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PENGARUH LUAHAN SUNGAI, PASANG SURUT DAN
ANGIN TERHADAP PLUM ESTUARI DI BARATLAUT
SEMENANJUNG MALAYSIA

ABSTRAK

Tujuan thesis ini adalah untuk mengkaji struktur daripada plum estuari dan perairan
pantai secara spasial dan temporal di baratlaut Semenanjung Malaysia. Pengukuran
saliniti, suhu dan sedimen terampai (TSS) dijalankan bagi kawasan plum Muda, plum
Prai dan dibahagian bawah Estuari Merbok. Di samping itu imej digital (imej udara)
dan pengukuran arus juga diperolehi di beberapa tempat kajian yang terpilih. Luahan
daripada sungai Muda adalah satu orde kali ganda lebih tinggi daripada Sungai Prai
dan Sungai Merbok.

Keputusan yang diperolehi menunjukkan ciri-ciri permukaan plum bagi estuari dan
perairan laut yang dipengaruhi oleh luahan air sungai, tenaga pasang surut dan juga
oleh kekuatan angin. Semasa luahan tinggi, pergerakan bagi plum estuari Muda dan
plum Prai ke perairan laut adalah masing-masingnya sekitar 4 km dan 2 km dari garis
pantai. Keluasan permukaan yang dilitupi oleh estuari plum tersebut adalah bagi
masing-masingnya sekitar 30 km? dan 13.5 km?. Semasa luahan rendabh, jarak plum
akan berkurangan makin berdekatan sekitar 1-2 km dari garis pantai.

Pasang surut adalah penyebab kepada campuran dan penstrataan daripada plum.
Plum Muda dan bahagian bawah Estuari Merbok, semasa perubahan daripada
pasang surut perbani (spring tides) kepada pasang surut anak (neap tides), struktur
plum bertukar daripada penstrataan separa atau homogen (pasang surut perbani)
kepada penstrataan tinggi (pasang surut anak). Kepekatan TSS yang tinggi adalah
konsisten bagi plum Muda dan plum Prai dan bahagian bawah Estuari Merbok
semasa pasang surut perbani dibandingkan dengan semasa pasang surut anak
disebabkan oleh tenaga pasang surut perbani yang lebih tinggi. Sebaliknya semasa
pasang surut anak perlakuan yang sama bagi kepekatan TSS tidak diperolehi. Tiada
korelasi yang jelas diperolehi diantara ciri-ciri plum dan kekuatan angin, kecuali
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semasa kekuatan angin yang kencang yang menunjukkan terdapat bukti bahawa

pergerakan plum adalah mengikuti arah angin.

Penderiaan jauh memberikan maklumat secara dua dimensi bagi struktur permukaan
plum estuari. Imej digital jelas menunjukkan bahawa plum Prai akan terherot ke arah
selatan/utara semasa luahan air sungai yang rendah/tinggi. Perlakuan ini dipengaruhi
oleh pasang surut.
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PENGARUH LUAHAN SUNGAI, PASANG SURUT DAN
ANGIN TERHADAP PLUM ESTUARI DI BARATLAUT
SEMENANJUNG MALAYSIA

ABSTRAK

Tujuan thesis ini adalah untuk mengkaji struktur daripada plum estuari dan perairan
pantai secara spasial dan temporal di baratlaut Semenanjung Malaysia. Pengukuran
saliniti, suhu dan sedimen terampai (TSS) dijalankan bagi kawasan plum Muda, plum
Prai dan dibahagian bawah Estuari Merbok. Di samping itu imej digital (imej udara)
dan pengukuran arus juga diperolehi di beberapa tempat kajian yang terpilih. Luahan
daripada sungai Muda adalah satu orde kali ganda lebih tinggi daripada Sungai Prai
dan Sungai Merbok. Keputusan yang diperolehi menunjukkan ciri-ciri permukaan
plum bagi estuari dan perairan laut yang dipengaruhi oleh luahan air sungai, tenaga
pasang surut dan juga oleh kekuatan angin. Semasa luahan tinggi, pergerakan bagi
plum estuari Muda dan plum Prai ke perairan laut adalah masing-masingnya sekitar 4
km dan 2 km dari garis pantai. Keluasan permukaan yang dilitupi oleh estuari plum
tersebut adalah bagi masing-masingnya sekitar 30 km? dan 13.5 km? Semasa luahan
rendah, jarak plum akan berkurangan makin berdekatan sekitar 1-2 km dari garis
pantai. Pasang surut adalah penyebab kepada campuran dan penstrataan daripada
plum. Plum Muda dan bahagian bawah Estuari Merbok, semasa perubahan daripada
pasang surut perbani (spring tides) kepada pasang surut anak (neap tides), struktur
plum bertukar daripada penstrataan separa atau homogen (pasang surut perbani)
kepada penstrataan tinggi (pasang surut anak). Kepekatan TSS yang tinggi adalah
konsisten bagi plum Muda dan plum Prai dan bahagian bawah Estuari Merbok
semasa pasang surut perbani dibandingkan dengan semasa pasang surut anak
disebabkan oleh tenaga pasang surut perbani yang lebih tinggi. Sebaliknya semasa
pasang surut anak perlakuan yang sama bagi kepekatan TSS tidak diperolehi. Tiada
korelasi yang jelas diperolehi diantara ciri-ciri plum dan kekuatan angin, kecuali
semasa kekuatan angin yang kencang yang menunjukkan terdapat bukti bahawa
pergerakan plum adalah mengikuti arah angin. Penderiaan jauh memberikan
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maklumat secara dua dimensi bagi struktur permukaan plum estuari. Imej digital jelas
menunjukkan bahawa plum Prai akan terherot ke arah selatan/utara semasa luahan

