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Synopsis

The estuaries on the west coast of India are unique in thgsigdl and bio-geochemical
features and the Mandovi and Zuari estuaries are two of tessmries. Monsoon is a
typical feature of this region. The south westerly windsabhg from the Indian Ocean
bring heavy rainfall into the Indian subcontinent duringdio September and these es-
tuaries receive heavy river discharge during this periodndé they are often called as
“monsoonal estuaries”. Rainfall and subsequent dischangédk out salinity very fast
from these estuaries into the sea during southwest mons®alimity in these estuaries
undergoes intraseasonal variations during this periodalTdynamics, salinity distribu-
tion, flushing time etc. in an estuary are to be studied inildtanavigation, fishing,
dredging and recreation purposes and also to determindfdotseof oil spills, disposal
of sewage and other potentially harmful wastes.

For the present study, the Mandovi and Zuari estuaries wessen. These estuaries
represent the other estuarine systems on the west coadfliafimterms of tidal char-
acteristics, channel convergence, heavy fresh water aligeletc. In addition, the Man-
dovi and Zuari estuaries play a vital role on the regionaheoay as these channels are
exclusively used for the transportation of iron and mangar@es from their upstream
regions to the nearest Port, Mormugao, which is one of the@mngarts along the west
coast of India. The Mandovi and Zuari estuaries are conddmtea narrow canal called
Cumbarjua at their upstream regions. A number of tributaiss join the Mandovi and

Zuari estuaries. Previous studies on tides and salinitggrMandovi and Zuari estuaries
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were limited to observations [Thomas et al., 1975; Varmd.etl75; DeSousa, 1977,
DeSousa et al., 1981; Qasim and Sengupta, 1981; Shetye E3@h, DeSousa, 1999b].
Shetye and Murty [1987] used a one dimensional numericaleifod the simulation of
salinity in the Zuari estuary. Unnikrishnan et al. [1997¢ds one dimensional network
model for the simulation of tidal decay during southwest samn at the upstream regions
in the Mandovi and Zuari estuaries. Tide is major drivingceoin an estuary and tidal
asymmetry can change the duration of flood and ebb in an gsiliaough many studies
[Unnikrishnan et al., 1999a; Shetye, 1999; Unnikrishnad anick, 2003; Sundar and
Shetye, 2005] were conducted to understand the variationaghr diurnal and semidi-
urnal constituents in the gulfs and estuaries on the west @fdndia, no detailed study
was undertaken to know the variations of overtideg (1g) and compound tides\{ S f,
M K3, M Ng, M Sy) inside an estuary. The overtides and compound tides hajar noée
on tidal asymmetry inside the estuaries. Tidal asymmetsyitmportant effects on both
the geological evolution of shallow estuaries and the rabilgy of estuarine channels
[Aubrey and Speer, 1985; Speer and Aubrey, 1985]. The airheoptesent thesis is to
simulate tides and salinity distribution in the Mandovi ahdhri estuaries using a hybrid
network numerical model. The main objectives are (i) to gttiek tidal characteristics
such as the longitudinal variation of tidal amplitudes dgrdry and wet seasons, fresh-
water influence on tides and the tidal asymmetry caused hyides and compound tides
(i) to study the longitudinal variation of salinity disttition and freshwater influence on
salinity distribution and (iii) to study the intraseasomatiations of salinity in the Man-
dovi estuary during southwest monsoon with the help of gglmeasurements made in
the estuary.

Chapter 1 of the thesis presents an introduction to the sty the previous studies
by earlier researchers and the objectives of the presety.stbhapter 2 deals with the
data and methodology. A hybrid network numerical model wagetbped to simulate

tidal elevation, tidal currents and salinity distributimnthe Mandovi and Zuari estuaries.
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The hybrid network model consisting of a vertically averd@® model for the down-
stream regions in the Mandovi and Zuari estuaries and areasraged 1D model for the
upstream regions in the Mandovi, Zuari and for the Cumbargreakare described. The
finite difference numerical scheme was used for solvingigladtfferential equations of
motion, continuity and advection-diffusion equation ofirsgy. The bathymetry data of
the Mandovi, Zuari and Cumbarjua channels were obtaineddtizing the bathymetry
maps (1968-1969) of minor ports survey organization, Migisf Shipping and Trans-
port, Government of India. The monthly mean averaged drgehdata (1993) at Ganjem,
an upstream station in the Mandovi estuary were used focpbasg river discharge at
the upstream end boundaries of the model domain. The cantinmeasurements of
tides and salinity in April and August, 1993 were used for ¥aédation of the model
and tidal measurements in March—April, 2003 were used tstindy the tidal asymme-
try in these estuaries. Salinity measurements made alenigrigitudinal sections in the
Mandovi during the selected days of 2005-2007 were analgsstidy the intraseasonal
variations of salinity during southwest monsoon.

Chapter 3 describes the simulation of tides, freshwaterantia on tides, tidal cur-
rents and harmonic analysis of observed and simulated. tidieg simulation of tidal
currents were carried out using the numerical model desdrith Chapter 2. To simulate
the tidal constituents and to study tidal asymmetry in thentitevi and Zuari estuaries,
the 35-days measurements of sea level were used for the hararalysis, and this one-
month data was sufficient to resolve major diurnal and semmdi constituents, overtides
and compound tides. Thereafter, the harmonic analysis tbf doserved and simulated
tides was done. To find the difference between observatidnnaodel simulation, the
complex difference module was calculated. The complexdifice module gives syn-
thetic information of the difference in both amplitude artthpe of the observation and
simulation. It was found that the model simulated tides sasfully during dry and wet

seasons in the Mandovi and Zuari estuaries. The resultstierstudy show that fairly
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strong tidal currents in the absence of river discharge hmexwtater column vertically in
the Mandovi and Zuari estuaries during dry season. Duringseason, the velocity as-
sociated with river discharge prevents upstream propagafi tides. The rapid increase
of the first and second harmonics ik and compound tides inside these estuaries show
the non-linear response of the Mandovi and Zuari estuagistess to the tidal forcing.
The M4/ M, amplitude ratio indicates that the tide is subjected to nasganmetry in the
Zuari than that in the Mandovi. The increase of the first harimof M> and decrease

of relative surface phase % — M,) inside the Mandovi and Zuari estuaries show that
these estuaries are flood dominant.

