and graphs to calculate the armour weight of
submerged reef breakwater.

3. DETAILS OF MODEL SETUP

3.1 Wave Flume

Physical model studies are conducted in a two-dimensional wave flume of
50 m × 0.71 m × 1.1 m in which regular waves are generated. It has a
smooth concrete bed for a length of 42 m as shown in Fig. 1. The flume has
bottom hinged flap type wave generator operated by a 7.5 HP, 11 KW, 1450
rpm induction motor. This motor is regulated by an inverter drive (0-50
Hertz) rotating at 0-155 rpm. The system can generate waves of 0.02 m to
0.24 m of 0.8 sec to 4 sec period in a maximum water depth (d) of 0.5 m.
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Figure 1: Details of experimental setup.

3.2 Reef Model

The 1:30 scale model of a reef of height (h) 0.25 m has a crest width (B).
The reef is constructed with armour of weight W50 gms. The structure is of
uniform slope of 1V:2H and armour units have a fitted placement. The crest
width and armour weight are varied depending upon the requirements during
the course of the experiment.

3.3 Instrumentation and Data Acquisition

The capacitance type wave probes along with amplification units are used
for data acquisition. Two such probes are used during the experimental
work, one for acquiring incident wave height (Hi) and the other for transmitted
wave height (Ht). During the experimentation, the signals from wave channels
are verified with digital oscilloscope along with computer data acquisition
system. The wave probes are calibrated at the beginning of the work. Before
starting the experiment, the flume is calibrated with breakwater model in
place for different water depths to find out the incident wave heights for
different combinations of wave height and wave period. Combinations that
produced the secondary waves in the flume are not considered for the
experiments. One probe is positioned at 1 m seaward of the reef and another
at the locations where the transmitted wave height is to be measured. The
signals from the wave probe are recorded for the incident and transmitted
wave. Incident and transmitted wave heights are also measured manually as
a crosscheck.
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4. EXPERIMENTAL PROCEDURE

4.1 Study of Reef Stability

The 1V:2H sloped trapezoidal reef of height (h) 0.25 m with a crest width
(B) of 0.1 m is constructed over the flat bed of the flume with armour of
weight varying from 15 gms to 35 gms as the various design criteria given
by Ahrens (1984 and 1989), Gadre et al. (1992), Nizam and Yuwono (1996)
and Piarczyk and Zeidler (1996). This test section is subjected to normal
wave attack of regular waves of height ranging from 0.1 m to 0.16 m of
periods varying from 1.5 sec to 2.5 sec in a depth of water of 0.3 m as the
reef stability is critical at the lowest water level.

4.2 Study of Wave Transmission at the Reef

The wave flume is filled with ordinary tap water to the required depths (d)
of 0.3 m, 0.35 m and 0.4 m height. In the present model study, rigid bed
conditions are considered and it is assumed that the onshore and offshore
movement of sediments does not interfere in the wave attenuation process.
The model is subjected to normal regular wave attack of height (Hi) of 0.10
m, 0.12 m, 0.14 m and 0.16 m with varying periods (T) of 1.5 sec, 2.0 sec
and 2.5 sec in different water depths (d) mentioned above. The transmitted
wave heights (Ht) on the leeside are observed for a distance of every metre
up to 8 m i.e. at X/d ranges of 2.5 to 26.67.

5. RESULTS AND DISCUSSIONS

The damage of the reef and wave height attenuation (i.e. WHA = 1 – (Hi/
Ht)) due to reef, is investigated with respect to incident wave steepness
parameter and reef crest width.

5.1 Stability of the Reef

The damage to the reef, of crest width B of 0.1 m, height h of 0.25 m and
with armour stones of weight varying from 15 gms to 35 gms, for a critical
depth of 0.3 m is recorded in the form of reduction in crest height (hc). The
dimensionless damage is computed as hc/h. The variation of the dimensionless
damage hc/h with spectral stability number NS* for varying armour stone
weight is shown in Fig. 2. The spectral stability number NS* (Ahrens, 1984)
is given as

NS* = 
–1/3

50

( )

n

H S
DD

 (1)

H is the design wave height, S is the local wave steepness, D is mass density
of armour stone and Dn50 is the nominal diameter of the armour stone. From
the figure, it is observed that a reef with armour stones of weight of 35 gms
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is stable while armour stones of 30 gms are also quite stable. Hence, armour
stone of 30 gms is chosen as optimum weight for a stable reef.

5.2 Impact of Reef Location on Wave Height Attenuation

The submerged reef successfully trips the steeper waves and dissipates wave
energy (Fig. 3). The effectiveness of reef in damping of waves increases
with an increase in wave steepness. Therefore, reef can be successfully used
for coastal protection where they are subjected to steep waves during storms.
Further, as the distance (X) increases, the waves that break over the reef,
loose some more energy while propagating in the stilling basin (i.e. the
energy dissipation zone). The transmitted wave heights on the leeside are

 Figure 2: Damage (hc/h) of the reef with spectral stability number (NS*).

Figure 3: Variation of WHA with the deep water wave steepness
parameter for varying reef locations.
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observed for a distance (X/d) varying from 2.5 to 26.67. It is observed that
up to a shoreward distance (X/d) of 10.0 to 13.33, there is a maximum wave
attenuation of about 50% beyond which there is no significant increase in
wave attenuation. This is the maximum wave height attenuation observed in
sea at natural bar according to Battjes and Janssen as quoted by Cox and
Clark (1992). Therefore, it is decided to locate the reef within a maximum
shoreward distance (X/d) of 13.33 for optimizing the location of the reef and
its crest width. The trend lines show that for X/d = 2.5 to 3.33, the waves
are attenuated by a maximum amount of 18%, for X/d = 6.25 to 8.33, the
maximum attenuation of wave heights is about 33% and for X/d = 10 to
13.33, it is about 43%. Therefore, to study the effect of the reef crest width,
the wave height attenuation is recorded for X/d of 6.25 to 8.33.

Figure 4 shows the trends of wave height attenuation (WHA), for a reef
at a shoreward distance (X/d) of 6.25 to 8.33, against varying deep water
wave steepness parameter (Ho/gT2) for a range of crest widths (B/d = 0.25
to 1.33). For a given crest width the WHA increases with an increase in
steepness parameter. The reason is the reef breaks the steeper waves
successfully, increasing wave damping, resulting in increased WHA which
finally reduces wave transmission. The WHA decreases with an increase in
B/d. This is because after breaking, wider reef offer friction and waves
increasingly shoal over them. The maximum WHA are 33%, 37%, 41% and
46% for the ranges of crest widths (B/d) from 0.25 to 0.33, 0.5 to 0.67, 0.75
to 1.0 and 1.0 to 1.33 respectively. For the reef of crest width (B/d) of 1 to
1.33, the wave height attenuation at X/d = 6.25 to 8.33, is 46% which is

Figure 4: Variation of WHA with deep water wave steepness
parameter for varying reef crest widths.
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more than that (43%) achieved by the reef of crest width (B/d) of 0.25 to
0.33, at X/d = 10 to 13.33.

6. CONCLUSIONS

The following conclusions are drawn from the present study:
Optimum armour weight of the submerged reef is 30 gms.
Wave height attenuation for the submerged reef increases with an increase
in Ho/gT2, X/d and B/d.
For the reef of crest width (B/d) of 0.25 to 0.33, the maximum wave
height attenuation of wave heights is about 18% to 43% at X/d varying
from 2.5 to 13.33.
For the reef of crest width (B/d) of 1 to 1.33, located at X/d = 6.25 to 8.33,
the wave height attenuation is 46% which is more than that achieved by
the reef of crest width (B/d) of 0.25 to 0.33, located at X/d = 10 to 13.33.
The submerged reef, which is an optimised structure, attenuates the steep
waves; may be an optimum coastal protection structure.
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1. INTRODUCTION

The use of Geographical Information Systems (GIS) for a range of terrestrial
spatio-temporal analyses has grown exponentially over the past three decades.
This growth has occurred as a result of the system’s proven capabilities at
resolving an ever widening range of problems, plus the fact that the system
can be utilised for modelling and other predictive purposes. Growth has been
supported by rapidly decreasing costs and by the promotion of GIS through
publications, education and conferences. The use of GIS for analyses or
modelling in aquatic environments has been rather slower to emerge. This
is largely a function of the fact that, from a cost viewpoint and from a
‘mapping capability’ perspective, data here is much more difficult to acquire.
Thus, in aquatic environments, everything moves or is mobile including both
the environment itself and those objects within it. Despite these difficulties,
for the past 15 years GIS has been increasingly utilised for work in both
marine and freshwater environments, and there is now a huge literature that
can testify to its success1.

One of the most significant lessons learned from the Chilika experience
is the vital role that scientific information can play towards achieving good
management. (Ghosh, 2003). Here is recent recognition that the Lake Chilika
area is a classic case where innovations such as GIS offer the potential for
huge management advantages and progress towards the assumed goals of

1 A paper giving a good overview of the use of GIS in coastal zone management
(Zeng, T.Q. et al. (2001) Coastal GIS: Functionality Versus Applications. J. of
Geospatial Engineering. Vol. 3(2), pp. 109-126) is available on http://
www.lsgi.polyu.edu.hk/sTAFF/zl.li/vol_3_2/05_zeng.pdf
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sustainability and restoration. The author goes on to note that “the lessons
learned (from all the previous studies in the lake catchment) show how
scientific research and application can lead to better management in a wetland
ecosystem.” The issues of how to achieve better management through the
realisation of a dedicated GIS for the Chilika lagoon form the substance of
this paper. In more detail, the paper will attempt to further elaborate why a
GIS is necessary for improved lake and catchment management, and it will
exemplify the range of potential tasks that a GIS might accomplish. However,
accomplishing these tasks will not necessarily be easy; so it is important that
any instigators of a possible “Chilika GIS” are cognisant of some of the
challenges that must be faced. The paper concludes with some ideas on a
potential implementation strategy for a “Chilika GIS”.

2. WHY UTILISE A GIS FOR THE MANAGEMENT
OF LAKE CHILIKA?

Initially, it might be useful to mention that virtually all of the problems that
are manifest in the catchment area of Lake Chilika originate from the terrestrial
areas, i.e. from the land. However, most of the problems are actually manifest
in the lake. This gives a vital clue as to the direction in which the attention
of managers should be directed. If the land areas, from the perspective of
sustainability, can be successfully managed, then most of the aquatic problems
will be coincidentally solved. So any “Chilika GIS” must be concerned with
the whole catchment of the lagoon.

In the total lagoon (lake) catchment there is a matrix of inter-related
problems that lead to major spatial dis-equilibrium2. Problems may be manifest
(and illustrated) as ‘causal linkage chains’. For instance, we can illustrate
two of these by tracing backwards to an original cause:
(a) Sedimentation. Excessive silting > stream sediment load > inflow via

catchment run-off > increased plowing/soil exposure > natural vegetation
removal > need for cleared land plus fuel and timber > land needs >
population increase.

(b) Wildlife depletion. Hunting or over-fishing > need for food > population
increase.

There are many other chains, some of which are simple and others are
complex. However, they are nearly all interlinked and ultimately derive from
population pressures. This is, of course, a large problem that faces both India
and the planet!

2 The inter-related nature of the problems was recognised by the Ramsar Advisory
Mission who visited the lake in December, 2001. Their concerns have been noted
at the web address: http://ramsar.org/ram/ram_rpt_50e.htm
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So, the natural ecosystems in and around the lake are out of balance.
What makes the Chilika case so important is the scale and the range of the
problems in terms of numbers of ecosystems affected, the numbers of humans
affected and the degree to which the systems are out of balance. To alleviate
the situation here is a truly major challenge but it is a challenge that must
be taken on. Of course, there has been much recognition of these problems,
and especially during the past decade some considerable amount of research
and management work has been directed towards improving conditions in
the catchment area (Sudarshana, 1999). However, the aforementioned dis-
equilibrium, in conjunction with the multiplicity of the ‘causal linkage chains’,
means that quite sophisticated remedial measures must now be deployed.
This is where GIS comes in. As an analytical and decision-making tool, GIS
can provide managers with the means to rectify situations where spatial
imbalance prevails. Because it handles data relative to both spatial and
temporal dimensions, and through its multiplicity of analytical functions, a
GIS can be at the heart of any decision-making forum.

Management decisions on the future of the lake cannot be taken without
access to a very wide range of data and information. There are already a
number of mechanisms in place to gather such data. However, at present it
appears that there is an over-reliance on data from satellite remote sensing
(RS). Whilst RS data is of course extremely useful, it can only provide
information on a restricted range of parameters (e.g. Pal and Mohanty (2002)
report on aquatic vegetation cover, and Mohapatra et al. (1994) report on
other variations in lagoon features). For its successful functionality, GIS is
totally dependent on accurate spatially referenced data, and for managers to
successfully utilise GIS across a wide ranging number of thematic areas,
then a wider range of data gathering systems must be put in place. Instigation
of a GIS for the improved management of the Chilika catchment would act
as a significant spur towards achieving the emplacement of further objective
data gathering systems.