air sungai yang rendah/tinggi. Perlakuan ini dipengaruhi oleh pasang surut.
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THE INFLUENCE OF RIVER DISCHARGES, TIDES, AND
WINDS ON ESTUARINE PLUME IN NORTHWEST
PENINSULAR MALAYSIA

ABSTRACT

The aim of the thesis was to investigate the spatial and temporal structure of
estuarine plume and coastal waters in northwest Peninsular Malaysia. Measurements
of salinity, temperature, and TSS were carried out at the Muda plume, Prai plume and
the lower Merbok estuary. In addition, aerial images and current measurements were
also obtained through several selected field surveys. The discharge of the Muda
River was an order of magnitude more than Prai and Merbok Rivers. The results
suggest that the surface plume characteristics of the estuaries and coastal waters are
influenced by freshwater discharge, spring-neap tidal energy, and to some extent by
wind forcing. During high discharge, the offshore extent of the Muda and Prai estuary
plumes were approximately 4 km and 2 km respectively. The surface horizontal areas
covered by these plumes were 30.0 km? and 13.5 km?, respectively. During low
discharge, the extent of plumes were closer to the coastline at about 1-2 km offshore.
Tides were responsible for the mixing and the stratification of the plumes. The Muda
plume and the lower Merbok Estuary, during the transition of spring-to-neap periods
that change the plume structure from partially-mixed or homogeneous (spring tide) to
highly stratified (neap tide). There were consistently higher TSS concentrations of
Muda and Prai plume waters and Merbok Estuary during spring tides than at neap
tides due to stronger spring tide energy. On the contrary, during neap tide a similar
behavior of TSS concentration was not found. No obvious correlation was found
between the plume characteristics and wind forcing, except during strong winds when
there were some evidence of plume movement according to wind direction. Remote
sensing provided information on the two-dimensional surface structures of the estuary
plumes. For example, the aerial images clearly showed snapshots of the Prai plume
being deflected to the south/north during low/high discharge. These behaviors were
influenced by tides.
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Chapter One
Introduction

1.0 Introduction

In studying and observing the coastal and estuary, the very first it is important to
understand the basic concepts and their characteristics. The coastal area is
significantly affected by various forcing mechanisms occurring over a broad range of
spatial and temporal scales. The coastal ocean response to these various forcing
mechanisms depends critically on the geometry and topography of the region, as well
as the scale of the forcing. These relevant forcing mechanisms influencing the coastal
characteristics are: river discharge, tidal range, atmospheric events (wind, waves,

atmospheric temperature, rainfall, and density gradients (buoyant plumes)).

The estuary is a dynamic mixing areas for fresh and salt water, is particularly important
because their high productivity. The term estuary means the lower tidal reaches of a
river. Elliott and MclLusky (2002) concluded that as existing definitions would never be
suitable for all needs, a different approach is required. According to a contemporary
definition and most scientist accept the definition of Pritchard (1967), based on
physical characteristics: “an estuary is a semi-enclosed body of water having a free
connection with the open sea and within which the seawater is measurably diluted with
freshwater draining from the land”. The estuary functions as a buffer between the
ocean and the land. It can filter sediment and pollutants from the water before it flows
into the oceans. Basically, all estuaries will interact physically with the open coast. This

interaction is expressed in terms of both the influence of the estuary on the coast, and



the influence of the coast on the estuary. It is important to understand the dynamics of

estuarine systems, especially their water and sediment movement.