Chapter 4 deals with the salinity distribution in these es#sa The simulation of
the longitudinal variation of salinity during dry and wetasens, freshwater effect on
the salinity distribution and the intraseasonal variagiohsalinity during wet season are
described in this Chapter. The analysis of salinity measdteihg the selected days of
2005-2007 in the Mandovi estuary shows the intraseasomiaitiea of salinity during
southwest monsoon. The residual circulation and flushing th the Mandovi and Zuari
estuaries were also determined.

The results described above are summarized in Chapter 5.
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Chapter 1

Introduction

1.1 Definition

Estuaries are semi enclosed bodies of water where freshivate the river mix with
saline water from the sea. The widely used definition of anaggtstates that an estuary
“is a semi enclosed body of water which has a free connectitinsga and within which
seawater is measurably diluted with freshwater deriveahfielmd drainage” [Cameron and
Pritchard, 1963]. The action of tides, winds and other piglgprocesses in an estuary

make it a complex system.

1.1.1 Classification of estuaries

Estuaries can be classified based on geomorphology, tidgérand salinity distribution.

Based on geomorphology [Pritchard, 1952, 1967; Russell, ]1®fuaries are classi-
fied into Coastal plain estuaries, Fjords and Bar-built estaaiEstuary geomorphology
strongly affect the transport of pollutants and ultimateipacts water quality character-
istics [Martin and McCutcheon, 1999; Dyer, 1973]. There dateptypes of estuaries
which are formed by tectonic activity, volcanic eruptions. e

Based on tidal range, if the tidal range is less than & an estuary then it is called
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micro-tidal estuary. The tidal ranges are between 2 to # the meso-tidal estuaries
and those estuaries, where tidal range is higher thanede called macro-tidal estuaries
[McCann, 1980; Dyer et al., 2000].

Salinity distribution in an estuary varies from place togal@aue to their geographical
locations, prevailing climate systems and tidal range. @s$tmaries, based on salinity,
are classified into stratified estuaries, partially mixeh@&ses and well mixed estuaries
[Pritchard, 1955, 1967; Bowden, 1967; Fischer, 1972; Dy8v,3] 1997]. Hansen and
Rattray [1966] classified an estuary based on the salinitgtv@ans in the vertical direction
and the circulation due to the difference in density. Tidarents are weak in stratified
estuaries because of large river discharge. The low defnsgiiwater from the river side
flow above seawater and a sharp boundary is created betwess tino water masses.
In partially mixed estuaries, saline water and freshwater partially due to increased
tidal activity. Tidal activities generate turbulence arait@l mixing take place between
freshwater and saline water. Differential pressure forkesto landward moving saline
water and seaward moving freshwater from the upstream amdrigie to longitudinal
density currents and consequent mixing both longitudyreaild vertically [Fischer, 1972].
If tides are large, freshwater and saline water mix fromaefto bottom and these type

of estuaries are called well mixed estuaries.

1.1.2 Physical processes in an estuary

Ocean tides often dominate the mixing in estuaries [Grad382]L Ocean tides are de-
fined as the periodic rise and fall of sea surface caused bgréwtational attraction of
moon and sun on earth. The gravitational attraction of optemets on earth are negli-
gible because of their distant locations. Tide created énditean penetrates into rivers
as a disturbance, the shape and size of rivers being suctihéyadlo not respond directly
to the tidal forces. The disturbance takes the form of a gsgjve wave, markedly af-

fected by friction and completely damped eventually [GodBB8]. Tide, river discharge,
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bathymetry, wind, Coriolis force etc. control the processesn estuary [Fischer et al.,
1979]. Circulation and transport mechanisms in estuariecamplex and subject to a
large spatial and temporal variability derived from thesnaiction of river discharge, tides
and winds. These forces drive the gravitational circutatiad turbulent diffusion which

are the main processes controlling the transport of prgseit estuaries [Mantovanelli
et al., 2004]. Bathymetry in an estuary regulate the speedopiggation of tides. Shal-
low regions of estuaries enable vertical mixing more effedhan that of deeper regions.
Freshwater inflow into an estuary normally has a significargact on mixing and the
increased freshwater inflow can change the character oftaargdfrom well mixed to

partially mixed or stratified [Martin and McCutcheon, 1999].

1.2 The study area

India has a vast coastline of over 700 and the major Indian cities, Mumbai, Kolkata
and Chennai are situated along these coasts. There are ranr&dt major and medium
estuarine channels along the east and west coast of Indie.eStharies along the east
coast of India are long and wide whereas the estuaries alengést coast are smaller.
Ganges-Brahmaputra Delta region along the east coast & isdhe largest estuarine
network in India. Since ancient times, estuaries in Indigehzeen a focal point of activi-
ties for human settlement, development of ports and hashtnansportation of men and
material and for trade and commerce [Qasim, 2003].