The enactment of improved data collection, in conjunction with the GIS
itself, can act as a significant unifying force for good. Thus, there has already
been put in place a group of trained facilitators who are locally running some
10 Centres for Environmental Awareness and Education (Ghosh, 2003). This
was a response to the perceived need to make the local population aware of
the pressures on the lake environs. These centres, plus the Campaign for the
Conservation of Chilka Lagoon, might need to further organise local ground-
based data collection. It is likely that most of those who come into contact
with these facilitators will unite in their efforts to bring about improvements.
It is likely that additional, cooperative data gathering mechanisms will be
adopted. Thus it makes financial and strategic sense to utilise some of the
thousands of ‘feet on the ground’ as a means of data collection, especially
where it involves collection of data relative to human-based activities. In
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many cases groups who might have previously been actively hostile to one
another, or who would certainly not have actively cooperated, might in the
future be interacting.

There are some indications that much of the scientific work previously
carried out on the lake and its environs is descriptive or one-dimensional
(Mishra et al., 2003). For instance, there are large data sets that elaborate on
the number of x or y species found in the lake or the catchment. To an extent
the fourth dimension has been introduced via some examination of species
and their quantitative changes over time. Although Pal and Mohanty (2002)
correctly recognise that process analyses (rather than simply descriptive) are
increasingly desirable, it is imperative that studies are taken further through
the adoption of both two and three dimensional analyses, i.e. in association
with temporal considerations. GIS offers this opportunity.

A further reason for the implementation of a GIS for the management of
the Chilika catchment lies in value of mapping per se. In the area of cognitive
perception there is some considerable evidence that a ‘picture is worth a
thousand words’. The same cognitive processes underlie spatial
comprehension. Whilst of course there will be significant inter-personal
differences in spatial (mapping) cognition, it is very clear that a map has the
potential to instantly convey a range of spatial relationships and process
events. This might best be exemplified by a weather forecast map. Here the
user has little difficulty in perceiving meteorological processes (sunny, raining,
hot, windy, etc), as well as where these process events might be in relation
to known geographic locations. Extrapolating to the Lake Chilika
circumstances, it is easy to see that processes or activities in the region can
also be visually conveyed through the media of mapping.

Another justification for a “Chilika GIS” lies in the system’s inherent
capability of being scale independent. Thus, all the process interactions
inferred above will be happening across a wide range of scales. This means
that there is no optimum scale at which a “Chilika GIS” might operate, and
indeed it is essential that it does function at a wide range of scales. So, for
some variables (parameters) it might be best to carry out investigations into
specific small areas, but for others this will be unnecessary. GIS is able to
change scale if required and different data sets from different areas, or data
showing different processes, can be integrated into any desired analyses.

There are a range of other factors that also favour adoption of a GIS for
the management of the catchment. These include the rapidly growing capacity
for India, through the use of locally trained people, to provide the technical
backup for the system; the ability to secure a range of data that easily
integrates to GIS in terms of formatting and structure; and the fact that a
successful adoption here would be a major incentive to GIS adoption for
environmental management in other parts of the sub-continent that are
experiencing spatially related conflicts. GIS has been most successfully used
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in similar situations elsewhere3, so there is the strong possibility that a
“Chilka GIS” would be able to benefit from the experience of others. And
finally, the Ramsar Convention, in its new guidelines for the integrated
management of wetland planning, notes that a major process should be “to
begin development of (a) GIS database and other area management tools”4.

3. POTENTIAL GIS USES IN THE CHILIKA CATCHMENT
AND DATA REQUIREMENTS

For those who have been working with GIS for any length of time it is clear
that, in any specific field for spatial analyses, there may be an almost infinite
range of analyses that could be performed. The situation at Lake Chilika is
no exception, and indeed the uses to which a GIS could usefully be applied
here would be far greater than in most other circumstances. This is simply
because the lake and its environments are encapsulating a microcosm of
almost all human activities. Given this wide potential, an exemplary list can
only briefly illustrate potential GIS uses:

As a means for various kinds of mapping. This might be of static features
such as boundaries or roads, or mobile features such as fish distributions
or lake chlorophyll, or features exhibiting irregular patterns of change
such as forest clearance or land use.
To examine the relationships among spatial distributions of phenomena
associated with the lake. The GIS can reveal what variables are related,
the strength of the relationship(s), and how the relationship(s) may vary
over time.
Resource distributions need to be known in order to identify potential
extraction quantities, e.g. fish stock assessments will capture data that can
help ascertain spatial variations in fish exploitation, and where exploitation
might best be located.
It will be essential to establish both reference points and indicators for the
monitoring of the relative success of management plans. Basically, this is
the setting of a baseline(s) against which it is possible to judge whether
progress in lake management is being achieved. Indicators might be
descriptive, performance, welfare or efficiency based. It is important to
note that, given the increasing human populations around the lake, it will
be impossible to re-attain some idealised, pristine conditions for the lake.
GIS can give an objective indication on the extent to which performance
targets have been met.
There is now a growth in developing habitat suitability indices based
upon known environmental preferences for given species (see Fig. 1).

3 An example of a very similar project can be found at: http://www.geog.ucl.ac.uk/
melmarina/work_packages.stm

4 For further details see: http://www.ramsar.org/strp/key_strp_workplan_2003.htm
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This is essential for the establishment of, for instance, ‘no-take zones’ or
protected areas for possible fishery closures.
GIS can usefully monitor the effectiveness of closed areas both spatially
and temporally, also giving clues to the desirable size, shape and disposition
of such areas.
GIS can aid in the identification of areas that are in need of remedial
measurements such as habitat restoration, e.g. areas where silt is
accumulating or where vegetation growth is a problem, and areas where
mangroves could advantageously be replanted.
It will be possible to develop process models. GIS can form the working
platform for these, and there are a range of external models that can be
linked to most proprietary GIS’s5. Using dynamic (animation) GIS
techniques, it is possible to display models of processes such as seasonal
water dynamics, sediment transport, salinity variations, water volumetric
calculations, vegetation dynamics, and various run-off trajectories6.

Figure 1: Developing a habitat suitability model for sole eggs in the Dover
Straits (adapted from Eastwood et al., 2003).

5 The paper accessed on http://www.coastgis.org/01pdfs/gilman.pdf gives valuable
clues to integrated modelling.

6 There are a number of web sites that are able to supply environmental software
models that in many instances can be integrated to function in a GIS environment,
e.g. http://www.spatialhydrology.com/software_hydrostat.html and
http://www.uvm.edu/giee/SME3/
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It will be possible to test various restocking strategies including measuring
the success rate of these and establishing where restocking needs are most
needed.
It is desirable to estimate optimum location for such physical structures
as processing plants or prawn farms (if this activity is permitted in the
lake), or for activities such as eco-tourism. Use of GIS for these studies
might be thought of as optimal location or impact analyses.
It is clear that many of these tasks will be essential to the future

enhancement prospects of Lake Chilika. Table 1 shows the ‘scientific needs’
for the successful integrated management of Chilika as suggested by Mishra
et al. (2003). It is also clear that GIS can significantly contribute to the
holistic attainment of these needs, i.e. since nearly all of them have a spatio-
temporal context. What is further clear is that, for the success of most of
these analyses, it will be necessary to significantly enhance the range of data
that is presently held.

Table 1: Scientific needs for the sustainable management of
Lake Chilika (from Mishra et al., 2003)

1. Regular monitoring of the lake
2. Better techniques for aquaculture
3. Fish recruitment and assessment of stock
4. Fertiliser and sewage related pollution
5. Heavy metal pollution
6. Conservation of avifauna
7. Dredging affect on species diversity
8. Research and database

There is already assembled a quantity of RS satellite data and this can
provide excellent information on factors such as lake morphology, distributions
of water-borne vegetation, lake-side land use, water turbidity and seasonal
changes in water quantity, etc. By dint of its collection methods, this data is
accurately geo-referenced. However, a problem regarding much of the rest
of the data currently being held is the quality of its geo-referencing and this
is something that future data gatherers must be aware of. From a rudimentary
perusal of the Chilika situation it appears that the data that are presently
lacking are mainly those associated with human activities, e.g. the distribution
of fishing effort, applications of chemicals or fertilizers to farming (plus
other inputs to the land), eco-tourism dispersion, plus those associated with
marine and terrestrial faunal distributions.

Although this author has no way of knowing the exact data sets that are
currently held, examples of data that could form the basis of much GIS work
include:

A time series for lake shore dynamics (both seasonally and over the long
term).
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Lake bathymetry.
Long term and seasonal distributions of water qualitative abiotic factors
such as, pH, salinity, temperature, nutrients, etc, plus distributions of
biotic factors, e.g. chlorophyll, BOD, planktons, vegetation.
Species or habitat distributions - marine and terrestrial.
Catchment land use including temporal changes.
Catchment population density and changes.
Boat concentrations, distributions and density.
Catch statistics and distributions.
Facilities locations, e.g. prawn farms, processing plants, road access, jetties,
supply points, etc.
Transport systems.
Location of infrastructure.
Point sources of pollution.
Restricted zones.
It is important to stress that these are only some of the major thematic

areas for data sets—within any of these categories numerous sub-categories
could be defined.

4. CHALLENGES TO THE USE OF GIS IN A
DYNAMIC ENVIRONMENT

Challenges to the use of GIS for work in areas such as the Chilika basin are
going to be widespread, i.e. if only because of the all-embracing nature of
the human and physical environments involved. However, recognition of
these is imperative if the GIS is to be successfully deployed. This recognition
is necessary not only as an aid to the progression of successful GIS output,
but also in order to best recognise the limitations that may be placed upon
any of the interpretation of output from any specific GIS projects. Challenges
can best be looked at under the four main headings of: Intellectual and
theoretical; Practical and organisational; Economic; and Social and cultural.

4.1 Intellectual and Theoretical Challenges

4.1.1 The Mapping of Moveable Variables
The first intellectual or theoretical challenge is that of mapping moveable
variables. Unlike terrestrial environments, in a marine area both the
environment and everything in it moves. Only on the sea floor are there a
number of unmoving reference points. Some water movements can be well
predicted and measured, and these can be modelled in a GIS (in terms of
speed, volume and direction), but other movements are chaotic and therefore
difficult to model and incorporate. In the Chilika situation the problem is
exacerbated because lagoons are exceptionally dynamic physical features
whose life expectancies may be >1000 years. In Chilika there has been
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recent infill caused by rapid sedimentation processes, but rising sea levels
may result in future breaches of the coastal bar with consequent destruction
of this feature and the eventual disappearance of the lagoon. Similar process
and movement problems exist with mapping animal (fish or other marine
fauna) movements.

4.1.2 Multiple Scale and Resolution
Within the marine environment, processes operate (or objects occur) at greatly
varying scales. This means that each GIS project must carefully evaluate
what scale it should work at. The problem of resolution of work is then
introduced, i.e. measuring the spatial scale and temporal period at which the
data has been (or should be) gathered. The challenge here is to identify
relevant scales and resolution, and then to develop an ability within the GIS
to function at a range of scales. This can be a difficult challenge, but one that
is vital for the success of any GIS work.

4.1.3 Handling Three and Four Dimensions
This challenge is best envisaged diagrammatically. Figure 2 shows a
hypothetical 3D volumetric domain. Time is the fourth dimension. The block
diagram conceptualises the challenges associated with working in more than
two dimensions. Here the marine area is divided into cuboids that vary in

Figure 2: A hypothetical 3D hierarchical structure for data storage.
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size from 10,000 × 10,000 × 1,000 metres to small cuboids measuring
0.1 × 0.1 × 0.01 metres. Anyone working in the marine environment has to
decide which is the appropriate resolution to be working at? The problem
might be considered of going out into the lake and lowering, for instance,
a thermometer into the water to take a temperature reading. Where should
the next reading be taken? Is the reading valid at a range of scales? Can a
single data gathering strategy populate the database in all dimensions at each
resolution? It is important to establish the relationship between the sampling
frequency and the natural variation in an attribute (Lucas, 2000). A large
number of terrestrial databases (and GIS’s) can handle three dimensions, but
there are very few marine database structures that can generate GIS output
that can cope with the complex visualisation involved.

4.1.4 Application of Spatial Statistics and Models
Ecologic or environmental systems are subject areas that have attracted an
abundance of mathematical models and applications of spatial or temporal
statistics; these are usually explanatory or predictive models. GIS software
is well suited to providing an activity surface for modelling. For instance,
you can imagine that it is easy to develop an equation that plots (models)
the rate (speed/number/direction) of a marine organism as it moves through
a salinity or temperature gradient. However, presently only relatively simple
models can be adopted by GIS, and it is a major challenge to incorporate
some of the more complex fisheries models or sedimentation simulations,
e.g. stock assessment, environmental or population models. The important
factors of spatial autocorrelation (establishing the relationships between
multiple variables), and that of overcoming the lack of statistical significance
in most marine data, are likely to be very severe challenges for the future.
However, it is likely that environmental modelling will be made easier in the
future by the linking of external specialist software to GIS so that the
processing is done outside of the GIS.