The movement of river waters into estuary and coastal region is part of an
interconnected environmental system. Freshwater discharge is one of the most
influential landscape processes affecting physical structure and function in estuaries,
deltas and coastal. As a natural process, rivers drain freshwater discharge from rainfall
events over land. The runoff and the downstream movement of materials is one of the
primary controls over the productivity of estuarine systems and coastal waters. The
river discharge collects a variety of materials as it moves through the river's
catchment, lands and waterways including nutrients, sediments and contaminants
depending on the catchment characteristics. Upon reaching the sea at the estuary
mouth, the discharge drives a buoyant plume into coastal and shelf waters. It is an
interesting phenomena that can be observed, a distinct color difference between the

river and seawater. The area that appears to be extension of more brown color river

water than seawater into the coastal zone is called a plume.

1.1 Motivation

The study areas are the estuaries and coastal waters of the Northwest of Peninsular
Malaysia, are well known for their productive and diverse marine ecosystem, but little
is known about the physical oceanography of the region. The Muda, Merbok and Prai
Rivers, as a representative of tropical estuaries and coastal waters, drain into the
Malacca Straits. There are some other factors deciding upon the complexity of the
hydrodynamic phenomena such as: river discharges, tides, winds, atmospheric

temperatures changes and sediment transport that appears in the estuaries and

coastal waters.



Understanding the interactions between estuaries or coastal waters and global
changes cannot be achieved through estimation or laboratory studies alone.
Observational studies of key environmental processes is a significant and vital method
that must be used to achieve its overall objectives, particularly in view of the fact that
many of the uncertainties and real natural problems and processes occurring within
the estuaries and coastal waters. This thesis is intended as a guide for those wishing
to contribute to the objective of elucidating plume dynamics, suspended sediment
concentration, turbidity (Secchi depth), density, salinity and temperature distribution in
estuaries and coastal waters. Characteristics behavior of all these parameters directly
correlated with the plume, that also as a representative of tropical plume. Figure 1.1a
shows a schematics plan view of an estuary plume while Figure 1.1b illustrates a cross
shore section of the plume, with the less dense river water overlying the more dense
seawater. The vertical section shows how the plume floats out into the seawater,
creating strong turbulence along its boundary as the fresh river water is absorbed into
the seawater surroundings. The plume eventually spreads and mixes with ambient

coastal waters.

This study Has historically been motivated by the desire to both exploit and preserve
resources in estuaries and coastal waters. It was done by the need to understand the
distribution and fate of these estuarine water’s. after their release into the coastal zone.
The study will focus on the characteristics of the estuary plume in the study areas. The
study is designed as a 1-year research for Muda coastal zone, starting in July 2001
and ending in August 2002, 6-months in Merbok River estuary, and 4-months in Prai

coastal zone.
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Figure 1.1 (a) A schematic plan view of an estuary plume in the coastal water,
and (b). A vertical section of an estuary plume as the fresher water
discharge from the estuary to coastal water.

1.2 Hypothesis

Studies on the temporal and spatial structures of the estuary plume are of
considerable interest not only because of its influence on the physical processes of the
shelf circulation but also because of its close relationship to environmental problems.
In particular, the vast amount of land-drained materials, suspended materials, and

sewage brought onto the continental shelf through the river discharge may significantly



affect the formation of the estuary plume in the coastal zone. lt is, therefore, important
to have a general understanding of the coastal circulation as well as trace and predict

the pathways and distributions of estuary plume in coastal waters.

This study demonstrates the movement of estuary plumes from the estuary mouth to
inshore systems. Measurements taken near the mouth of the estuary systems are
more representative of the processes that are occur in rivers that are dependent on the
characteristics of that river system. Samples taken at close proximity to the mouth may
generally be high in suspended matter that are related to the river source and also

bottom sediment of coastal water.
The hypotheses or assumption made in this study are:

Q High/low river discharge that related to the wet/dry season is one of the most
influential factors affecting the physical structure of the estuary plume. As a
natural process, freshwater discharge forcing and the downstream movement
of sediments is one of the primary control of the characteristic of coastal sea.
During high discharges (wet season) are expected well develop of estuary
plume. On the other hand, from low discharges (dry season) are expected
would result less or no plume.

QO Tidal forces would produces cross shelf plume water movements. A mixing of
sea and river water by tidal energy would determine the movement of plume
water from the coastal water. During neap tides, it is expected that the plume
waters would pushed‘ landward on flood phase. While, during spring tides it is
expected that the plume water would push further seaward on ebb phase. The
magnitude of plume movement in spring tides would be higher than in neap
tides.