The estuaries along the west coast of India are unique im gigisical and bio-
geochemical features. Kochi Backwaters is one of the larggsiarine systems along
this region and the other important estuarine systems dlosgoast are Ashtamudi estu-
ary, Kali river, Mandovi and Zuari estuarine system, Mumidarbour and Thane Creek
system and a number of small estuaries like Sabarmati,, Tdptinada etc. Monsoon

is a typical feature of this region. The south-westerly wgifdowing from the Indian
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Figure 1.1 Map of the west coast of India

30 - =
25
A
=
Gulf of Kutch India -
-
20 Gulf of Khambhat
Mumbai
Mandovi and
Zuari estuaries
15 Arabian Sea Mormu@ao Port
10
5
60 65 70 75 80

85E




Introduction

Figure 1.2Map of the Mandovi and Zuari estuaries
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Ocean bring heavy rainfall into the Indian subcontinentrysouthwest monsoon (June
to September) and these estuaries receive heavy riveradgeeduring this period hence
they are often called as “monsoonal estuaries”. Saliniggriution in these estuaries
undergoes intraseasonal variations during southwest @oonsRainfall and subsequent
river discharge during this period flushes out salinity Viast from these estuaries into the
Arabian sea. Thermodynamics of the water column of thesstabgegions of the Ara-
bian sea is greatly affected by the rainfall and subsequesihivater inflow [Shankar and
Shetye, 1999, 2001; Shenoi et al., 2002; Shankar et al.,, Z00%; Suprit and Shankar,
2008].

The understanding of estuarine dynamics is very importamany aspects because,
apart from their role on influencing the physics and bio-dpenaistry of the adjacent seas,
their role in determining regional ecology and economy dse andispensable. Tidal
dynamics, salinity distribution, flushing time etc. in anuesy are to be studied in detail
for navigation, fishing, dredging and also, to determinespills, disposal of sewage and
other potentially harmful wastes.

For the present study, the Mandovi and Zuari estuaries (égyi.1 and 1.2) are cho-
sen. These estuaries represent the other estuarine systetims west coast of India in
terms of tidal characteristics, channel convergence,\h&aghwater discharge etc. In
addition, the Mandovi and Zuari estuaries play a vital roleegional economy as these
channels are exclusively used for transportation of iroth manganese ores from their
upstream regions to the nearest port, Mormugao which is b enajor Ports along the
west coast of India. The length of the Mandovi and Zuari egtsare about 5@m each
and have their upstream regions in the Western Ghats (Miourgages along the west
coast of India). The Mandovi and Zuari estuaries are shatlmawnnels with average depth
of about 5m. The width at the mouth of Mandovi and Zuari estuarine systeabout
9 km and the width narrow down to 20@ at their upstream regions. A narrow canal,

Cumbarjua canal, connects these estuaries at a distance:of fdm the mouth of the
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Figure 1.3 Observations of rainfall during 1999-2001 at Valpoi in tharMovi estuary.
The months on the x-axis starts from January, 1999. Thealaodta were obtained from
India Meteorological Department.
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Mandovi and 1X%m from the mouth of Zuari. The length of the Cumbarjua canal muab
17 km and has an average width of 0cb:. A number of tributaries such as Sinquerim
River, Mapusa River, Khandepar River join to the Mandovi estudrile Kushavati and
Sanguem Rivers join to the Zuari estuary. As mentioned eag@ithwest monsoon is
a unique feature of this region and the Mandovi and Zuariagss receive heavy river
discharge during this period. The normal rainfall of thigiom is about 2500-300@:m
in a year and 80% of the total rainfall occurs during the seet monsoon. Figures 1.3
and 1.4 show the observations of rainfall during 1999-200dalpoi and Sanguem sta-
tions respectively in the Mandovi and Zuari estuaries. Rdlinéaches to its peak during
July and August and river discharge from the upstream entisese rivers is about 400
m3s~1 during this period (see Figure 1.5).

Based on tidal range, the Mandovi and Zuari are meso-tidahass. Tides in these

estuaries are semidiurnal mixed type and the tidal rangbasita2 m. The studies on
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Figure 1.4 Observations of rainfall during 1999-2001 at Sanguem inZilei estuary.
The months on the x-axis starts from January, 1999. Thealatdta were obtained from
India Meteorological Department.
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Figure 1.5River discharge for Ganjem in the Mandovi estuary. The moothihe x-axis
starts from January 1993. The river discharge data weranglastdrom Central Water
Commission, Government of India.
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hydrography of the Mandovi and Zuari estuaries started iy d®70s. The previous
studies on tides and salinity in these estuaries were liriideobservations. Dehadrai
[1970]; Dehadrai and Bhargava [1972]; Das et al. [1972]; Marid Das [1972]; Singbal
[1973]; Thomas et al. [1975]; Varma et al. [1975]; DeSou$¥[1]; DeSousa et al. [1981];
DeSousa [1999Db] investigated some of the environmentélifes and the influence of
tide in regulating the flow in these estuaries. Tidal amgktin the Mandovi and Zuari
remains unchanged upto about 4@ from the mouth, and then drops sharply over the
next 10km [Shetye et al., 1995]. Sundar and Shetye [2005] calculateplitude and
phase of the major tidal constituents in the Mandovi and Zestuaries using sea level
measured during March—April 2003 at different stationshiese estuaries. They found
that the five major constituentfds, S», N», K1 andO1 have amplitudes more than &t
at the mouth of these estuaries and the amplitude and phakesef major constituents
increase from mouth to the upstream regions before topbgraffect comes to play.
The Mandovi and Zuari are partially mixed estuaries andahgitudinal distribution
of salinity in these estuaries are subjected to large vanatduring a year. Near the
mouth, during a tidal cycle, salinity remains almost cons(d5 psu) between November
and May. But salinity at the mouth varies from 7 to 22: during June to September.
[Qasim and Sengupta, 1981; Shetye et al., 1995]. Heavymptaton and land runoff
from June to September bring about large changes in tenyperaalinity, flow pattern,
dissolved oxygen and nutrients when the estuary becomssweger dominated [Qasim
and Sengupta, 1981]. Sandbars are formed at the mouth of aimeldi estuary during
this period and the formation of these sandbars halts tifetrathe Mandovi from June
to September. But the navigation in the Zuari and Cumbarjualéaaninterrupted during
this period. By the end of September, the effect of river disgh is reduced and saline
water intrudes towards upstream regions. By February, thasktoeam regions of these
estuaries become an extension of the sea. The heavy ranthBubsequent freshwater