4.1.5 Optimising of Visualisation
This is the final intellectual challenge. It is essential that output from a GIS
is visually meaningful to a range of users and decision makers. To achieve
this, the main visualisation challenges are concerned with:

Classification in terms of a numerical range.
Classification in terms of categories of any parameter or variable.
Aesthetics of colour, fonts, symbology, etc.
Map clarity, e.g. placement of labels and lettering.
Fuzzy boundary definitions.
Periodicity of mapping any movements.
How to portray complex marine surfaces in map form, e.g. coral reefs or
mobile and patchy distributions.
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All of these visualisation challenges can be tackled but there are never
likely to be definitive answers simply because each individual has his own
visual perceptual preferences. Figure 3 shows that it may be difficult to show
the best way of displaying a map.

Figure 3: Six different visualisations of a simple lagoon side setting.

4.2 Practical Organisational Challenges

4.2.1 Data Gathering
Data assembling is a challenge to all GIS work, but it is especially difficult
for marine and/or environmental work. It is difficult for all the reasons
outlined above (space/time resolution considerations, movement, three and
four dimensions), but also because of the uncertain data needs, the high costs
of data collection, perhaps charter vessel availability, weather problems,
time problems, sampling strategies, etc. So, a huge effort is needed to obtain
what may be a comparatively limited range of primary data. And when the
data has been collected, how statistically significant is it? How replicable
would the data be if further counts were made? Are all collectors using the
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same methods and standards? Although lots of secondary data is supposed
to be available on the Internet, this author has yet to download a single piece
of useable data! It seems important that in the Chilika situation you are able
to utilise the large reservoir of human resources, especially since many of
them will have an intricate knowledge of the lake environs.

4.2.2 Subject Organisation
This challenge is concerned with the ways in which the subject field of
coastal and/or marine science is organised. The subject is very diverse and
is concerned with environmental and fishery science and management, biology,
meteorology, geomorphology, oceanography, economics and various
technologies. Research into the subject may be pursued by a huge range of
often small and dispersed institutions. So, the whole subject area is very
fragmented. This means that there may be many small projects going on,
with relatively low budgets, with little cohesiveness in project aims, and
there is undoubtedly a great deal of duplication of effort. And the
dissemination of information from various research projects itself is often
fragmented and confined to the grey literature

4.3 Economic Challenges

Here the concern is with the costs associated with marine or coastal GIS and
with obtaining the funding to cover these costs. Although the costs of hardware
and software for implementing any GIS have greatly decreased, data costs
have risen significantly both in real terms and as a proportion of total costs.
Data acquisition now consumes an average of 80% of costs for any GIS
project, and it is likely that this proportion will rise in the future. In developing
countries such as India, the economic situation may be much worse, and a
GIS may be an expensive luxury, typically only possible through donor
support. Funding may be hard to obtain because it is difficult to demonstrate
cost:benefit advantages for a GIS, i.e. how can it be proven that sophisticated
GIS-based output can substantially enhance the decision making process?

4.4 Social and Cultural Challenges

4.4.1 Overcoming Technologic Inertia
Overcoming inertia to the implementation of new technologies is certainly
understandable, and it might relate to the cultural ambience of the group,
company, organisation or region. So, efforts to implement GIS may be difficult
because the system may have no one who is available to promote its use.
Questions may be asked such as “why should we pay lots of money simply
to acquire this complex computer technology that only produces maps?”
Also, many fisheries or environmental personnel do not appreciate the fact
that their research and management problems are based upon spatial dis-
equilibrium, and in some cases they might not know of the existence of GIS.
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4.4.2 Achieving Cultural and Directional Cohesion
In the prevailing human milieu of the Chilika catchment area, there are a
very wide variety of cultural, religious, social, national and educational classes
and groups. Each of these groups may have their own life styles, ambitions,
and aspirations, and it is known from past experience that these are not
always in sympathy. Ghosh (2003) recognises many socio-economic
challenges facing lake management such as weak government institutions,
the fragmented approaches to management, local corruption and the lack of
effective enforcement strategies. But, there is only one Lake Chilika, and if
it is to continue to sustain a large and growing population at higher living
standards, then there has to be consensus on its preservation, and indeed on
its restoration. This will entail the simple concept of ‘working in harmony’.
From the GIS perspective this means that management decisions for the lake
will need to be agreed, i.e. so that GIS projects, with their data gathering
requisites, can be formulated. It will be essential that all users of the lake be
participants in future decision making processes.

4.4.3 Developing Geographic Cognition
Finally, but of major significance, is the challenge to successful GIS
implementation caused by a lack of geographical cognition. This challenge
is concerned with having an appreciation of the geographic aspects of the
problem, plus an understanding of geographic relationships, and the ability
to readily comprehend geographic inputs, analyses and outputs. As the author
has said elsewhere “Geographic expertise involves the recognition of spatial
relationships in terms of adjacency, ubiquity, heterogeneity, contiguity, etc.
Visual discrimination is a vital tool (or ability) in seeking out these subtle
relationships. Likely flows and interactions must be recognised and
understood, as must spatial patterns, surface trends and zonal forms” (Meaden,
2001). Figure 4 shows a world map as presented by a world fisheries authority,
illustrating that they were probably not cognisant of ‘real geographies’!
There is a huge challenge to imparting this appreciation, probably because
it is largely an innate skill.

Figure 4: The world, as depicted by leading fisheries authorities, showing
lack of geographic cognisance (Caddy and Griffiths, 1995).
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5. DEPLOYING A GIS TO MANAGE THE CHILIKA LAKE

Although the author is not in a position to know the full extent of work that
has been done towards implementing a “Chilika GIS”, it is apparent that
complementary, peripheral work has been accomplished. He is also not in a
position to know the extent of any funding that might or might not be
available, but the following scenario for GIS implementation will be couched
in terms of what might be realistically achievable. In this section an overview
is given of the strategy that needs to be undertaken in order to achieve
successful GIS adoption. In making these suggestions there is an implicit
assumption that a dedicated GIS is seen as desirable, that overall system’s
goals are identified, that management support is strong, and that all the
following major steps are taken under the guidance of a proven expert. The
steps are set out in a logical order of priority, but this will not prevent work
on several of the implementation strategies being followed together:

1. Needs recognition: An essential early task would be the setting up of
a range of realistic aims and objectives for a “Chilika GIS”. These
might be couched in both general terms or in very specific projects.
What are the urgent spatially related problems? This task will clearly
revolve around a large number of experts, but it should be careful to
include inputs from local lake users and lakeside dwellers. Indeed it
might be necessary to indulge in further ‘catchment coalition building’
to ensure that the needs of all interested parties are met or are at least
considered. At the conclusion of this task it might be necessary to
undertake a cost:benefit analysis, i.e. to see whether or not to still take
the GIS forward.

2. Organisation of the system: If a GIS is seen to be desirable then a
dedicated ‘Chilika GIS Centre’ might be established at a location perhaps
chosen by the Chilika Development Authority (CDA). This facility
could take various formats in the sense that it could be sited at one
location as a stand alone system, or the GIS could be distributed such
that various locations of excellence were interlinked enabling expertise
to be best utilised. For example, RS expertise could be utilised at the
University; perhaps ecosystems datasets were collected and stored at a
conservation centre; and a hydrological centre might manage water
parameters. Each of these centres would be responsible for the GIS
work, and external connections to a variety of users and contributors
would then need to be functionalised.

3. Appointing a GIS ‘champion’: Fundamental to the success of any GIS
project is that it is directed by an individual who is completely
enthusiastic, dedicated and competent. This person must not only be
broadly conversant with the technical demands of GIS but he or she
must (in this case) be familiar with the Chilika situation and be
sympathetic to the goals of its managers and their strategies.
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4. A data repository: Data collection, management and upkeep would be
an essential basic task. Decisions on whether this data should be deposited
in a central repository, or whether the individual data collectors (or
institutions) should remain responsible, must be made. These decisions
could have a great effect on how the whole system physically functioned
and what inter-institution connectivity was required.

5. Acquiring the system and operatives: Dedicated staff need to be acquired
and possibly trained, and dedicated hardware and software needs to be
agreed upon and obtained. This would be an ongoing task, but one of
major importance in a subject area that is undergoing rapid evolution.
Although it would be possible for the development of a specialised
“Lake Chilika GIS”, i.e. a software package explicitly designed for
tasks perceived as important to the Chilika situation, the author would
very much caution against this. This is because it is sensible to invest
in an ‘off-the-shelf’ GIS product initially, certainly until such time as
major priorities had been decided. Also, this would be a much cheaper
strategy.

6. Setting up a web-site: From the start a ‘Chilika GIS’ web-site needs to
be established. The importance of this lies in publicising what the system
is all about. It is also vital to get a range of people on your side. This
task brings with it the necessity of constant web site updating.

7. Prioritising GIS tasks or projects: It is essential to commence the GIS
work with fairly simple tasks. This is to do with both the learning
process and the importance of first undertaking work that might require
relatively little data. It is also important to maintain staff morale, and
successful outcomes based on more simple tasks can best achieve this.
Getting early successes is also important with regard to publicising the
work that is done, both to other associated workers and to the various
parties who have an interest in improving overall conditions for Lake
Chilika.

8. Scale of the study: It will be important to establish an optimum scale
of study for each parameter. This is because some parameters vary
markedly over short distances whereas others are comparatively uniform.
In combination with this there will be a consideration of the geographic
extent of individual parameters or data sets.

9. Data gathering strategies: Once project needs have been identified,
then the data needed to fulfil the project can be listed. Data gathering
strategies then need to be optimised, and there are several ways of
achieving this. For some GIS tasks it might be preferable to start from
a ‘whole lake’ perspective using just a few important parameters. But,
for other GIS tasks, a decision might be made to approach data gathering
for a number of small, possibly problem thematic or geographic areas.
Ghosh (2003) indicates that there are already 20 ‘micro watershed
management’ areas within the lagoon catchment, and these could usefully
serve as sub-data regions. There are advantages and disadvantages for
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each approach. Considerations need to be made on how the data was
to be acquired or gathered, and this would be very much dependent on
the availability of funds. The options here are vast and space forbids a
further discussion of this.

10. Working with others: Having pointed the need for a ‘basic beginning’,
it is quite likely that a “Clilika GIS” will wish to work in collaboration
with a local centre of excellence (often a University), and they should
be encouraged to participate in joint projects. This collaboration will
help both partners and it may spread both the funding and expertise
burden. Here some more sophisticated tasks, such as process modelling,
might be attempted.

11. External funding: Given the scale of the problems that Lake Chilika
faces, and the sheer size of the Lake plus its multi-faceted problems, the
author feels that funding and help for a Chilika GIS should be requested
from the FAO in Rome (via perhaps the state government). Failing this,
other alternative international agencies should be approached. There is,
doubtless, already sufficient state or local expertise in this funding
acquisition field.

6. CONCLUSIONS

The case for a “Chilika GIS” is overwhelming, and the catchment area has
all the ingredients for its use. There is the recognition that the area has a
tremendous range of spatially related problems and that the only way to
overcome these is through consensual management. Good management is
based upon being able to make decisions in the light of a range of appropriate
information, and there are already a number of programmes and research
studies in place aimed at drawing attention to the plight of Chilika. GIS is
a proven technology that can be expeditiously utilised for the provision of
requisite information. In India there are many bright, young and perceptive
computer workers who could be engaged in the task of operating and
managing a dedicated GIS. And the problems for the lake are relatively
concentrated, making the task of data collection easier. All of these factors
combine to indicate that GIS should be adopted as part of a lake management
policy designed to prolong and sustain the natural and human environs of the
lake.

In his recent study of Chilika, Ghosh (2003) commented that “the use of
scientific databases, RS` technologies, GPS mapping, mathematical modelling
and the continuous monitoring for hydro-biological parameters and for the
impact of dredging on the lake’s ecosystems will provide tangible benefits
in the management process.” GIS is missing from this list! Why not provide
the very platform that links all of these advances together?
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1. INTRODUCTION

Lagoons have been historically important as sheltered sites of habitation
providing access to both the land and the sea, comprising 15% of the world
coastal zone, in which lakes, salt marshes, tropical mangroves, swamps and
deltas are also included. Natural changes resulting from physical, chemical,
geological, and biological factors and the influence of climatic changes will
alter the essential character of the lagoon and hence the ecosystem. For
example, excessive runoff due to flood during heavy rainfall may cause a
chain of events like increase in sediment load leading to turbidity which
tends to reduce sunlight penetration which in turn gives rise to lowered
primary productivity. Long term unpredictable climatic variations such as
tidal waves, hurricanes, cyclonic storms might also cause irreversible changes
through sediment loading, alteration of flushing rates of lagoons and
production processes (Fisher et al., 1972). So it is important that the maximum
benefit from these areas be obtained without jeopardizing the future options
or continued use.

Chilika lagoon—the largest brackish water tropical lagoon in Asia,
satisfying the definition of lagoon (Phleger, 1981) and process of formation
(Nichols and Alien, 1981)—has been the concern of the scientific community
of the region, planners, administrators and politicians. It is because, by nature
most lagoons do not persist for long periods in the geological time scale and
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eventually become swamps, marshes and ultimately disappear by plant
colonisation and encroachment (Barnes, 1980).