0O Wind force will induce a shear stress on the surface water causing the plume

water to move in the general direction of the wind, and transfer energy to the



water column. During periods of strong winds, it is expected that the movement
of plume water would follow the direction of the wind. In periods of weak wind,

there is no significant influence on plume water movement.

1.3 Objectives and scope

The general objective of this study is to elucidate the basic physical processes
associated with the characteristics of estuary plume. In particular, the study will focus
on understanding river discharge, tidal, and wind forcing in determining the structure,
patterns and fate of the plume. One of the key contributions of this work is

quantification of both the along and cross shore motions of plume waters, and their

distribution around the lower estuary.
The study have the following major objectives:

O To investigation the spatial and temporal structure of the Muda, Merbok and
Prai Rivers estuary plume unc}er a range of river discharge, tide and wind
regimes.

O To carry out aerial surveys and observe their significant relationships with field
measurements.

O To determine the physical mechanisms governing plume near the estuary

mouth and coastal zone.

To carry out the objectives of the study, the area of observation will be established and
will include: (1) the observations of salinity, temperature, density, total suspended
solids (TSS), and Secchi depths near the mouths of three rivers of many tributaries
flowing into coastal of Northwest Peninsular Malaysia, (2) the collection and

measurement of tidal phase, rainfall, river discharge, water level, atmospheric



temperature, current velocity, and wind speed and direction at specific locations inside

the coast, estuary and in [and.

In order to achieve the above objectives, it is need to limit the scope of study and
provide some coherence. This study will focus on the theme of coastal and lower
estuary processes and exchange i.e., identifying and understanding processes that are
important in flowing plume water and associated seasonal, dynamical and physical
oceanography across and along the shore and lower estuary. Even this is not a new
problems in physical oceanography, however the objective of this study emphasis on

this problem in motivated by several factors:

O To obtain a more thorough understanding of the hydrographic characteristics
and dynamics of the Muda and Prai coastal waters, lower Merbok Estuary and
the adjacent estuary mouth region.

O To delineate the extent and distribution (spatial and temporal distribution) of the
Muda, Merbok and Prai Estuary plume in relation to the local hydrology
characteristics and assesses the potential processes that might control (or
have affected) the distribution of plume water in the coastal are:a and lower
estuary.

O To use recent developments of instrumentation and techniques to gain new
insights into estuary and coastal processes, wind driven over coastal and

buoyant plumes associated with river discharge onto coastal waters.

1.4 Thesis outline

The study is done base on the need to understand processes occurring in estuary and
coastal region arises from a variety of historic and contemporary topics in physical
oceanography. It includes observation of the estuary and coastal dynamics in the

Northwest Coastal of Peninsular Malaysia. In particular, the study focuses on the



interactions of estuary (brackish estuarine) discharge in coastal after it leaves the
estuary mouth, and also in lower estuary. It is very interesting and important role in
coastal ocean and estuary dynamics because of it acts as a repository of organic
matter in marine sediments, and source of nutrients and contaminants. This

phenomenon is one of the interesting features to understand from this study.

The thesis is organized as follows. In Chapter 2, a brief review of the relevant
theoretical and experimental investigations are presented in order to place the present
work its appropriate context. In chapter 3, study sites characteristic, meteorological
and hydrography data, field and laboratory works, and the methods are explained
briefly. In Chapters 4, 5 and 6 present results and analysis from all observation
conducted in the Muda, Merbok and Prai Rivers. Finally, Chapter 7 provides
conclusions and significant findings of the results and suggests directions for future

research.



Chapter Two

Literature Review

Studies of the characteristics and structures of estuary plume are very interesting not
only because of its influence on the physical processes of the coastal circulation but
also because of its close relationship to environmental and ecosystem problems. In
particular, it is important to have a general understanding of the coastal circulation as
well as to trace and to predict the trajectories and distributions of estuary plume in the

coastal ocean.