inflow into the catchment area during June to September fiereaferred to as 'wet
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season’ stratifies the downstream regions consisting aftdlfs-12km from the mouth of
the estuaries. From 1&2n, to the upstream regions of about 8@ the estuaries become
completely freshwater dominated. During the post mons@xtigber to January), the
saline water intrudes further into upstream regions. Fafyrto May, hereafter referred to
as 'dry season’, these estuaries are vertically well mikedughout the regions. Shetye
and Murty [1987] used a one dimensional numerical modelHersimulation of salinity
in the Zuari estuary. Unnikrishnan et al. [1997] used a omeedisional network model
consisting of all the tributaries of the estuarine systenitie simulation of tidal decay at
the upstream regions during wet season in the Mandovi and &staaries. As mentioned
previously, tide is a major driving force in an estuary andtiasymmetry can change the
duration of flood and ebb in an estuary. Though many studiasikgishnan et al., 1999a;
Shetye, 1999; Unnikrishnan and Luick, 2003; Sundar andy8h2005] were conducted
to understand the variation of major diurnal and semidiucoastituents in the gulfs
and estuaries on the west coast of India, no detailed studyuwdertaken to know the
variations of overtides/4, Mg) and compound tides\{ S f, M K3, M N4, M Sy) in these
gulfs and estuaries. Overtides and compound tides haver mudgoon tidal asymmetry

inside the estuaries.

1.2.1 Objectives

The aim of the present thesis is to determine the charatitsri tidal propagation and
salinity distribution in the Mandovi and Zuari estuariegwgsa hybrid network numerical
model. The main objective are (i) to study the tidal chanasties such as the longitudinal
variation of tidal amplitudes during dry and wet seasoresHwater influence on tides and
the tidal asymmetry caused by overtides and compound tiiglés $tudy the longitudinal
variation of salinity distribution and freshwater influenen salinity distribution and (iii)
to study the intraseasonal variations of salinity in the M@an estuary during southwest

monsoon with the help of salinity measurements made in thmags
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In addition to this first chapter there are four more chapterthis thesis and the

outline of these chapters is given below.

1.2.2 Chapter 2

Chapter 2 of the thesis deals with data and methodology. Haigter contains a detailed
description of a numerical model developed for the prestiatys A hybrid network nu-
merical model was developed to simulate tides, tidal casrand salinity distribution in
the Mandovi and Zuari estuaries. A hybrid network model estimg) of a vertically av-
eraged 2D model and an area averaged 1D model was used. Ticallyeaveraged 2D
model was used for the downstream regions in the Mandovi aiadi Zstuaries. An area
averaged 1D model was used for the upstream regions in thddaand Zuari estuaries
and Cumbarjua canal. A finite difference numerical schemeused for solving partial
differential equations of motion, continuity and adventidiffusion equation of salinity.
The bathymetry data of the Mandovi, Zuari and Cumbarjua chiannere obtained by
digitizing the bathymetry maps (1968—-1969) of minor pouivey organization, Ministry
of Shipping and Transport, Government of India. The month&an averaged discharge
data (1993) of Ganjem, an upstream station in the Mandouaegtwere used for pre-
scribing river discharge at the upstream boundaries in thaddvi and Zuari estuaries.
The continuous measurements of tides and salinity made tith #&pl August 1993 were
used for validation of the model and tidal measurements irchtaApril, 2003 were used
to study the tidal asymmetry in these estuaries. In additimmade salinity measure-
ments along the longitudinal sections in the Mandovi estalrring the selected days
of 2005—-2007, which were used to study the intraseasonaitiars of salinity during

southwest monsoon.
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1.2.3 Chapter 3

Chapter 3 describes the tidal characteristics in the Mandogi Zuari estuaries. This
chapter describes the results of simulation of tides, tamients and the influence of
river discharge on tides. Also, the harmonic analysis ofomdjurnal and semidiurnal
constituents, overtides, compound tides andMhg ), amplitude ratio and relative sur-
face phase (B/» — M,) are also discussed. The simulation of tides during dry and we
seasons in 1993, the study of freshwater effect on tideshensimulation of tidal currents
were carried out using the hybrid network numerical modskdbed in Chapter 2. To
study tidal asymmetry in the Mandovi and Zuari estuaries,38-days observations of
tide made in March—April, 2003 [Sundar and Shetye, 2005kwesed for the harmonic
analysis, and this 1-month duration of data was sufficiemesmlve major diurnal and
semidiurnal constituents, overtides and compound tidé& harmonic analysis of both
observed and simulated tides was carried out using TidalyAsaSoftware Kit-2000
[Bell et al., 2000]. To find the difference between observedisimulated tides, the com-
plex difference module was calculated. The complex diffeeemodule gives synthetic
information about the difference in both amplitude and phlastween the observation
and simulation. Itis found that the model simulated tidescessfully during dry and wet
seasons in the Mandovi and Zuari estuaries. The resultstiierstudy show that fairly
strong tidal currents in the absence of river discharge hexwater column vertically in
the Mandovi and Zuari estuaries during dry season. Duringse&son, the velocity asso-
ciated with river discharge prevents upstream propagatididles. The rapid increase of
the first and second harmonicsb and compound tides inside these estuaries show the
nonlinear response of the Mandovi and Zuari estuarine syste tidal forcing. The vari-
ation of M4/ M, amplitude ratio from the mouth to head indicates that tidrilgected to
more asymmetry in the Zuari than that in the Mandovi. Theaase of the first harmonic
of M> and decrease of relative surface phase{2 M) inside the Mandovi and Zuari

estuaries show that these estuaries are flood dominant.
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1.2.4 Chapter4

Chapter 4 deals with the simulations of salinity distribatio the Mandovi and Zuari
estuaries. The simulation of the longitudinal variatiorsalinity during dry and wet sea-
sons, freshwater effect on salinity distribution and theaiseasonal variations of salinity
during wet season are described in this chapter. The flusimegusing freshwater frac-
tion method in the Mandovi and Zuari was calculated usingwt®id numerical model.
Tidally averaged salinity and residual currents over aquedf M> tide were also cal-
culated to quantify the freshwater influence on salinitye Tineasurements of salinity in
the Mandovi estuary during the selected days of 2005-200& used to study intrasea-
sonal variations of salinity during wet season. The regidiraulation in the Mandovi

and Zuari estuaries was also determined.