Due to its vast potential wealth of living and non-living resources and rich
biodiversity, Chilika lagoon is considered as a ‘Ramsar site’, a status accorded
to it by the International Convention of Environment held in Ramsar in Iran
in 1971. The Convention on Wetlands came into force for India on 1 February
1982.

The lagoon environment over the past few decades has undergone some
visible changes owing to many natural phenomena and anthropogenic
pressures. The lagoon was under constant ecological threat due to siltation
and sedimentation through river runoff and land runoff from the catchment
areas, leading to choking of the inlet mouth and poor interaction with the
sea. Thus, siltation, choking of the out channel, shifting of the inlet mouth
northwards, decrease in salinity, eutrophication followed by prolific growth
of weeds, decrease in fish productivity, shrinkage of water area, loss of
biodiversity and increase of human interference through prawn and aquaculture
were identified as the major problems with the contemporary phase of lagoon
transformation. Owing to the ecological threats that Chilika was facing, the
lagoon was added to the Montreux Record on 16 June 1993. Montreaux
record lists wetlands of international importance, which are already in danger
due to environmental degradation. To address the various problems concerning
the Chilika lagoon, the Government of Orissa through Chilika Development
Authority (CDA), monitored various multi-disciplinary and multi-dimensional
developmental activities with an overall objective to protect the lagoon’s
eco-system with all its genetic diversity and to restore its past glory. Apart
from several measures undertaken, one of the major accomplishments achieved
by the CDA in this direction has been artificial opening of a mouth of the
lake into the sea on 23 September 2000. The lagoon, after opening of its new
mouth, witnessed rapid ecological changes (Chilika, 2001) which paved way
for its restoration. Chilika was removed from the Montreux record by the
Ramsar bureau with effect from 11 November, 2003 for the improvement of
the ecosystem of the lagoon after the restoration measures were successfully
implemented by the CDA.

Remote sensing offers promise in the detection and delineation of the
functional elements of lagoon transformation. Therefore time series Indian
Remote Sensing Satellite Data (IRS 1A LISS-I and IRS 1D LISS-III) along
with field observations in the post mouth opening period (2001-2004) have
been used in the present study for a qualitative and quantitative evaluation
of the components involved in the transformation and to obtain estimates of
their distribution, abundance and physical state. Pal and Mohanty (2002) in
their study pertaining to the pre mouth opening period noted that the seasonal
mode of variation in Chilika is dominant over the interannual mode. Therefore,
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it would be interesting to look into the modes of variability both in the
seasonal and interannual mode in the post mouth opening period and to
suggest the role of different processes which are in operation in the post
mouth era of lagoon environment.

2. DESCRIPTION OF STUDY AREA

The Chilika lagoon (N 19° 28¢-19° 54¢; E 85° 06¢-85° 35¢) on the east coast
of India in the Orissa State (Fig. 1) is the largest lagoonal system in the
subcontinent and is one of the largest tropical lagoons of the world. The
lagoon is 71 km long and 3-32 km wide. The water area of the lagoon is
variable from a maximum of 992 km2 during rainy season to 815 km2 during
summer (Mohanty et al., 2001). At the northern end, tributaries of the
Mahanadi river, such as Daya, Nuna and Bhargavi join the lagoon (Fig. 1)
and are responsible for the large fresh water and sediment influx to the
lagoon. The lagoon is separated from the Bay of Bengal by sand bar of
60 km in length. The lagoon has two mouths, a 24 km long narrow and
curved channel which runs parallel to the coast to join the Bay of Bengal
near Arakhakuda, and the new mouth at Sipakuda at a distance of 8 km from
the main body of the lagoon. Table 1 gives the recent physiography and
physico-chemical characteristics of Chilika lagoon.

Figure 1: Map of Chilika Lagoon showing different sectors and
positions of New and Old mouths.
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Table 1: Physiography and physico-chemical characteristics of Chilika lagoon

Physiography
Location Latitude 19º 28’-19º 54’

Longitude 85º 06’ - 85º 35’
Boundaries East: Bay of Bengal

West: Rocky Hills of Eastern Ghats
North: Alluvial plain of Mahanadi delta
South: Rocky Hills of Eastern Ghats

Water spread area (sq. km) Summer months: 906
Rainy months: 1165

Length 65 km (in NE-SW direction)
Breadth 16 km (Broadest)
Total catchments 3560 km2

Shape Pear shaped
No. of rivers and rivulets

draining into the lake 10
No. of islands inside the lake 106
Age ~ 5000 years
Lake mouth Old mouth (Arakhakuda); 24 km from Satapada

New mouth (Sipakuda); 7.3 km from Satapada
Major ecological divisions Four (Northern Sector, Central Sector,

Southern Sector and Outer channel area)
Depth (m) 0.38-4.2—Average: 1.35

Physicochemical properties
Temperature (°C)
Surface water 17.5-32.0, Vertical gradient: ~1
Salinity (ppt) Traces: 36.0, vertical gradient: ~2
pH 7.6-10.0, vertical gradient: <1
Dissolved Oxygen (mg/l) 1.3-13.4
Nutrients (mg/l)
Nitrate Traces-0.19
Nitrites Traces-1.3
Phosphate Traces-0.18
Silicate 0.10-0.60
Major Elements (ppm)
Calcium 24-330
Magnesium 87-1380
Sodium 295-13500
Potassium 17-428
Chloride 604-19650
Sulphate 104-3000
Bicarbonate 90-159
Trace Elements (ppm)
Copper 0.02-0.04
Zinc 0.025-0.19
Iron (%) 0.12-0.32
Source: Panigrahi, 2005
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3. METHODOLOGY

3.1 Field Data Collection and Analysis

Observations on water quality parameters such as depth, secchi depth, water
temperature, salinity, pH, dissolved oxygen (DO), biological oxygen demand
(BOD), water nutrients (ammonia, nitrate, nitrite and phosphate) and
chlorophyll were carried out during summer (MAM) and winter (NDJF)
seasons covering about 29 to 33 stations in the body of the lagoon from 2001
to 2004. Methodology for most of the water quality parameters was adopted
from Parsons et al. (1984).

3.2 Satellite Data and Analysis

Indian Remote Sensing satellite linear imaging self scan sensor (LISS-1)
data (Path/Row-20/54) on 7 April, 1989 ( IRS-1A) and IRS- 1D (LISS-111)
data on 16 January 2002, 18 October 2002 and 6 May, 2003 and IRS P6 data
on 19 February 2005 were procured from the National Remote Sensing
Agency (NRSA) in Hyderabad covering the Chilika region. The geometric
registration of digital satellite data was accomplished through ERDAS Imagine
Software. The digital image data were used in the ARC/INFO GIS package
for further interpretation on screen. Thematic information on land use/land
cover and drainage water bodies were derived from the image and final
maps were generated using ARC/VIEW software packages. The spatial
elements helps in detecting, delineating, identifying and evaluating the object’s
tone, texture, shape, size, pattern, location and association etc. Base
information on infrastructure like road, railways, etc. were taken from the
Survey of India Toposheets (1:250,000) and corrected with the image data.
Final vector layers were prepared to generate the landuse and landcover
map.

4. RESULTS AND DISCUSSION

4.1 Field Observations

The data on hydrographic and water quality parameters during summer and
winter of post mouth opening conditions (2001 to 2004) have been used to
assess their spatial, seasonal and interannual variability (Fig. 2-7).

4.1.1 Seasonal and interannual variability in hydrographic parameters
Surface Water Temperature: The range of temperature during summer is
from 24.6°C to 35.2°C and during winter the range is 25.2°C-29.1°C. Besides
the large temperature range during summer large variability in water
temperature is observed from summer to winter (~10°C). Considering spatial
variation in any particular season, it is observed that southern sector records
the highest temperature (31.1°C) as compared to other three sectors in summer
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season while northern sector records the highest temperature (25.9°C) during
winter (Fig. 8). Similarly, minimum temperature recorded during summer is
in the outer channel (29.6°C) and in winter it is in the central sector (24.5°C).

Water temperatures do exhibit interannual variability. Summer temperature
during 2004 is highest (31.5°C) as compared to average summer temperature
during other three years. Highest winter temperature (26.4°C) is observed in
the year 2003 (Fig. 9).

Depth: Depth of water in the lagoon shows large spatial (Fig. 2) and temporal
variability (Figs. 8 and 9). Both during summer and winter, outer channel
records maximum depth followed by southern, central and northern sector.
Depth during winter is more than summer in all the sectors (Fig. 8) because
rivers entering the lagoon drain the water after the monsoon rainfall (JJAS)
with a lag of one or two months.

During summer the depth ranges from 0.35 m in the central sector to
3.2 m in the outer channel. During winter the depth ranges from a minimum
(0.20 m) in the central sector to a maximum in the southern sector (3.8 m).

Considering the interannual variability in depth (Fig. 9), it is observed
that 2003 winter records the highest depth (3.8 m) while the lowest depth
during winter is observed in the year 2002 (1.4 m). Interannual variability
during summer is less as compared to winter season. The 2001 summer
records the highest depth after the opening of the new mouth in September,
2000 and subsequently summer depth reduces in the year 2002 and 2003 and
shows slight enhancement in the year 2004.

Secchi Depth: Secchi depth is a measure of light attenuation in the water
body and indicates the turbidity levels. Figure 3 (upper-most two panels)
shows the spatial distribution of secchi depth during summer (upper panel)
and winter (lower panel). It is observed that secchi depth ranges between
0.1-1.5 m during summer and 0.1-2 m during winter. Spatial variability in
secchi depth is also depicted in Fig. 8 which indicates that during summer
the transparency of the water is highest in the southern sector and lowest in
the northern sector. The same trend in the spatial distribution is also observed
during winter. For southern and central sectors the secchi depth is more
during winter than during summer while the opposite trend is observed in
case of northern and outer channel. It is mainly because the river runoff
which enters the lagoon in the northern sector during winter carries lots of
silt and sediment which finally finds way to the sea through the outer channel
and thus the turbidity level in these two sectors are more during winter than
during summer.

During summer season, maximum secchi depth (0.72 m) is observed
during 2003 while minimum (0.54 m) is observed during 2004. During
winter, highest secchi depth (0.75 m) is observed in the year 2004 and
lowest (0.61 m) in the year 2002 (Fig. 9) and 2003.
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Figure 2: Water temperature (°C) during summer and winter (Panel 1 and 2
respectively); water depth (m) during summer and winter (3rd and 4th panel
respectively) in Chilika lagoon during 2001-2004. (Columns 1 to 4 represent

the years from 2001 to 2004.)
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Figure 3: Secchi depth (SDD) (m) during summer and winter (Panel 1 and 2
respectively); DO (mg/l) during summer and winter (3rd and 4th panel
respectively) in Chilika lagoon during 2001-2004. (Columns 1 to 4 represent

the years from 2001 to 2004.)
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Figure 4: pH during summer and winter (Panel 1 and 2 respectively); salinity
(o/oo) during summer and winter (3rd and 4th panel respectively) in Chilika lagoon

during 2001-2004. (Columns 1 to 4 represent the years from 2001 to 2004.)
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Figure 5: NH4-N (mmol/1) during summer and winter (Panel 1 and 2 respectively);
NO2-N (mmol/l) during summer and winter (3rd and 4th panel respectively) in Chilika
lagoon during 2001-2004. (Columns 1 to 4 represent the years from 2001 to 2004.)
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Figure 6: NO3-N (mmol/1) during summer and winter (Panel 1 and 2 respectively);
PO4-P (mmol/1) during summer and winter (3rd and 4th panel respectively) in Chilika
lagoon during 2001-2004. (Columns 1 to 4 represent the years from 2001 to 2004.)
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Figure 7: Chlorophyll-a (mg/m3) during summer and winter (Panel 1 and 2
respectively); Phaeopigment (mg/m3) during summer and winter (3rd and 4th

panel respectively) in Chilika lagoon during 2001-2004. (Columns 1 to 4
represent the years from 2001 to 2004.)
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Salinity: Summer and winter salinity distribution in the lagoon are respectively
shown in 3rd and 4th panels of Fig. 4. The salinity range during summer is
observed as 2.23-34.39o/oo and in winter it is 0.41-25.75o/oo. Summer salinity
in all the sectors is distinctly more than the winter salinity (Fig. 8). During
summer, outer channel records the highest salinity (30.99o/oo) followed by
central, northern and southern sectors. But during winter, the highest salinity
(9.71o/oo) is observed in the southern sector and lowest in the northern sector
(1.98o/oo). Thus, the low values of salinity during winter as compared to that
during summer could be attributed to the huge fresh water influx during
monsoon and post-monsoon season.

Interannual variation in the salinity is also observed (Fig. 9). During
summer, highest salinity is observed in the year 2002 (21.27o/oo) and lowest
in the year 2003 (12.23o/oo). During winter, the highest and lowest values are
respectively observed in the year 2004 (7.6o/oo) and 2003 (3.04o/oo). Therefore,
it can be stated that even after opening of the new mouth, the impact is not
much as the salinity variation is controlled by the fresh water influx.