2.0 Estuary plume structures

Several research and observations show that estuary plumes have different structures
in different regions. In general, the plume structure is principally determined by the
local conditions like the total volume of freshwater outflow, winds, tides, coastal
currents and bathymetry. A review is given by Wiseman and Garvine (1995). Estuary
plumes can be characterized by a Kelvin number, the ratio of the width of the river

mouth to the baroclinic Rossby radius (Garvine, 1987):

K= w/rz- ' 2.1
and
1
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where p is the average density of plume water, p, is the density of ambient coastal
water, g is the acceleration of gravity, d is the typical plume depth, and fis the Coriolis
parameter. Physically for a plume with small K, the deflection of the plume alongshore
tends to be dominated by motion of ambient coastal water, not by the anticyclonic
turning action of Coriolis force, while for of order unity or larger effects of the earth
rotation or the Coriolis force becomes important. Garvine (1995) offered a method to
classify buoyancy flows in coastal waters. He considered the balance of the following
forces: horizontal advection, Coriolis, pressure gradient, wind stress and bottom

stress. Figure 2.1 shows an idealized buoyant plume.

discharge tj,':
source
(a)

(b)

Figure 2.1 Sketch of buoyant layer scales. (a) x and y are alongshore and across-
shore coordinates. Dashed line denotes a bounding isopycnal contour for
the buoyant layer. U is typical alongshore buoyant water velocity. L and ).
are the alongshore and the across-shore length scale, respectively. (b) A
typical across-shore vertical section with vertical coordinate z. Dashed line
shows typical bounding isopycnal for the buoyant of typical depth h. (from
Garvine, 1995).
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This kind of estuary plume is described by theoretical model to obtain approximate
solutions to several problems which are interpreted to yield new insights of these
phenomena (O’'Donnell, 1990). However, James (1997) dealing with regions of the sea
where the dynamical effect of the coastal discharge of relatively freshwater is
significant by developed the anticyclonic circulation model that can change the
expected direction of the discharge plume. For the mathematical description of plume
structure, Poulos and Collins (1994) pr’edicted the spread of freshwater outflow for a
small river based upon a combination  of frictionally-controlied and buoyant plume
dispersal models. Here, the estuary plume decelerates rapidly for the first 400 m to
seaward of the estuary mouth, and at the transitional zone, the plume has lost then its

initial momentum and it is controlled now by buoyant forces and entrainment

processes.

Fennel and Mutzke (1997) studied the initial evolution of a buoyant plume. They stated
that estuary plumes are forced by two mechanisms: (i) momentum added to the ocean
at the estuary mouth and (ii) intrusion of buoyancy at the estuary mouth. Several
researchers such as, Ingram (1981), O'Donnell (1990), Ruddick et al. (1995), James
(1997) and Broche ef al. (1998) implied that the study of estuary plume is a subject
related to river discharge. Since the river discharge is fairly small, mixing between river
water and seawater to be extremely small, thus the estuary plume might be disturbed
by turbulence advected from beyond the location. When the amount of river discharge
becomes much larger, the salt water is pushed out from the estuary mouth so that the

estuary plume becomes supercritical (Murota and Nakatsuji, 1988; Chao, 1998).

The freshwater inflow provides a direct input of momentum as well as a large
buoyancy source, both of which contribute to the motion over the shelf. The surface
salinity distribution and the suspended sediment distribution from the Eel River plume
exiting the mouth of the Bay are sh‘own in Figure 2.2 and Figure 2.3. These

observations indicate that the suspended sediment was behaving nearly

1



conservatively within the plume during the high-flow, down welling conditions, and that

sediment was being lost to settling during the falling-flow, upwelling conditions. Beside

that, because of high rates of particulate and river discharge, the estuarine processes

usually take place on the adjacent continental shelf instead of in a physically confined

estuary (Dagg et al., 2004). The other results suggest that Fouha Bay (at southwest

coast of Guam) is flushed annually by waves generated from typhoons passing to the
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Figure 2.2 Salinity distributions during the January 1997 flood. Upper panels: near-surface
(1.5m) salinity distributions; lower panel: cross-sections at river mouth (from

Geyer et al., 2000).
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Figure 2.3 Total suspended sediment distributions during the 1997 flood. Upper panels: near-
surface (1.5 m) suspended solids, based on water samples; lower panel: cross-
sections at river mouth, based on water samples and optical backscatterance
sensor (OBS) profiles (from Geyer et al., 2000).

south of Guam. If sediment input can be substantially reduced through improved land-
use practices, water and substratum quality should improve and provide the conditions

for reef regeneration to occur (Wolanski et al., 2005).
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2.1 Sediment transport

Coastal areas and estuaries are an important element in cycle processes, because
much of the sediment found on the ocean floor is derived from land and reaches the
ocean through rivers and their estuaries. There are a variety of interesting and
important dynamical processes that occﬁr within the coastal regions after the modified
river water leaves the estuary. A plume typically forms as the buoyant water spreads

away from the mouth of the estuary.