1.2.5 Chapter 5

The results and significant findings from present study dasdiin the previous chapters
are summarized in this chapter. The limitations of the preapproach and suggestions

for further studies to improve the present understandia@so given in this chapter.



Chapter 2

Data and Methodology

2.1 Introduction

This chapter gives a detailed account of the developmenthyfoaid network numeri-
cal model, which was developed for simulations of tides aadohisy distribution in the
Mandovi and Zuari estuaries. The data sets used for prasgriloundary conditions,
validation of the model etc. are also described in this drap finite difference numer-
ical scheme was used for solving partial differential egurest of motion, continuity and
advection diffusion equation of salinity. The details o tthata sets used for the present
study and the formulation of a hybrid network numerical mauae given in the following

sections.

2.2 Data sets

Numerical modelling of physical phenomena such as tidauéation and salinity distri-
bution in an estuary require a number of data sets, whichdecbathymetry data, surface
elevation data, salinity data, river discharge data etcprfescribing open boundary con-

ditions, model validation etc.
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2.2.1 Bathymetry data

Bathymetry data of the Mandovi, Zuari and Cumbarjua canal wbetained by digitiz-
ing the bathymetry maps (1968-1969) of minor ports survegamization, Ministry of
Shipping and Transport, Government of India. The one dimeasupstream regions in
the Mandovi, Zuari and Cumbarjua canal were schematized/fit81 and 32 segments

respectively based on the description given by [HarlemahLae, 1969].

2.2.2 Tides and salinity measurements during April and August 1993

Shetye et al. [1995] made continuous measurements of tidksadinity during 7-9 April
and 19-21 August 1993 in the Mandovi, Zuari and Cumbarjualc&®a level obtained

from the above observations were used for the model vadidati

2.2.3 Measurements of tides during March—April 2003

Sea level measurements were carried out at 13 location®iM#ndovi, Zuari and the
Cumbarjua canal. These measurements were part of the ICMAYfted Coastal and
Marine Area Management) under the Ministry of Earth Scien€&overnment of India.
There are six stations in the Mandovi estuary; five statiorthé Zuari estuary and two
stations in the Cumbarjua Canal where continuous measursmktides using tide pols

were carried out during 10 March to 13 April 2003.

2.2.4 Salinity measurements in the Mandovi during 2005-2007

An important characteristic of southwest monsoon is thaksén rainfall during this pe-
riod. The break during rainfall reduce river discharge,ahhin turn causes intrusion of
salinity to further upstream regions in the Mandovi and Zeatuaries. Saline water is
pushed back into the sea when the rainfall once again becaatigs. To study this in-

traseasonal variations of salinity during this period, weaied out salinity measurements
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along the longitudinal sections in the Mandovi estuarymythe selected days of 2005—
2007. This data were analysed to study the intraseasonatigas of salinity during wet

season.

2.2.5 River discharge data

The monthly mean averaged discharge data in 1993 at Ganjenpsiream station in

Mandovi estuary were obtained from Central Water Commisstmvernment. of India.

2.2.6 Rainfall data

Rainfall data during 1999-2001 at Valpoi and Sanguem statiespectively in the Man-
dovi and Zuari estuaries, and rainfall data at Panaji neantbuth of the Mandovi and
Zuari estuaries, during the selected days of 2005-2007 el®egned from India Meteo-

rological Department.

2.3 Numerical model

Numerical models have a variety of applications in scienéifid engineering fields. Nu-
merical models are widely used for the simulations of phalgprocesses in ocean and
have many applications in the coastal regions and estudieesmulate tidal circulation,
sedimentation, salinity distribution etc. in an estuagriaus modelling techniques such
as physical modelling, analytical modelling etc. are usédough physical modelling
techniques are useful for the predictions of the estuannegsses, this approach is ex-
pensive and have limitations in scaling some physical patars. Analytical modelling
is another tool to study the estuarine systems and manyestudire carried out in estuar-
ies using analytical models [Ketchum, 1950, 1951a,b, 19985; Ippen and Harleman,
1961; Hansen and Rattray, 1965].



Data and Methodology 17

Simulation of estuarine processes requires proper remasm of bottom topogra-
phy, irregular coastline etc. The limitations of analytiogdelling is that it assumes a
regular geometry of systems. The geometry of an estuarstersyhas an important role
on circulation and phase speed of waves. An improper reptasen of geometry does
not show the important characteristics of estuarine dyosumi

Advances in computer technology in 1950s made the solufiequations, which rep-
resent the systems easy and fast and many models were davelsipg one dimensional
equations of motion, continuity and advection diffusioruatipn of salinity [Lamoen,
1949; Hansen, 1956; Harleman et al., 1968; Bella and DobbB83; Dronkers, 1969].
Some of the studies carried out using one dimensional modelpproach are described
in the following sections.