4.1.2 Seasonal and interannual variability in water quality parameters
pH: Spatial distribution of pH during summer and winter are presented in
the upper-most two panels of Fig. 4. The pH in the lagoon water during
summer ranges between 7.95 and 9.64. Sectorwise distribution of pH during
summer and winter is presented in Fig. 8. It is observed that in all the sectors
summer pH values are more than the corresponding winter values. Low pH
values are usually associated with low redox potential indicating higher
toxicity. Thus, during winter, the toxicity level of lagoon water is more than
during summer and the source could be the large influx of land and river
runoff during winter. The above argument is further supported by the spatial
distributional trend in the different sectors of the lagoon (Fig. 8). Outer
channel and northern sector, which receive maximum freshwater, record low
pH values as compared to the southern and central sectors.

The summer interannual variability is less as compared to winter (Fig. 9).
Thus, winter pH which is mostly controlled by the freshwater influx can be
linked to the interannual monsoon rainfall variability in the Chilika catchment.
The 2003 summer records the highest pH values (8.66) while 2004 summer
records the lowest pH (8.35). During winter, highest pH (8.73) is observed
in 2002 and lowest in the year 2003 (80.2).

Dissolved Oxygen: Spatial distribution of dissolved oxygen in the lagoon
during summer and winter are respectively shown in the 3rd and 4th panels
of Fig. 3. The dissolved oxygen range during summer is 3.45-9.92 mg/l and
during winter it is 4.70-9.98 mg/l. Thus, during winter, dissolved oxygen
content of the lagoon water shows higher values as compared to during
summer except for southern sector. However, considering the spatial
distribution during summer, southern sector shows the highest value (7.47
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mg/l) and the lowest (6.8 mg/l) is observed in the central sector. But during
winter, spatial distributional trend is opposite with highest value in the central
sector (7.44 mg/l) and lowest in the southern sector (7.12 mg/l). Thus, higher
dissolved oxygen values during winter correlate with the areas of high fresh
water influx and thick vegetation and agrees with the observation made by
Pal and Mohanty (2002).

Summer dissolved oxygen shows highest value (8.29 mg/l) during 2003
and lowest (5.24 mg/l) during 2004 while winter dissolved oxygen shows
highest (8.28 mg/l) during 2002 and lowest (6.45 mg/l) during 2003 (Fig. 9)

Bio-chemical Oxygen Demand (BOD): BOD indicates the organic pollution
in water. In Chilika, the impact of organic pollution is more during summer
than during winter and is apparent from Fig. 8. Thus, the organic pollution
in Chilika could be associated more with weed infestation than the river and
land runoff. Further, it is also observed that the magnitude of BOD during
summer is highest in the northern sector (3.47 mg/l) which is considered as
the most weed infested zone of the lagoon. Lowest during summer is observed
in the southern sector (2.32 mg/l). During winter, northern sector shows the
highest (1.61) and outer channel shows the lowest (1.00 mg/l)

Interannual variation in BOD is significant during summer as compared
to the winter (Fig. 9). The 2001 summer records the highest BOD values
(4.48 mg/l) while the lowest is recorded in 2004 summer (1.28 mg/l). Winter
BOD values show highest in the year 2002 (1.6 mg/l) and lowest in the year
2001 (0.91).

Bicarbonates (HCO3): Carbonates play important role in neutralization of
strong bases and acids. The chemistry of many important reactions is affected
by the presence of carbonate species. Winter HCO3 values are more than the
summer HCO3 values in all the sectors of the lagoon (Fig. 8). Both during
summer and winter, highest and lowest HCO3 values are observed in southern
and northern sectors respectively. The interannual variability in bicarbonates
is maximum during summer and minimum during winter (Fig. 9). The 2001
summer records the highest values and 2002 summer records the lowest
values. During winter the highest is observed in the year 2002.

Water Nutrients: Nitrite (NO2-N), nitrate (NO3-N), ammonium (NH4-N)
and phosphate (PO4-P) are important water nutrients which have been
discussed here. Figures 5 and 6 present the spatial distributional trend of
the above nutrients. In Chilika lagoon water during summer, the ranges of
nitrite, nitrate, ammonium and phosphate are respectively observed as
0.-2.08 µmol/l, 0.01-5.17 µmol/l, 0.08-4.26 µmol/l and 0.17-3.37 µmol/l.
During summer, the concentration of nutrients in the lagoon water is less
than the winter concentration in all the four sectors of the lagoon (Fig. 8).
Further, factor analysis shows the negative correlation between salinity and
nutrient during winter which strongly indicates the source of nutrients as the
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river and land runoff. However, during summer, no relationship could be
established between salinity and nutrients. During summer, more nitrite
concentration is in the outer channel as compared to other sectors which
suggests the contribution due to sea water. Lowest nitrite concentration during
summer is observed in the southern sector and this further corroborates the
role of sea water influx in the nitrite concentration during summer. Nitrate
concentration during summer shows very less spatial variability whereas
during winter the highest concentration is observed in the channel followed
by northern, central and southern sector. Phosphate concentration shows
similar trends as nitrate (NO3-N) and thus could be due to same sources
during summer and winter. Ammonium concentration during summer shows
a constant increase from southern sector to central, northern and outer channel
whereas during winter the spatial variability is very less.

Interannual variability in water nutrients during summer and winter is
shown in Fig. 9. Except for some years with higher concentration of nutrients
during summer, winter nutrients concentration are more in most of the years.

Chlorophyll-a and Phaeopigments: The spatial distribution during summer
and winter are shown in Fig. 7. The range of chlorophyll-a in summer is
0.31-54.04 mg m-3 and in winter it is 0.09-18.14 mg m-3. Figure 8 presents
the distribution of chlorophyll-a during summer and winter in different sectors.
It is observed that summer values are distinctly higher than winter values in
all the sectors. However, highest values during summer are observed in the
northern sector (32.47 mg m-3) and lowest in southern sector (3.34 mg
m-3). Despite the fact that nutrient concentrations are high during winter,
higher chlorophyll concentrating during summer, having no significant
relationship with salinity, could be attributed to the luxuriant growth of
vegetation/weed cover during summer. Winter chlorophyll-a concentration
also shows highest in the northern sector (5.70 mg m-3) and lowest in the
channel (1.56 mg m-3).

Interannual variability in chlorophyll-a concentration is significant
(Fig. 9) and shows that both during summer and winter; concentration was
highest in the year 2001, following the opening of the new mouth in September
2000. However, a gradual decline is observed thereafter but with a slight
enhancement in 2004 summer. Phaeopigment concentration shows almost
similar trend as the chlorophyll in spatial, seasonal and interannual variability.

Total Suspended Solid (TSS): Figure 8 shows the spatial distribution of
TSS during summer and winter. It is observed that TSS values are more
during summer than those during winter. Despite the fact that TSS load is
more during winter following the huge river and land drainage, the high
summer concentration could be attributed to the churning of the water due
to wind action which is more prominent in shallow water bodies like Chilika.
Higher TSS concentrations, both during summer and winter, in the northern
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sector, the shallowest among all the sectors, clearly indicate the role of wind
churning in TSS concentration. Southern sector records lowest TSS
concentration during summer and winter due to its higher depth and less
wind churning.

Interannual variability in TSS concentration is quite significant and shows
a constant declining trend from 2001 to 2004 during summer. However,
during winter, the declining trend changes in the year 2003 and 2004
(Fig. 9).

Total Dissolved Solids (TDS): TDS concentration in the lagoon shows
significant spatial variability during summer and winter (Fig. 8). The highest
concentration during summer is observed in the outer channel followed by
northern, central and southern sector. This clearly indicates the role of sea
water influx in controlling the TDS concentration. Further, the factor analysis
also shows significant positive correlation between salinity and TDS and
hence supports the view that sea water influx is the major contributor of
TDS. During winter, highest concentration is observed in southern sector
with highest salinity and lowest concentration in the northern sector with
lowest salinity. Interannual variability in TDS is more during winter than
during summer (Fig. 9). The 2002 summer shows the highest TDS value
while 2003 shows the lowest TDS value. On the other hand 2004 winter
shows highest TDS concentration and 2003 winter shows the lowest TDS
concentration.

4.2 Statistical Analysis of Hydrographic and Water
Quality Parameters

Multivariate statistical methods including factor analysis have been
successfully applied in hydrochemistry for many years. Recent studies give
emphasis on the application of principal component analysis/factor analysis
for water quality assessment (Spencer, 2002; Praus, 2005; Boyacioglu, 2006).
The usefulness of the statistical analysis lies with deriving hidden information
from the data set about the possible influences of the environment in water
quality (Spanos et al., 2003).

Factor analysis attempts to explain the correlations between the observations
in terms of the underlying factors which are not directly observable (Yu et
al., 2003). There are three stages in factor analysis (Gupta et al., 2005)
which have been adopted in the present study. They are:

i. For all the variables a correlation matrix is generated.
ii. Factors are extracted from the correlation matrix based on the

correlation coefficients of the variables by the centroid method.
iii. To maximize the relationship between some of the factors and

variables, the factors are rotated by varimax roation (Ahmed et al.,
2005).
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4.2.1 Factor Analysis
Based on the above method three significant factors were generated which
explain 52.2% of the variance in data set and factor loading are given in
Table 2 for summer and winter season.

Table 2: Factor loadings of hydrographic and water quality parameters
in Chilika Lagoon during summer and winter

Summer Winter
Number of variables: 15 Number of variables: 15
Method: Principal components Method: Principal components
log(10) determinant of correlation log(10) determinant of correlation
matrix: 2.5049 matrix: 2.6807
Number of factors extracted: 3 Number of factors extracted: 3
Eigenvalues: 3.09121 3.02691 1.70654 Eigenvalues: 4.48274 2.10719 1.39741
Marked loading are > 0.50 Marked loading are > 0.50
Factor rotation: Varimax normalised Factor rotation: Varimax normalised

Factor Factor Factor Factor Factor Factor
 1 2 3 1 2 3

WT (°C) 0.389 0.038 -0.355 -0.741 -0.275 0.195
Depth (m) 0.305 -0.064 0.485 0.247 -0.599 0.212
SDD (m) -0.365 -0.110 0.522 0.597 -0.462 0.055
TSS (mg/l) 0.192 0.725 -0.122 -0.713 0.131 -0.438
TDS (mg/l) 0.864 0.059 0.144 0.743 -0.243 -0.297
pH -0.775 0.023 0.194 0.673 0.457 -0.019
Salinity (‰) 0.900 0.003 0.114 0.728 -0.436 -0.177
DO (mg/l) -0.226 0.309 0.683 0.466 0.648 -0.134
BOD (mg/l) -0.110 0.792 0.285 0.089 0.560 0.032
HCO3-(mg/l) -0.342 0.486 -0.011 0.267 -0.233 0.316
NH3-N(mg/l) 0.178 0.836 -0.056 -0.404 -0.372 -0.476
NO2-N(mg/l) 0.119 -0.398 0.282 -0.502 -0.094 0.439
NO3-N(mg/l) -0.122 0.113 -0.400 -0.576 -0.108 -0.139
PO4-P(mg/l) 0.161 -0.549 -0.456 -0.160 0.190 0.632
Chl-a (mg/m3) 0.285 0.608 -0.373 -0.636 0.024 -0.210
Eigenvalues 2.920 3.048 1.857 4.483 2.107 1.397
% of total
variance 20.608 20.179 11.377 29.885 14.048 9.316
Cumulative %
of variance 20.608 40.787 52.164 29.885 43.933 53.249

Summer

Factor 1: This factor accounts for 20.6% of the total variance. High positive
loading of total dissolved solids and salinity and negative loadings of pH
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suggest that seawater influx mainly controls the salinity and dissolved solids.
Negative factor loading of pH explains the disproportion between this
parameter and factor one which mostly represents the process of influx of
seawater. High negative loading of pH indicates that with the influx of sea
water, nitrification and decomposition of organic matter occur which results
in lowering of pH.

Factor 2: Factor 2 accounts for 20.2% of the total variance. High positive
loading of Total Suspended Solid (TSS), Biological Oxygen Demand (BOD),
NH4-N and moderated positive loading of chlorophyll-a are associated with
this factor. High positive loading of the first three factors suggests that river
run-off and land run-off/terrestrial input are the main sources of suspended
solid and nutrient concentration in coastal lagoon. Further, it is indicated that
land run-off from the western catchment and river run-off which are
represented through Factor 2 are the main sources of organic pollution
(Boyacioglu, 2006) in the lagoon.

Factor 3: This factor accounts for only 11.4% of the total variance and is
represented through positive loading of dissolved oxygen associated with
moderately positive loading of secchi disk depth. Thus, the factor represents
the high productivity status due to photosynthetic activities of phytoplankton
and higher solubility of oxygen in low saline/brackish water Chilika lagoon.

Winter

Factor 1: For winter season the factor loadings are shown in Table 2. It is
observed that total dissolved solids and salinity have high positive loadings
associated with high negative loadings of TSS and moderately negative
loadings of chlorophyll-a and nutrients (NO3-N, NO2-N and NH4-N). This
factor explains the role of seawater influx which is positively correlated with
salinity and dissolved solid and negatively correlated with total suspended
solids and nutrients which are mostly of land origin or from the river run-
off.