In coastal area, sediment transport in estuary plumes is controlled not only by the
trajectory of the freshwater plume, but also by rate of settling, the plume thickness and
plume velocity (Geyer et al.,, 2000). The dynamics and structure of plumes of small
rivers differ considerably from those of large rivers, due to differences in the physical
scaies of the processes near the estuary mouth (Garvine, 1995) and relatively short
duration from small (e.g., Eel and Waipaoa River), and large sediment input compared
to large river (e.g., Columbia, Mississippi, and Amazon River) (Wheatcroft, 2000). The
transport brocesses of sediment from the small river to the coastal ocean occurs in
freshwate'r plume, whose trajectories may strongly depend on discharge magnitude
and sediment load, the rate of flocculation of particles within the plume, and the
ambient oceanic conditions (currents and density structure) (Morehead and Syvitsky,
1999) and a region’s climate and local drainage-basin characteristics (e.g., headwater

elevation) (Syvitsky and Morehead, 1999).

On the contrary, transport processes of estuary plume for large rivers cannot be
understood by simply scaling up the magnitudes and impacts of dominant processes in
smaller rivers. Time and space scales over which these transport and transformation
processes occur vary greatly, depending on factors such as scales of discharge,
suspended sediment loads, latitude of discharge, and winds and tides, which affect

plume behavior, and also affected by meteorology and climatology, bottom topography
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of the receiving site and orientation of plume (Dagg et al., 2001) and planetary rotation
(Simpson and Sharples, 1994; O’'Donnell, 1990). For examples, these effects (river
discharge and the amount of sediment loads) for the world's largest river are

summarized in Table 2.1,

Buoyancy is a key mediating factor in the transports and transformations of estuary
plume in the coastal margin. The expansion, contraction, and alongshore orientation of
surface plumes are often influenced by tide and wind conditions (Davies and Xing,
2001; Schallenberg and Krebsbach, 2001; Joordens et al., 2001), besides river
discharge and wave conditions (Scully et al., 2004; Wright et al., 2002; Aubertot and
Echevin, 2002; Durand et al., 2002; Wheatcroft, 2000; Mullenbach and Nittrouer,
2000).

Table 2.1 Discharge data for the world’s largest rivers (from Dagg et al., 2001).

Water Sediment Drainage POC DOC
River (Country) discharge  discharge basin 10%ty™ 10%ty™
10" m’y 10" m’y 10°km

Amazon (Brazil) 6300 1150 6.15 13.0 19.1
Zaire (Zaire) 1250 43 3.82 2.8 10.15
Orinoco (Venezuela) 1200 © 180 0.99 2.0 4.5
Ganges-Brahmapura 970 1050 1.48 nd nd
(Bangladesh)
Yangtze (China) 900 480 1.94 4.4 11.8
Yenisey (Russia) 630 5 2.58 0.17 4.86
Mississippi (USA) 530 210 3.27 0.8 3.5
Lena (Russia) 510 11 2.49 0.46 3.38
Mekong (Vietnam) 470 160 0.79 nd nd
Parana/Uruguay (Brazil) 470 100 2.83 1.3 5.9
St. Lawrence {Canada) 450 3 1.03 0.31 1.65
Irrawaddy (Burma) 430 260 0.43 nd nd
Ob (Russia) 400 16 2,99 nd 3.69
Amur (Russia) 325 52 1.86 nd nd
Mackenzie (Canada) 310 100 1.81 1.8 1.3
Xi Jiang (China) 300 80 0.44 nd nd
Salween ( Burma) 300 100 0.28 nd nd
Columbia (USA) 250 8 0.67 nd 0.5
Indus (Pakistan) 240 50 0.97 nd 0.75
Magdalena (Columbia) 240 220 0.24 nd nd
Zambezi (Mozambique) 220 20 1.2 nd nd
Danube (Romania) 210 © 40 0.81 nd nd
Yukon (USA) 195 60 0.84 nd nd
Niger (Africa) 190 40 1.21 0.66 0.53
Purani/Fly (New Guinea) 150 110 0.09 nd nd

Notes: POC: particulate organic matter; DOC: dissolved organic carbon, nd: no data.
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Water temperature changes with the depth of water and season of the year. Because
the Merbok Estuary is relatively shallow, there can be considerable diurnal and
seasonal temperature variation. The surface of the water is likely to be warmer than
the deeper water because the surface water gets more heat from the sun. It is often
part of the natural cycle of the system. Wind is one of the important factors as apart of
natural cycle that influence the estuary temperature. Variability in wind stress is likely
responsible for the variability in the coastal environment. A stronger wind speed
increased surface mixing, thus decreasing temperatures at the surface water.