Lamoen [1949] used a one dimensional numerical model tolammtides and tidal
currents in the Panama Canal and Hansen [1956] proposed aicaimeodel for the non-
linear tidal propagation in Ems estuary, Germany. The fulifference explicit numerical
scheme was used in the model. Later on, a one dimensionalrimaina@pproach was
proposed by Harleman et al. [1968] to simulate dispersi@&ffioient in Potomac estuary.
Posmentier and Raymont [1979] used a one dimensional modé¢harcoefficient of lon-
gitudinal diffusion for salt was calculated from the distriion of salinity observed in the
Hudson estuary. Their results suggested that the densiticéd, gravitational, vertical
circulation does not dominate the longitudinal diffusidrsalt in the Hudson estuary. A
one dimensional hydrodynamical model was used by UnclesJaraan [1980] to de-
scribe the crosssectionally averaged Stokes drift andriianleesidual (tidally averaged)
currents in a section of the Severn estuary between Portlacai\Sharpness.

A time dependent, one dimensional, advection diffusionatiqn was used by Hol-
loway [1981] to predict salinity distribution in the verdilty well mixed upper regions
of the Bay of Fundy. Tidal asymmetries at Nauset Inlet wasistudsing a one dimen-

sional numerical model by Speer and Aubrey [1985]. Thatemet Harleman [1981]
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used another one dimensional model to study the salinity<fiel Delaware estuary and
Shetye and Murty [1987] used a one dimensional model to egtithe annual salt bud-
get in the Zuari estuary on the west coast of India. Giese agd1P89] used a one
dimensional harmonic transport model, which provides digui@e explanation for and

accurate quantitative predictions of along channel vanatin tidal properties in terms
of the momentum balance.

Savenije [1993] proposed a predictive steady state salision model in alluvial
estuaries. Their method applies equally well to densityde tiriven mixing and it can
be used for estuaries with a wide range of shapes, as longasthary is alluvial and
the longitudinal variation of the cross sectional area candscribed by an exponential
function. Li and Elliot [1993] used an array of one dimensibmodels to simulate the
vertical structure of tidal currents and temperature ofthNlgea. They used a turbulence
closure scheme proposed by Mellor and Yamada [1974].

Unnikrishnan et al. [1997] used a network numerical mod#h@&Mandovi and Zuari
estuaries to simulate the tidal decay during wet seasotibi@id and Balls [1998] for-
mulated a one dimensional salt intrusion model to invettighe hydrography of the
Ythan estuary, a small shallow macro-tidal estuary in thehneast of Scotland. Their
model successfully simulated salinity distributions feripds of high and low river flow,
and was used to illustrate how total oxidized nitrogen catregions fluctuated in re-
sponse to variations in river flow. A box model was developgdPlitchard [1969] to
simulate tides.

Most of these studies were carried out to understand the dgsamical processes in
the estuarine systems. Though one dimensional models ezessiul in simulating tidal
hydrodynamics to a great extent, its inability to represgkatchanges of circulation and
mixing in the lateral and vertical directions, which arersiigant in many of the estuarine
systems, are the major limitations of this modelling apphoa

The development of new generation computers since 197@slghe way for devel-
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opment of two dimensional simulations of estuarine systiamsand less costly. Two
dimensional models can simulate circulation in wide baysestuaries much better than
one dimensional models. [Leendertse, 1967] developed alinvensional model and he
used a finite difference scheme to solve partial differémitmations. Later, many two
dimensional vertically and laterally averaged models vadenesloped.

[Reid and Bodin, 1968] used a two dimensional numerical stannges model in
Galveston Bay. They simulated tide in the Bay without inclgdime surface stress term
in the equations. Heaps [1969] developed a numerical modéhé North sea.

Two dimensional models were developed by [Leendertse,;19%%nhdertse and Grit-
ton, 1971a,b] for the simulations of water levels and véiesiin well mixed estuaries.
Prandle and Crookshank [1974] used two dimensional and omerdiional models using
a finite difference scheme to simulate tides in the St. LasgdRiver. They used two di-
mensional model and one dimensional models for wider anwaegions respectively.

A two dimensional numerical model in the longitudinal andteal plane was de-
veloped by Hamilton [1975] to study the vertical structufecorrent and salinity in the
Rotterdam Waterway. Laterally averaged equations wereingbd model and the equa-
tions were approximated by a finite difference initial valmethod. Ross et al. [1977]
developed a vertically integrated numerical model for wateality and sediment trans-
port and this model was also used for hurricane surge coriuiaBlumberg [1977]
developed a real time numerical model to simulate the dyosuwsfi Potomac River estu-
ary. The model output showed that simulations of surfaceaéten, velocity and salinity
fields were in good agreement with that of observations.

Blumberg [1978] carried out numerical experiments to getdetiled features of
tidal characteristics in an estuary. The simulations wargied out for two cases, one
for varying density and another for constant density. Is 8tudy, it was found that the
discharge through any section, the tidal range, and thepglizses were independent of

the density structure. However, the tidal amplitudes, tleamelevation and the vertical
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structure of longitudinal velocity changed considerablyhe various experiments.

[Johns, 1978] developed a parametrization scheme for nioglalrbulence in marine
systems and an application was made to the determinatiadadfstructure in an elon-
gated channel. Prandle [1978] used a two dimensional edltimtegrated numerical
model to simulate the distribution of residual flow and theatgon in mean sea level in
the southern North Sea.

A nonlinear numerical tidal model by Bowman and Chiswell [1988s used in Hau-
raki Gulf to determine the water levels, velocities, shallater tides, residual circu-
lation, energy dissipation rates and vorticity. Falcornteale[1986] developed a depth
averaged model for the simulation of tidal circulation intRat Island. Hamilton [1990]
carried out simulations of time and depth dependent sgleniid current fields of the
Columbia River estuary using a multi channel, laterally agedaestuary model.

Lee et al. [1993] used a depth averaged model to study thetpotidispersal in Masan
bay Korea. The numerical model used for the simulation wagdifred version of [Fal-
coner et al., 1986]. Rady et al. [1994] used a model to exanmeestronomical tides
in the Gulf of Suez, Egypt. A vertically averaged two dimemsil model was used for
simulations of tides.