Factor 2: This factor explains 14.1% of the total variance and is represented
by the positive loading of DO which represents the process of high
productivity. The negative loadings of salinity associated with positive loadings
of BOD and DO further suggest that the input of organic waste is through
river runoff (Panigrahy et al., 1999) and the productivity is favoured in a low
saline environment.

Factor 3: This factor accounts for only 9.3% of the total variance and is
represented by the only positive loading PO4-P. Thus, the factor indicates
that the river runoff or land drainage is the chief source of nutrients in the
coastal lagoon.
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4.3 Spectral Analysis

It is well known that remotely sensed data acquired from the Indian Remote
Sensing satellites have the potential to provide meaningful information on
the water quality, silt load, productivity and vegetation cover of lagoons/
lake, estuaries and other coastal water bodies with a cost effective procedure
and better synopticity unobtainable using conventional methods. Witzig and
Whitehurst (1981) provided an excellent review of the literature describing
the application of remote sensing to surface water quality studies. Therefore
in the present study attempts have been made to monitor the water quality
and vegetation coverage and to estimate their time rate of change by
determining the areas covered under different water and vegetation types.

4.3.1 False Colour Composite (FCC)
False colour composites are obtained by combining the images of band-4,
band-3 and band-2, which are respectively assigned red, green and blue
colours. Emergent vegetation are shown in red, water in deep blue to light
blue and the black colour depicts under water/submerged vegetation inside
the lagoon. False colour composite for summer and winter are discussed
with representative data sets.

The FCC during summer (Fig. 10a) depicts the areas of emergent vegetation
(red), submerged vegetation (black), deep water (deep blue) and shallow
water (light blue) regions and fairly agree with field observations. Nalabana
Island during summer is very distinct with reddish tinge and suggests that
the Island is dry during summer and covered with sparse emergent vegetation.
Nalabana Island is completely submerged and the submerged vegetation
(dark colour) is distinctly shown. During monsoon and post monsoon seasons
large influx of fresh water to the lagoon occurs through the rivers (Fig. 1).
Therefore, the water quality and vegetation cover changes as compared to
summer. Figure 10b depicts the features of Chilika lagoon during winter.
The areas of emergent and submerged vegetation, deep and shallow water
regions are very well delineated in the FCC. It is very much distinct that the
vegetated area (emergent and floating) during winter is less as compared to
summer. However, submerged vegetation during winter is more than that
during summer. The area statistics are shown in Table 3. The area statistics
show that deep (blue) and shallow water (light blue) bodies are relatively
less during summer than those during winter and fall. The Nalabana Island
is partly submerged during winter with emergent vegetation (red) at the
periphery and submerged vegetation (black) at the core of the Island.

4.3.2 Classified Images
Satellite data sets representing summer and winter were digitally analyzed
and the maximum likelihood classification was used to obtain spectral
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signature of different classes during summer (May 2003) and winter (January
2002) seasons in the post mouth opening period.

Six different classes during summer (Fig. 10c) and winter (Fig. 10d) were
obtained and the areas covered under different classes were estimated. The
six classes are deep water, shallow water, emergent vegetation, free floating
vegetation, submerged vegetation and inland vegetation. Excluding the inland
vegetation, the changes that are apparent from winter (January 2002) to next
year summer (May 2003) are decrease in the area of deep water, shallow
water and submerged vegetation while there is significant increase in the
emergent and free floating vegetation. Thus, the remarkable changes from
summer to winter are reduction in the vegetation free water area and
enhancement in the vegetated area. The results partly agree with the
observation of Pal and Mohanty (2002) for the pre-mouth opening period
which showed minimum vegetation free water area and maximum vegetated
area during summer.

4.4 Landuse/Landcover

Spatial distribution of different landuse/landcover pattern of the Chilika and
its catchments area covering 2724.701 sq. km. has been assessed from IRS
1A LISS-I data on 7 April, 1989 and IRS 1D LISS-III data on 16 January,
2002. The important landuse/landcover patterns have been identified and are
presented in Figs. 10e and 10f following Mishra (2004). Table 4 presents the

Table 3 : Tree structure of the areas (km2) under major spectral classes
and total water area of Chilika lagoon for the four satellite

passes during post-mouth opening conditions.

(I: January, 2002, II: October, 2002, III: May, 2003 and IV: February, 2005)
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Figure 10. (a) FCC Image (May 2003); (b) FCC Image (January 2002); (c) Classified
Image (May 2003); (d) Classified Image (January 2002); (e) Landuse/landcover map

(April 1989) and (f) Landuse/landcover map (January 2002).

area statistics of the different landuse/landcover patterns and also delineates
the changes in the area from 1989 to 2002.

Built-up land: Built-up land includes the settlements in the villages including
vegetation around it. It also includes the urban areas of Balugaon and Rambha
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Notified Area Councils. In the satellite image the village and urban settlements
are seen as clusters of discrete red patches due to the presence of green cover
in the form of orchards. However, the settlement areas were further refined
by incorporating the information from Survey of India topographical maps
onto the classified data.

Agriculture Land: Areas covered under kharif and rabi crops are included
in this category. Major kharif crop is paddy. Rabi crops are seen along the
rivers and channels. Vast areas of crop land are seen on the palaeo-mudflats
in the north and north-eastern sector of the lagoon. Croplands are also
delineated in the barrier islands where people practice cultivation after putting
embankments to check the salinity. Such areas are seen in Parikud, Malud
and Krushna Prasad Garh area (see Fig. 1).

FOREST

Deciduous forest: Deciduous forests are mostly confined in the hills bordering
north-west and western side of the Chilika lagoon. The common species met
with are Shorea robusta, Mangifera indica, Eugenia jambolana, Schleichera
trijuga, Terminalia tomentosa, Dendrocalamus strictus, Madhuca latifolia,
Tamarindus indica, Bombax malabaricum etc.

Table 4: Statistics of Landuse/landcover pattern of Chilika surroundings

Category Area IRS Area IRS 2002-1989
 1A LISS 1 1D LISS III
07.04.1989 21.05.2002

(sq.km) (sq.km)
Built-up land 53.825 56.831 3.006
Agriculture 778.258 784.221 5.963
Forest Area 348.128 350.081 1.953
Degraded Forest 32.783 30.776 -2.007
Plantation 127.347 112.91 -14.437
Scrub land 232.676 205.651 -27.025
Coastal Sandy area 0.29 0.24 -0.05
Rocky Area 2.357 2.37 0.013
Water logged area 8.112 8.098 -0.014
Swampy/marshy area (Inland) 59.917 75.746 15.829
Reservoir/Tank/Pond 9.058 9.06 0.002
Lagoon (Water Spread) 909.38 959.807 50.427
Creek 0.413 0.303 -0.11
Tidal/spit 9.217 11.647 2.43
Beach/Spit 7.97 7.242 -0.728
Coastal Swampy Area 74.712 41.76 -32.952
Agriculture Pond 20.961 58.62 37.659
Islands 8.755 8.835 0.08
Weed Infested area 40.542 0.503 -40.039

2724.701 2724.701 0
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Plantation: Forest plantations like eucalyptus, casuarinas, acacia, bamboo
etc. are seen in the forest plantation areas. They are seen on the hill slopes,
lateritic uplands and barren strip lands. Casuarinas plantation is seen on the
sand dunes along the spit and sand ridges. Agricultural plantations include
cashew, coconuts etc. Cashews with mixed species are seen on the banks
along the outer channel and Satapada region.

WASTELAND

Land with/without scrub: Rolling uplands or undulating upland have scrubs
on them and found in the north-west, west and southern portion of the
lagoon. The species composition of the scrubs is of mixed type.

Sandy area (coastal): Barren sandy areas adjacent to the coastal plain are
included in this category. They mostly comprise sand cast areas and flattered
sand dunes.

Barren rocky/stony waste/sheet rock area: Barren/stony wastelands are
seen on the western and southern border of the lagoon.

WETLANDS

Inland Wetlands (Natural)

Waterlogged (seasonal): The low-lying areas in the palaeo-mudflats on the
north and north-eastern border are categorized as waterlogged areas. These
are formed on back swamps and adjacent to the rivers-Daya, Bharagavi and
Makara.

Swamp/marsh: Swamp/marsh areas are seen on the water logged areas and
other low relief areas. The palaeo-mudflats on the north and north-eastern
border of the lagoon show several cut-off meanders, which were once part
of the drainage system flowing to the lagoon.

Coastal Wetlands (Natural)

Tidal flat/Mud flat: The tidal flat/mud flats are seen in the channel zone of
Bhubania nadi near Magarmukh area and inter-tidal regions of the islands/
bars. They are ideal habitation for several species of benthic fauna. Around
9.217 sq. km. and 11.647 sq. km of area have been delineated inside the
lagoon in 1989 and 2002 respectively. The palaeo-mudflats on the north and
north-eastern border of the lagoon show several cut-off meanders, which
were once part of the drainage system flowing to the lagoon.

Sand/Beach/Spit/Bar: Barren sandy areas along the coast, spit and sandy
bar are estimated to cover 7.97 sq. km and 7.242 sq. km of area in 1989 and
2002 respectively. The bars/sandy areas are occupied by beach vegetation.
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Marshy/Swampy area: Vegetation growth is very acute on the north, north-
eastern and north-western sector of the lagoon. Due to increase in siltation
from the river drainage into the lagoon, the mouth areas become congenial
for growth of such marsh vegetation. They cover around 59.917 sq. km and
75.746 sq. km of area in 1989 and 2002 respectively and their growth
becoming alarming.

Other Islands: The Nalaban Island inside the lagoon is a bird sanctuary.
Major vegetation species of the area include Phragmites karka, Potamogeton
pectinatus, Halophila ovalis, Hydrilla verticillata, Ceratophyllum demersum,
Azolla pinnata etc. Besides Nalabana, other small islands having area of
8.835 sq.km in 1989 and 8.835 sq.km in 2002 are also present inside the
lagoon.

Coastal Wetlands (Man-made)

Aquaculture ponds: Barren mudflats, inter-tidal, sheltered zones in the
outer channel area are converted to aquaculture ponds in Satapada, Brahmagiri,
Krushnaprasad Garh areas. The areas covered under such wetlands are
estimated as 20.961 sq. km and 58.62 sq. km respectively in 1989 and 2002.
Small sporadic aquaculture ponds could not be delineated due to scale
limitations.

5. CONCLUSIONS

The opening of the artificial mouth on 23 September, 2000 is one of the
major steps taken for the conservation and restoration of the ecosystem of
the Chilika lagoon. Following the new mouth opening the ecological changes
in lagoon environment were monitored through field observations and using
Indian remote sensing satellite data during summer and winter period.
Hydrographic and water quality parameters in the lagoon show significant
spatial and temporal variability. After opening of the new mouth, outer
channel records highest depth followed by southern, central and northern
sectors. Similarly other parameters show distinct spatial distributional trend.
However, the seasonal variability is remarkable and dominates over inter-
annual variability. In all the four sectors of the lagoon, pH, salinity, BOD,
chlorophyll-a, phaeopigment and TSS are more during summer than those
during winter while depth, dissolved oxygen and water nutrients show an
opposite trend. Thus, the distinct seasonal variability in hydrographic and
water quality parameters associated with spatial variability allow lots of
gradient to exit, both in time and space, in the lagoon environment. Existence
of such gradient in a lagoon helps maintain its biodiversity and increased
productivity. Statistical analysis of the observed data reveals the major
processes which are in operation and their significant association with specific
water quality and hydrographic parameters. Remote sensing observation and
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the data analysis further helps in detecting the changes in the lagoon
environment in the time-space continuum. As in the pre-mouth opening
period, summer season in the post-mouth opening period also records more
vegetated area and less vegetation-free water area. It is therefore apparent
that large seasonal variability in lagoon environment in conjunction with the
seasonal variability in freshwater influx into the lagoon, seasonal/annual
cycle of vegetation growth and decay and nutrient cycle are some of the
important components of the contemporary phases of lagoon transformation.
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1. INTRODUCTION

Mangrove forest is a vegetation community formed by a variety of salt-
tolerant species growing in the inter-tidal areas and estuary mouths between
land and sea. Mangrove forests are one of the most productive wetlands on
the earth. It can provide critical habitat for a diverse marine and terrestrial
flora and fauna. Yet, these unique coastal tropical forests are among the most
threatened habitats in the world. Traditionally, local communities in mangrove
ecosystems collected fuel wood, harvested fish and other natural resources
(Bandarnayake, 1998; Dahdouh-guebas et al., 2000a). However, in recent
decades many coastal areas have come under intense pressure from rapid
urban and industrial development, compounded by a lack of governance or
power among environmental institutions. Mangroves have been overexploited
or converted to various other forms of land use, including agriculture,
aquaculture, salt ponds, terrestrial forestry, urban and industrial development
and for the construction of roads and embankments (Das et al., 1997).
Mangroves can be affected by several different activities simultaneously, or
over time as landuse patterns change (Dahdouh-Guebas, 2000b).