Conversely, a lower wind speed increased surface temperatures.

Generally, seasonal weather changes have the greatest effect on water temperature,
but the mixing of the water in the estuary will also cause the temperature to fluctuate in
the study area. In shallow estuary and adjacent coastal water, there is less likely to be

any temperature change from surface to bottom.

c. Density pattern

During survey with relatively strong wind speed, it was examined wind effect the
brackish water pattern. The observation Was obtained during a period of wind blowing
to the north and south parallel with the coastline. Wind forcing produces a shear stress
on the water surface causing it to move in the general direction of the wind, and
transfer energy to the water column. Also the spring tide energy causes mixing in the

estuary that tends to reduce horizontal gradients of density.

During weak wind stress survey, a weaker gradient of horizontal density can be
observed, corresponding to the mixing between the freshwater and the saltwater.
Beside that, this weak density gradient also related to the mixing process coincided
with the neap tide condition. This shows that low wind did not induce the flow of

brackish water at the lower estuary and adjacent coastal water. The different pattern of
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both density distributions indicated a different conditions that probably resulted by river

discharge or tidal condition and wind forciing.

The plume waters have means densities less than that of ambient seawater and were
typically disperse mixing processes produced by spring-neap tidal energy and possibly
enhancing the rapid movement of estuarine water by wind forcing. Based on an
observation by Yankovsky et al. (2000), they demonstrated that there are two forcing
(wind and buoyancy) that influence the plume water. It was opposed each other:
upwelling-favorable wind acted northward (upshelf) while the buoyant intrusion
propagated southward (downshelf). Wind forcing had a large spatial scale, while

buoyancy forcing was confined to the plume.

d. Total suspended solids pattern

Only during strong wind condition, the higher value of TSS was evident in the coastal
water. The distribution of high TSS corresponds to the highly turbid waters due to
fluctuation of wind speed and direction. This was speculated in a way so that strong

winds were eroding more sediment from the bottom.

Generally, the results show that the TSS patterns in the study area was slightly
determined by the wind direction, while the size of the concentrations was determined
by the wind speed. During the field surveys period, the highest values in turbidity (high
TSS concentrations) were found in the shallow water regions off the north and south
side of estuary mouth. This suggests that significantly larger tidal energy or higher river
discharge over the study area may have had a great effect on the pattern of turbidity,
supporting by the wind energy. Relatively higher winds over the study area would
produce a relatively high wave, while the lower winds might explain the smaller

disturbing those estuary and coastal waters.
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e. Secchi depth pattern

Observation the water clarity in estuary and coastal water is one of the important factor
in the assessment and determine the physical aspects of the estuary. As TSS
concentrations increase in the water, the amount of light traveling through the water
column is reduced. The Secchi depth record provides a convenient method for
measuring light penetration below the water surface. Material that becomes mixed and
suspended in water will reduce its clarity and make the water turbid. In shallow areas,
wind generated waves wakes interact with the bottom to stir up sediments. Wind

generated waves breaking on shore also contribute to turbidity.

Similarly, Secchi depth values could indicate appreciably different TSS concentrations.
The higher value of Secchi depth can be explained by lower concentrations of TSS in
the estuary. So, only during strong wind condition, the lower value of Secchi depth was
evident in the study area. The TSS concentrations and Secchi depth values within the
study area were significantly different, in all surveys. Regression analysis indicated
that a greater TSS concentration corresponds to a lower Secchi depth valug (Figure

5.41).

Direct observations in the study area during surveys seem to be dominating the wind
speed variability with very low intensity during daytime and high intensity in nigh. All of
the'surveys of this study were conducted during the daytime. Although wind forcing
was observed, there was no corresponding change in characteristics of the estuary,
because of this low intensity. This suggests that wind forcing was not large enough to
significantly influence the bottom shear stresses and the resuspension of bottom
sediments in the estuary. The lack of correlation between winds and salinity,
temperature, density, TSS and Secchi depth record of brackish water pattern also
suggests that winds do not have a significant affect on the axial position of physical

factors of the estuary.
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5.5.5 Monsoon variability and atmospheric temperature

The study area is located in the Malaysia Peninsular where the climate is governed by
tropical monsoons-steady winds that blow alternately from the northeast (NE) and the
southwest (SW), each for about half of the year. The SW monsoon begins in late May
and continues until September. The Né monsoon is from November to March. April
and October are transitional periods with unstable wind speed and direction. This
tropical monsoonal pattern is sensitive to a variety of environmental change and would
influence the physical characteristics in estuary and coastal zone. However, unlike any
places in West Malaysia, the catchment area of Merbok River that located in the north
experience a rather different monsoonal effect compared with the east coast and other
west coast region. It is due to sheltering effect of the central mountain ranges running
from north to south in Peninsular Malaysia and Sumatera Island (Ismail, 1992). The

means rainfall for NE monsoon was lower than the SW monsoon.