Unnikrishnan et al. [1999b] developed a two dimensionabtyapic numerical model
based on shallow water wave equations to simulate the sebaed tidal circulation in
the shelf regions of the central west coast of India inclgdiulf of Khambhat, west coast
of India. Their study showed that the circulation in the oegis dominated by barotropic
tides.

[Wang et al., 2004] calculated the residence time of the BagisRiver through a
series of numerical experiments using a laterally integratvo dimensional hydrody-
namic eutrophication model (HEM-2D). There are many othtarhlly averaged models
for modelling transport processes in narrow rivers andaggs [Chen, 1989, 1990, 2003,
2004a,b; Chen et al., 2000; Chen, 2007].
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The high power computing availability nowadays faciligathe simulations of three
dimensional nature of the estuarine systems. Some of thedekmodels used for the
simulations of tidal hydrodynamics, salt transports ams¢hof Leendertse et al. [1973];
Oey et al. [1985] and Ji et al. [2007].

2.3.1 Numerical model for simulations of tides and salinity in the

Mandovi and Zuari estuaries

Three dimensional models are generally too complex forimeuapplications and their
use is still confined to situations where the detailed spdéfnition is essential [Lewis,
1997]. The Mandovi and Zuari estuaries are very shallow ardow estuaries and the
proper schematization is easier in a 1D formulation at thetrepm regions and a 2D
formulation for the wider regions near the mouth. If the gigant variations of estuarine
processes occur in horizontal plane, a vertically integtahodelling approach can be
employed. In the present study, for the simulation of tides salinity, a hybrid network
numerical model consisting of 2D and 1D models was used. Thawnerical model
in the hybrid model is the modified form of a vertically avesdg2D numerical model
described by Unnikrishnan et al. [1999b]. The 2D model wasludsr simulating tides
and salinity in the downstream regions in the Mandovi andriZestuaries. The cross
sectional area of the Mandovi and Zuari estuaries decregmsély toward the upstream
directions. Hence for the simulation of tides and salinitshase narrow upstream regions,
we developed an area averaged 1D model using the formulgitren by [Harleman and
Lee, 1969; Thatcher and Harleman, 1972]. The 2D and 1D maudeis coupled at a
distance of about 15 and %2n for the Mandovi and Zuari respectively from the mouth

of these estuaries (Figure 2.1).
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2.3.2 2D model equations

The vertically averaged equations of momentum, contiraniy advection diffusion equa-
tion of salinity were used in the 2D model. A Cartesian coaatkrsystem was used for the
present model domain where x and y-axis are positive towastland north respectively.

The momentum equation in the transport form can be writtdolbsvs

o+ A A ) G4 £+ AR ODU—"MUT;Y)‘Q2 (2.1)
The continuity equation can be written as
AL % 0 (2.3)
Advection diffusion equation of salinity is written as folls
9S8 Od(uS) 9(vS) _x 028 +Ky825 (2.4)

ot or oy " 922 T2

WhereU = u(h+n) andV = v(h+17)
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2.3.3 Equations in 1D model

The equations used in the one dimensional model are areag@eemomentum and con-
tinuity equations and advection diffusion equation ofrggli[Harleman and Lee, 1969;
Thatcher and Harleman, 1972].

The one dimensional momentum equation can be written as

0Q 20 QI Onth+n)  QlQ
T AT A T o 9AC?R (2.5)

The continuity equation is written as follows

an  0Q B
§+%—q_o (2.6)

Chezy coefficient is calculated using the formula given below

1.49)
n

o

R® 2.7)

Wheren is the manning coefficient

Area averaged advection diffusion equation of salinity loamwritten as

2
05  0(QS) _ . S

A5t "oz o2

(2.8)

2.3.4 Finite difference scheme

There are many numerical methods such as finite differentdeadgfinite element method

etc. for solving the partial differential equations. Fendifference schemes are widely
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Figure 2.1 Model domain of the Mandovi and Zuari estuaries.

15.54°N

15.50°N

15.46°N -

15.42°N -

15.58°N
75.78°E 75.82°FE 75.86°E 75.90°E 75.94°F




Data and Methodology

25

Figure 2.2 Schematic diagram showing the coupling between 2D and 1Ceta@ahd two

1D models.
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used numerical schemes because they give less compleriyared to other numerical
schemes.

Hydrodynamic modelling of estuaries normally requires phgsical dimensions to
be approximated by a computational grid [Martin and McCutehel999]. There are
various types of model grids and a grid is selected for apprating the solutions of
differential equations based on what kind of numerical sehés used. In the present
model, an Arakawa C grid [Arakawa and Lamb, 1977; Thubum,720@s used (see
Figure 2.2). Arakawa C grid is a staggered grid and u and \citedg are computed at the
grid boundaries and free surface elevation and saliniticaneputed at the centre of the
grid. The advantage of using this grid is that it enables g to include barriers, across
which no flow is allowed. Also, a zero velocity boundary cdiwhi can be applied at the
closed boundaries [Grzechnik, 2000].

The leapfrog scheme was used to march in time. The leapflugse is a three time
level scheme having second order accuracy. Despite ite timee level structure, the
leapfrog scheme is efficient because it requires derivatweputations only once at each

time step. It is neutrally stable, with no dissipation effi#nou, 2002].