The mangrove forests comprise 15.8 million hectares, roughly less than
half the original mangrove forest cover and are fast declining further at an
assumed rate of 2 to 8% per year in the world (Spalding, 1997). India has
a total area of 4461 sq. km. under mangroves which is 0.14% of the country’s



Assessment and Monitoring the Coastal Wetland Ecology Using RS and GIS 227

total geographic area. It accounts for about 5% of the world’s mangrove
vegetation (FSI, 2003). Nearly 57% mangroves are found along the east
coast. The National Remote Sensing Agency (NRSA) recorded a decline of
59.18 sq. km. of mangrove between 1972-1975 and 1980-1982 (NRSA,
1983). According to the Government of India report (1987), India lost 40%
of its mangrove area during the last century (Kumar, 2000).

Mangroves have not received proper attention and they have been subjected
to over-exploitation and encroachment and hence there is a need for
conservation and management of mangrove forests. Recognizing the
environmental, social and economic importance of mangrove ecosystems, a
National Mangrove Committee was set up in the Department of Environment,
Forest & Wildlife in 1976, for a close monitoring of these valuable coastal
resources and to evolve a management plan for protection of mangroves
(Mangrove Status Report, 1987). Several floristic studies have been done in
Bhitarkanika Wildlife Sanctuary by several botanists from time to time
(Banerjee, 1984; Banerjee et al., 1990; Saxena and Brahmam, 1996; Chadha
and Kar, 1999). However, reliable and timely information on the nature,
extent, spatial distribution pattern and temporal behaviour of mangrove forests
(which is prerequisite for restoration and management) is not available.
Satellite based remote sensing techniques have proved successful in providing
a comprehensive, reliable and up-to-date information on land use, land cover
and change dynamics periodically in most cost effective manner. The present
paper describes the use of remote sensing to evaluate changes in the mangrove
vegetation and other land cover in the Bhitarkanika Sanctuary area from
1988 to 2004. The results of the study would be useful in effective
development and management of mangroves.

2. STUDY AREA

Bhitarkanika Wildlife Sanctuary is a rich, lush green vibrant eco-system
lying in the estuarine region of Brahmani, Dhamra and Baitarani rivers in the
North-Eastern corner of Kendrapara district of Orissa, east coast of India
(Fig. 1). It covers an area of 672 sq. km. extending from 86º 48¢ E to
87º 03¢ E longitudes and 20º 33¢ N to 20º 47¢ N latitudes. It is surrounded by
the Bay of Bengal on the east, the villages of Kendrapara district on the
west, Baitarani and the Dhamra rivers on the north and the Mahanadi delta
on the south. The area is intersected by a network of creeks with Bay of
Bengal on the east. It provides home to well over 215 species of birds
including winter migrants from central-Asia and Europe. Giant salt water
crocodiles and variety of other wildlife inhabit in this eco-system which
forms one of the most spectacular wildlife area of Asia. The Government of
Orissa declared this area as a sanctuary in 1975 for better protection of the
habitat. Later, the core area (145 sq. km.) of the sanctuary has been declared
as a National Park in the year 1998. The total mangrove area is a mixture
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of 13 protected reserve forests (PRF), 12 protected forests (PF) and one
newly formed island (Nayak, 2004). Due to its rich diversity in flora and
fauna, this mangrove area has been declared as a Ramsar site, a wetland of
international importance in the year 2002.

2.1 Climate and Soil

This area experiences tropical warm and humid climate, with no distinct
season. Rain occurs due to south-west monsoon from June to September and
the north-east monsoon from December to February. Occasionally these
areas experience cyclones. The average rainfall is about 1000 mm, bulk of
which is received during June to September. The maximum temperature
recorded is 41º C and the minimum is 9º C in the month of May and January
respectively. Mean relative humidity ranges from 70% to 95% throughout
the year. The soils of the mangrove areas are fine-grained silt or clay formed
by the sedimentation of Mahanadi and Brahmani rivers. The soil is frequently
inundated with sea water during high tide.

Figure 1: Study area showing Bhitarkanika Wildlife Sanctuary, Orissa.
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3. MATERIALS AND METHODS

3.1 Data Used

The analysis is based on a multi-temporal satellite imagery study that included
the mangroves of Bhitarkanika and the adjacent area, the extent which was
analyzed over time. As a result of the analysis, classified thematic maps
were prepared to obtain a land-cover map. The satellite data and materials
used for the present study are Indian Remote Sensing satellite 1A (IRS-1A)
Linear Imaging Self Scanner (LISS-II), IRS P6 (Resourcesat) LISS III and
Survey of India (SOI) toposheet no 73 L/10, 73 L/13, 73 L/14, 73 L/15, 73
P/1, 73 P/2 of 1:50,000 scale. All the images were recorded in approximately
the same season between December and January, which corresponds to the
wet season in the region. All these datasets were geometrically corrected.
For geo-referencing, the IRS-P6 LISS III data was co-registered to SOI
topographic maps at 1: 50,000 scale using ground control points. The digital
data generated was used as a reference for satellite dataset of 1988. All the
datasets are in WGS 84 datum and UTM projection. These satellite data
were on-screen visually interpreted on a Silicon Graphics workstation using
Erdas Imagine version 8.7 image processing software. Ancillary data like
SOI toposheets and forest management maps were also used to complement
the results of the classification.

3.2 Field Data Collection

Visual interpretation of satellite imagery and reconnaissance survey of the
area have been carried out for obtaining patterns of vegetation and other land
features during January to December, 2004. Ground truth was collected with
the help of False Colour Composite (FCC) hard copy prints of study area
1988 and 2004 (Fig. 2), SOI toposheets, Global Positioning System (GPS)
and magnetic compass. The satellite imageries were interpreted and different

Figure 2: Multitemporal FCC image of Bhitarkanika Wildlife Sanctuary,
Orissa (a) IRS 1A LISS II; 17 December, 1988 and

(b) IRS P6LISS III; 13 January, 2004.
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landuse and landcover categories were delineated on the basis of tone, texture,
colour, pattern etc. (Table 1). The field knowledge and interpretation keys
have been used for the interpretation and preparation of landuse/landcover
maps. The visual interpreted maps of 1988 and 2004 were generated. They
were corrected and finalized after thorough ground check. Three maps were
overlaid on each other to find out the net change in area of mangroves and
other landcover classes between 1988 and 2004 using ARC INFO (9.0) GIS
software. The overall distribution of areas in mangrove cover and other land
cover categories (1988 and 2004) and the net change in area (1988 to 2004)
are estimated (Table 2).

To determine the accuracy of the thematic map obtained using the visual
interpretation from the latest 2004 image, an accuracy assessment was carried
out. The doubtful areas were identified and the geographic co-ordinates of
these points were noted from the visually interpreted classified map. All
these points were thoroughly checked in the field with GPS points. The
overall accuracy assessment stands at 85%.

Table 1: Image interpretation key for mangrove and
other land cover mapping

Land cover Tone Texture Shape Pattern Description
class
Mangrove Dark red Medium Varying Smooth Tall dense trees
Freshwater Light red Medium Regular Smooth Moist and dry
swamp deciduous species
Mangrove Greyish Coarse Varying Rough Low vegetation
scrub density
Littoral Dark tan Coarse Regular Rough Scattered vegetation
scrub with exposed ground

surface
Grasslands Dark grey Coarse Varying Smooth Medium size  grasses

with little herb species
Plantation Dark brown Coarse Regular Rough Patchy vegetation

along the coastal belt
and river beds

Mudflat Pale blue Medium Irregular Scattered River sedimentation
on the bank

Sand Whitish Fine Regular Smooth Mound of sands with
sparse vegetation

Water body Dark or Smooth Irregular Scattered Rivers and tanks
light blue

Agriculture Light green Smooth Regular Smooth Crops with current
with or pinkish fallow lands
habitation
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Table 2: Distribution of areas in mangroves and other landuse categories
(km2) in Bhitarkanika Wildlife Sanctuary from 1988-2004

Category Area in 1988 Area in 2004 Percentage of Change (ha)
(ha) (ha) total area (1988-2004)

2004
Mangrove 14639 14718 21.90 79
Mangrove scrub 3100 1658 2.47 –1442
Fresh water swamp 95 95 0.14 0
Littoral scrub 212 41 0.06 –171
Grasslands 25 25 0.04 0
Plantation 18 259 0.39 241
Mudflat 1589 1151 1.71 –438
Sand 437 682 1.01 245
Water body 13310 13758 20.47 448
Agriculture 33777 34815 51.81 1038
Total 67202 67202 100.00

4. RESULTS AND DISCUSSION

The spatial changes in the mangrove cover have been assessed and the
details are given in Tables 2 and 3. The change analysis shows that the major
changes took place in the proximity of agricultural lands due to high
anthropogenic pressure. Changes were also observed in the river creeks may
be due to sedimentation or tidal inundation. Of the total study area, agriculture
land with habitation is the major category (51.81%) followed by mangroves

Figure 3: Classified landuse/landcover map of Bhitarkanika
Wildlife Sanctuary (2004).
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(21.9%), water bodies (20.47%) and mangrove scrub (2.47%) as per 2004
estimate (Table 3). It is observed that there is 79 hectares increase in mangrove
cover from 1988 (14,639 hectares) to 2004 (14,718 hectares) as a result of
increased protection and consequent regeneration. The overall change statistics
of different vegetation cover categories from 1988 to 2004 are presented in
Table 3.

The study area represents rich repository of plant wealth. The floristic
diversity in each vegetation type and change dynamics in different land
cover categories of the study area are shown in Fig. 3 and are discussed
below.

4.1 Mangrove Forest

Mangrove forest is typically a closed evergreen forest of moderate height
composed of species specially adapted to survive on tidal mud, which is
partially submerged with salt water or brackish water. Major area of the
National Park is covered by mangrove forest. Heritiera fomes occupies major
portion of Bhitarkanika Reserve Forest (BRF) followed by Excoecaria
agallocha, Avicennia alba and Sonneratia apetala. Excoecaria agallocha
and Avicennia alba occur as a pure community found on the offshore islands
or in fringes to the seaward side. Sonneratia apetala occurs along the creeks.

It is observed that during 1988-2004, 153 hectares of mangrove forest has
been converted to scrub (103 heactares), littoral scrub (41 hectares), water
area (6 hectares) and mudflat (3 hectares). On the other hand 194-hectare
mangrove forest has been gained from other landuse categories. Interestingly,
there is no conversion of mangrove to agriculture due to high protection. The
key to their protection lies in the wise management and use of mangrove
habitat, and in the enforcement of existing rules and regulations by the State
Forest Department.

4.2 Mangrove Scrub

This is an open forest of very low average height, often 3-5 m in height and
represents the species of mangrove forest. With increasing pressure of biotic
factors, the vegetation is rapidly decreasing. It is characterized by mixed
mangroves. Even though, there is no specific zonation pattern, Excoecaria
agallocha and Avicennia alba are the pioneering species found in degraded
and scattered mangrove areas. Palm swamp vegetation is also found in drier
areas within or outside the mangrove forests mixed with scrub areas on the
landward side. Palm swamp shows typical representation of tufted palms
(Phoenix paludosa) up to 3 m in height. The scrub vegetation facing high
anthropogenic pressure and the change in landscape dynamics is clearly
noticeable in images. A net change of 1442 hectares is observed due to
conversion of scrub area to other landcover categories from 1988 to 2004
(Table 3).
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4.3 Fresh Water (Diospyros Peregrina Dominated) Swamp Forest

This type is remarkably pure localized freshwater swamp forest and found
above the tide level mainly in Bhitarkanika RF and occupies an area of 95
hectares. The ground is inundated by fresh water. Forest cover is fairly dense
and biologically rich with number of plant species. Diospyros peregrina is
the most dominant tree species in this type, associated with several evergreen
tree species and few deciduous elements. There is no remarkable change in
the vegetation cover because of its geographic location.

4.4 Littoral (Tamarix-Salvadora) Scrub

This type is a representative form of deforested mangrove landscape occurring
in semi-arid or arid saline soils covering 41 hectares of the study area. In
1986, it was formed due to mass cutting of mangroves in Sunei-Rupei
protected forest (SRPF) area. Tamarix troupii and Salvadora persica are
pioneering woody species found in degraded and deforested mangrove areas
and often form pure Tamarix and Tamarix-Salvadora communities towards
the landward zone. It is typically a shrubby formation about 2 to 4 m in
height. The vegetation mostly represents exotic herbaceous species like
Parthenium histrophorus, Cleome viscosa, Croton bonplandianum, Hyptis
suaveolens, Mimosa pudica and Scoparia dulcis.

4.5 Grass Lands

This is a unique type of vegetation found in BRF, nearby fresh water swamp
forest admixtures with muddy substratum and occupies an area of 25 hectares.
Major portion of the area is covered by tall grasses. Arundo donax,
Chrysopogon aciculatus, Dicanthium pertusum and Imperata cylindrica are
some of the dominant grass species found in this area.

4.6 Mudflats

Mudflat is a wet land in which the salty water inundate the surface of the
ground. The vegetation seen in this area is of herbaceous type and generally
referred as mudflat (salt marshes) vegetation. Due to high moisture and
salinity content, halophytic species like Suaeda maritima, Suaeda nudiflora,
Suaeda monoica, Sesuvium portulacastrum and Arthocnemum indicum grow
predominantly. Sanctuary has a significant area under mudflats (1151
hectares), which is main substratum for mangrove regeneration and plantation
activities. It has been observed that the mudflat area is gradually decreasing
from 1589 hectares in 1988 to 1151 hectares in 2004.
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4.7 Sand Dunes

Loose sand mounds along the coastal strip of south eastern side of
Bhitarkanika are well covered by the usual runners like Ipomoea pes-caprae
and Launaea sarmentosa. Spinifex littoreus, Hydrophylax maritima and
Polycarpon prostratum support the foreshore zone. It covers an area of 682
hectares in the sanctuary.

4.8 Plantation

Orissa Forest Department has raised plantation of Casuarina equisetifolia
and Rhizophora mucronata in the coastal sand and river beds respectively.
The plantation area has considerably increased from 230 hectares in 1988 to
259 hectares in 2004 (Table 3). The landcover system undergoes a significant
change according to the change in socio-economic and natural conditions of
the people. As the people are adopting more to agricultural practice, the
agriculture area has increased from 33,777 hectares (1988) to 34,815 hectares
(2004). A net change of 1038-hectare area is observed due to conversion of
mangrove scrub to agricultural field by the villagers surrounding it. Littoral
scrub vegetation was formed due to mangrove deforestation. In course of
time, several exotic species, spread over the area, are affecting the native
vegetation. The present study has shown a significant increase in mangrove
forest area (79 hectares) from 1988 to 2004.

5. CONCLUSIONS

Remote sensing (RS) and Geographical Information System (GIS) are playing
a major role in getting a synoptic view of the status of the present vegetation.
A comparative study of the present and past conditions of mangrove vegetation
brings an overall picture to convince forest officials, managers, decision
makers and planners for further conservation and restoration activities. RS
in conjunction with GIS technology can play a vital role in the monitoring
and planning of the mangrove forest, by multi-temporal interpretation of
satellite data. A high spatial resolution data may be able to give more detailed
and better information. The information generated for the Bhitarkanika
Sanctuary area will aid in understanding the spatial distribution of the
mangrove forest and periodical change over more than 16 years which
ultimately help the Forest Department, Government of Orissa in further
planning and taking appropriate and timely decisions for sustaining the rest
of the mangrove cover.
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1. INTRODUCTION

Evolution of new features or elope of existing features on the coast may
affect the entire coastal system. The morphodynamics of coastal systems
implies the nature and time-varying behaviour of coastal landforms and the
mechanisms that control this behaviour within specific temporal and spatial
scales. Morphodynamic analysis of shoreline helps in understanding the
evolution of new feature in response to seasonal and episodic events causing
changes in wave direction, alongshore sediment transport, bathymetry and
shoreline orientation etc. Changes in inlet morphology depict the mechanism
of interaction between inlet currents and long shore sediment transport. Spit
is a landform that develops where a re-entrant occurs in bay or river mouth.
Geologists consider the development of barrier spit and formation of lagoon
environment as a progradation process (Ramakumar, 2000). The movement
of sediment along a shore forms spits by long shore drift. Where the direction
of the shore turns inland (reenters), the longshore current spreads out or
dissipates. No longer are currents able to carry the full load, much of the
sediment are dropped. This causes a bar to build out from the shore, eventually
becoming a spit. Understanding of spit geometry evolution through analytical
models provide several controlling parameters (Nicolas, 1999), which makes
the study complicated. This study becomes possible and easy, if temporal
remotely sensed data is used. Temporal remote sensing data provides a clear
picture of the significant and interesting long term and short tem changes in
the spit geometry and evolution. In the east coast of India, rivers are the
major sediment supplier to the littoral drift (Chandramohan and Nayak,
1991; Shetye, 1999). The morphodynamics of Godavari river inlets and the
Kakinada spit called Hope Island (16° 43¢ and 17° 00¢ N, and 82° 15¢ and
82° 22¢ E) is discussed in this paper.
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The study area (Fig. 1), Godavari river mouth, receives 38.839 × 109 kg/
year sediments as per Central Water Commission (1984) estimate, which
plays a significant role in the inlets dynamics and evolution of the Kakinada
spit. Among the several tributaries of Godavari River, Nilarevu bifurcates
into Coringa and Gaderu forming the second largest mangrove ecosystem of
India (Satyanarayana et al., 2001) and neritic waters from Kakinada Bay
(Azariah et al., 1992). Mean tidal amplitude of this low meso scale tidal
region is around 1.3 m with a semi diurnal variation of 0.72-1.0 m. Significant
wave height in the bay is less than 1.2 m (inside) and 1.2-2 m (outside). In
the south, at the Nilarevu river mouth significant wave height is 1.8-3 m
(Survey of India (SOI) Topography Map, 1975). The estimated southern
long shore sediment transport during October to February is around 2.62 ×
103m3. y-1 and the northerly transport during March to September is around
9.60 × 103m3. y-1, with net drift towards north (Chandramohan et al., 1991).

Figure 1: Study area and transect locations.

In the present study, time series multi sensor satellite data for the period
1987, 1997, 2000, 2002 and 2004 with hydrographic and relief data from
Naval Hydrographic Office (NHO) and SOI have been used for change
detections. Remote sensing data are interpreted to study the long term and
short-term changes in the coringa morphology. The preliminary study of
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temporal satellite data have shown three active morphologic units at the
Godavari coast: (1) Elongated stable Kakinada spit trending N-S, (2) Nilarevu
river inlet with compound spit trending NE-SW and flood shoal and (3)
Gautami river inlet with unstable spit trending south and barrier island. In
general, various parameters like length, elongation speed, width, formation
of over-wash fans, elevation above mean sea level, depth of closure and the
tendency to re-curvature are considered for the study of spit dynamics (Kraus,
1999). Among them spit length, elongation rate and width are considered as
the important parameters in the present study of spit dynamics, though other
parameters are useful as supporting data.

2. DATA AND METHODS

In this study time series multi spectral satellite data namely Landsat Thematic
Mapper (TM) (April, 1987), Indian Remote Sensing Satellite (IRS)-1C- Linear
Imaging Self Scanner (LISS-III) (June, 1997) and Enhanced Thematic Mapper
(ETM) (December, 2000), IRS-1D LISS III (April, 2002) and IRS-P6 LISS-
III (January, 2004), IRS-P4-Ocean Color Monitor (OCM) data (November,
1999 and April, 2000) have been used to study the dynamic changes in the
inlet and spit. Baseline information have been extracted from SOI topographic
map (1:50,000, 1975) and NHO Chart [chart No. 3009, 1:60,000, 1967] have
been used. Satellite data were geocorrected using control points from
topographic map. Visual interpretation of satellite data was carried out to
create morphological maps using GIS tools by observing the different
interpretation elements like tone, texture, shape, association etc. To study the
nearshore sediment transport in the study area, suspended sediment
concentrations (SSC) have been derived from IRS-P4-OCM data acquired
during Nov. 1999 and April 2000. Change detection technique has provided
short-term changes during 1987-2004 and long-term changes during 2002-
2004. Analyses of spit geometry (spit length, width and elongation rate) at
different time intervals make us to understand the relation between inlet
dynamics and littoral processes. Three transects were selected to measure the
width of the spit from temporal satellite data. Using satellite data of 1987,
1997, 2000, 2002 and 2004 the length of the spit was measured. The shoreline
shifting along Kakinada spit was studied with satellite data and bathymetric
profiles of 1967 at selected transects. The bathymetric map of Kakinada was
retrieved through interpolation technique taking the sea depth points from
the NHO chart surveyed during 1967. These depth profiles at selected transects
were compared with bathymetric profiles of 1998 given by Tripathi and Rao
(2000).

3. RESULTS AND DISCUSSION

The analysis of IRS-P4-OCM derived suspended sediment concentrations
(SSC) revealed that the stretch from Gautami Godavari to Kakinada spit
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behaves as a single cell contributing to the nearshore sediment transport and
dynamics with localized sub cells. The trend analysis of Kakinada spit
geometry showed sustained long-term unrestricted growth, which is also
supported by earlier work on Kakinada spit (Satyaprasad, 1986). According
to the study, the spit started evolving since 1848 and the net average growth
of the spit is estimated around 123.09 metre/year (m/y) over a period of 139
years. The spit elongation rate estimated from satellite data of 1987 and
2004 over a period of 17 years is approximately 45.29 m/y. The above
estimation includes error of about ±11.6% from different sources including
image transformation error of ±5.8%. As growth of spit is directly proportional
to the long shore sediment transport rate, the unrestricted growth of Kakinada
spit shows that there is a constant supply of sediment from south. This
growth could sustain until the tidal forcing at the bay channel restricts the
spit elongation similar to that of an inlet channel.

The spit analyses show that there is a decline in the spit width during
1987-2000 while elongation rate is negligible during 1987 to 2004 (Fig. 2).
In this situation, if net sediment transport within the cell remains constant,
when there is no further growth in the length of the spit then the increase
in the width of the spit is imminent (Kraus, 1999). Therefore, there was a
beach loss in the spit prior or during the study period due to severe erosion.

This is also supported by the clear indication of beach erosion in headland
and spit distal portion located adjacent to the Coringa mangroves. As a result
of beach erosion, Pillavarava Kaluva channel is directly opened to the sea
across the beach in the east (Fig. 3, a: TM 1987; b: IRS-P6-LISS III 2004).
Satellite data of IRS-1C LISS III (1997) have shown new dimensions of
mangrove areas directly facing towards seawater. Cause for such changes
can be viewed as wave erosion and cross-shore sediment drift from distal
part of spit during stormy conditions. The years with cyclonic event in the
study region are listed here and the year 1996 was such a year with severe
cyclonic storm.

Figure 2: Changes in spit width and length at selected
cross-sections in different years.
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Figure 3: Pillavarava Kalauva channel directly opened to sea.

Years of rough weather and cyclonic events in the study region

1969 1996
1982 1998
1987 2000
1992

In addition to longshore sediment drift from south, Nilarevu and Gautami
rivers play major role in the Kakinada spit growth. Therefore, analyses of
inlet morphology help in understanding sediment balance between inlets
mouth and Kakinada spit. In this respect, two spits, one at Nilarevu and
other at Gautami inlets, gain importance. During our study, compound spit
development at the Nilarevu river mouth trending towards the north has been
observed (Fig. 4). The Nilarevu spit growth derives the sediment for the

Figure 4: Compound spit formation at Nilarevu river mouth.
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south that is from river Gautami-Godavari discharge. The change in the
Kakinada spit geometry can be mostly attributed to the sediment from Nilarevu
river discharge. The satellite estimated net changes in spit area during 1987-
2002 and 2002-2004 at Kakinada, Nilarevu river mouth and Gautami river
mouth are given in Table 1. This clearly supports that the change in Kakinada
spit geometry is attributed to the lack of sediment from south and erosion
due to 1996 cyclone. Reconstruction of the Kakinada spit to the original
width from 2000 to 2002 was slow but later on there is an increment in the
sediment supply which is evident from the increment in the spit width observed
in IRS-P6-LISS III data of 2004.

Table 1: Satellite estimated net changes during 1987-2002 and 2002-2004

Area Period Erosion Deposition Net Change Rate of
(sq. km.) (sq. km.) (sq. km.) Change

(sq. km./y)

Kakinada 1987-2002 3.063 0.521 -2.542 -0.169
2002-2004 0.687 1.089 0.402 0.201

Nilarevu 1987-2002 2.058 3.20 1.142 0.076
2002-2004 0.925 0.783 -0.142 -0.071

Gautami Godavari 1987-2002 2.125 1.24 -0.885 -0.059
2002-2004 1.801 1.309 -0.492 -0.246

The presence of spit at the southern tip of Gautami-Godavari mouth
observed from TM data of 1987 and ETM data of 2000 and accumulation
of sediment carried by the river discharge caused the bypass of inlet channel
to the north (Fig. 5). However, the formation of the spit at the northern tip
of the mouth is found to be temporal as seen in the TM of 1987, ETM of
2000 and IRS-P6-LISS III of 2004 data. The field verification shows that
spit growth is temporary in nature depending upon the sediment supply from
southerly drift and river discharge rate during monsoon.

Figure 5: Changes at Gautami-Godavari river mouth.
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4. CONCLUSIONS

The elongation speed of Kakinada spit during the study period is uniform
and temporal change in the spit width at different transects has been observed
from satellite data. The average spit growth has been retarded and landward
shifting has been observed during this period due to deficiency in the supply
of sediment from the south and lack of nourishment to rebuild the beach
eroded during 1996 cyclone. Over a period of 17 years short-term dynamics
of spit indicated a net balance in sediment transport within the cell depending
upon the local conditions like river discharge, alongshore transport, stability
of depositional feature in the updrift direction and episodic events like storms.
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