The continuity equation in finite difference form can be ventas

2 1 1 1 1
g —my (U UMy (Vi Vi 2.9)
20t Az Dy '



Advection diffusion equation of salinity in finite differea form can be written as

2 1 1 1 1
SEL — 5 __ 1 n+1 S?:LJ Sln;r + (urtt SZnJJr SZnJrlJ
2nt Ax |\ 2 i1 2
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1 <Un+l> bt Pig ) (Un+1> ij ij—1 (2.10)
Ay irj - 2 ij—1 2
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The momentum equation along the x-axis in finite differerayenfcan be written as

U:fz . Uzr}] o i n+1 + u?—:-llj UZ:L;-]. + Uﬁ:ilj ZH—ll] + un-i—l UZTH:-L:].] + UTH-].
20t 2 2 2
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(U” >2 v 2
2y 2y
—Cbp (Uzny) 2
(hz‘,jJr??Zj)

ABojopoyis|N pue ereq

LC



Momentum equation along the y-axis in finite difference fasmritten as

2 1 1 1 1 1 1 1 1
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One dimensional equations of momentum, continuity andesplation were also solved in a similar fashion.

(2.12)

ABojopoyis|N pue ereq
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2.3.5 Coupling of numerical models

The 2D model domain extends to 15 and &2 in the Mandovi and Zuari estuaries
respectively from the mouth (see Figure 2.1). A 1D model wsedufor the upstream

regions of the Mandovi and Zuari estuaries and for the Curabargnal.

2.3.6 Coupling between 2D and 1D models

Surface elevation and salinity at th& grid point of the 1D domain of the Mandovi and

Zuari were calculated using the following formulation

it =np— (Aszt) (Q?“ (Uf%)) (2.13)

A
S;-H_Z Szn < xt ) {Qn-l—l (Slrf:il Szn—O—l) A, u;l—‘—ll] <Sn+l S@n—ofj)}
Ard; (2.14)

21\t n
+ K, (A 2)( T 1+ Sha—257)

WhereUZ”ﬁl] andSZ”*llj are respectively transport and salinity from 2D model. i th
above equation, (i-1) corresponds to 24 and j correspon8% o the Mandovi. In the
Zuari, (i-1) corresponds to 30 and j corresponds to @gﬁl andSZ.”+l are respectively
transport and salinity from 1D models. Note tf@ﬁ” and Sf” are general notations
used for transport and salinity in 1D models in the above gops But for the following
calculations@ " andS"* are replaced b@m! ™, Q21, Qe andSm L, S,

Sc ”+1 respectively for the Mandovi, Zuari and Cumbarjua canal.

2.3.7 Coupling between two 1D models

Calculation of surface elevation and salinity at tfedrid point in the Zuari and?t grid

point in the Cumbarjua (see the 4(1) grid point in Figure 2.8jasmade as follows
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20t
772?+2 :7,’2;1 . (Ambzz> (QZZ‘T%H. + QC?+1 an+l) (215)

SZZH—ZZSZZU—( At )

20z A;
{Q n+1 (Sz:fll Szn+1)+an+l( Z;H—l SZZn+11) +an+1 (SCZTf Sz?”)}
21
+ Ko (A I;) { (Szzn—l + 521~ 252?) + (Scﬁl-{— Sci — ZSC?) }
(2.16)

As shown in the Figure 2.2, thé”4grid point in the Zuari and *t grid point in the

Cumbarjua are same. Therefore,

nc?+2 = nz;”z (2.17)

Scit? = g nt2 (2.18)

’L

Calculation of surface elevation and salinity at thé"1drid point in the Mandovi and
3274 grid point in the Cumbarjua (see the 14(32) grid point in FégRi2) were calculated

in a similar fashion.

nm?“:nm;?— ( 20t ) (Qm! nHl_ Qe+l an+1) (2.19)



At
n+t2 _ gy _
Sy =5m, <2A:EAZ~)

{Qm*t (Sm?jll — S + QmiE (SmPTt — SmH) + Qe (Sc?jll —Smth)} (2.20)

+ K, <A&;§) {(Smj_q+Smi 1 —25m}) + (Scf_1+ S —25¢}) }

The 14" grid point in the Mandovi and 3% grid point in the Cumbarjua are same (see Figure 2.2). Thexefo

nel+2 — 2 (2.21)

Sct? = gmit? (2.22)

(3

Note that (see Equation 2.15) for calculation of surfaceagien at the junction of the Zuari and Cumbarjua, the trartspc
at first grid point of the Cumbarjua was added but that of Mandbe transport at the last grid point of the Cumbarjua wa
subtracted (see Equation 2.19), as per sign convention tieeflow in the Cumbarjua canal is taken as positive from th

Zuari side to the Mandovi side.

ABojopoyis|N pue ereq
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2.3.8 Freshwater influx inclusion in the model

Freshwater influx was included in the model by calculatimgs$port from the river dis-
charge data at the upstream end of the model domain. Trdredpiie upstream end of

the model domain was calculated as follows.

D
ntl _ — 2.2

Whereg is freshwater influx per unit channel length{s—1)

2.3.9 Stability criterion of the numerical scheme

The stability of the scheme was determined by Courant-Hdeshiewy (CFL) stability

criterion, which can be written as follows

At < (Az,Dy)

~ V29(h+n)

(2.24)

WhereAt is the time step, which was chosen as 15 seconds in the preseel. Az and

Ay are space increments in x and y-directions, which were ¢hase&00m. The grid
spacing between x and y-directions should be minimised &ittiean resolve the effect
of irregular coastlines of the estuaries and bays bettértheureduction in grid spacing
leads to small time step and this in turn consumes more catipoal time. In the present
model, theAzx andAy were chosen as 500 to represent islands and embayments of the

Mandovi and Zuari estuaries more accurately.
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2.3.10 Initial and Boundary conditions

At the western boundary (open boundary) of the model, sarédevation and salinity
were defined as a function of time, while zero flux conditiorsevapplied in the eastern,
southern and northern boundaries. For the simulation dasaelevation and tidal cur-
rents, the model was initialized with zero surface elevatiad velocity throughout the
network. At upstream end points of the model domain, trartspas calculated accord-
ing to the river discharge rate. For the simulation of londibal distribution of salinity,

the model was initialized with constant salinity at differeections of the model domain

based on the observations available in 1993.