Salinity and temperature of water are the two prime physical quantities that must
always be determined in coastal and estuarine investigations. Because of the salinity
difference between ocean water and freshwater, it proved to be the best indicator of
plume waters. During field surveys in NE monsoon period, on 20 May 2003 (Figure
5.43), salinity decrease throughout the lower estuary. This lower salinity value was
caused by wet season characterized by higher rainfall, coinciding with the NE
monsoon. During this season, the river basin received greater amounts of rainfall than
the long term average corresponding to the rainy season. The temperatures recorded
were above long-term average tempgratures. The study area, in general, also
recorded higher than average amounts of solar radiation and higher than average

rates of evaporation during the month.

Survey during inter-monsoon period, on 26 October 2002 (Figure 5.44), salinity

increased gradually from about 24.0 %o inside the lower estuary to about 30.3 %0 at

312



coastal zone, while temperature decreased gradually with almost the same patterns
with salinity from 30.0 to 28.8 °C (Figure 5.44b). This fact was strongly influenced the
wettest month, coinciding with the inter-monsoon period. October was the wettest
month of the year. The obvious difference of salinity and temperature indicate the

episodic nature of the rainfall pattern. During this period the winds were light, hot and
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Figure 5.43 Horizontal distribution of (a) salinity (%) and
(b) temperature (°C) of survey on 20 May 2003.

5000/ \ ¥ ¥ !
LY
s N /) / / i%\\
1) /(ea\iﬁc\; |
:sm / /,/ ‘ \\‘ R AN
! L - > a \ /N
v \\( ( !
= >/ I\ N
J\ - N
nu/‘/ F
e mu'u/ l‘m WOMI 10036 100377 K031 %0030
®

Figure 5.44 Horizontal distribution of (a) salinity (%) and
(b) temperature (°C) of survey on 26 October 2002.
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humid, and there was little seasonal variation in temperature. The results are nearly
consistent well with the other studies of monsoonal influence to the plume water by

llahude et al. (2004) and Jilan (2004).

Compared to the salinity values for both cases, the variation of salinities for wet
season were smaller than wettest season. But, the weather condition revealed the
recorded temperature was generally higher than the long-term averages. Solar
radiation varied from below average to above average and evaporation rates were

generally near average (www.kjc.gov.my). Overall, distribution of surface salinity

obtained exhibited consistent salinity levels and features in lower Merbok Estuary, a
low salinity field in the middle and northern region of the lower estuary that increased

seaward into the coastal zone where the Merbok River waters influenced the field.

Generally, the Merbok River strongly influenced by the monsoonal climate. It
representing the variation of monsoonal zones shows that the morphodynamics at the
coastal and estuary conditions are closely dependent on the local climatic conditions
and associated environmental features. The rainfall characteristics of the basin have
two peaked distributions. Fir'st, it was in April and May, and second was in October and
November. The minimum rainfall was occurred in January (Figure 3.19 and 3.20, in
sub section 3.4.2). The rainfall levels were reflected in the river discharge on the basin.
The influence of freshwater discharge disturbs the hydrography and circulation of
these waters. In both NE and SW monsoon seasons, the winds are predominantly light
and steady. During the transitional periods winds are light and more variable as a
result of local land and sea breezes, which are then influential. The effect of Coriolis is

negligible and less important than the monsoon driven flow influence in the study area.

Monitoring of atmospheric temperature different, temporal and spatial distribution of
the estuary and sea surface temperature can be extremely valuable for observation of

oceanography applications. The atmospheric thermal cycle is responsible for the
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temperature differences, especially in the sea surface. Despite the strong vertical
stratification induced by salinity on the density field, the temperature distribution in the
estuary remains almost vertically homogeneous. Probably the waters of the mixed
layer due to mixing process of sea and freshwater at the lower estuary reach a thermal
equilibrium with the atmosphere before flowing upstream underneath the estuarine
waters. This mixing process, partly driven by global radiation and winds, alters the
energy transfer process in the uppermost layer of the water bodies, and can explain in
this case higher variation of the surface water temperature. The transitional periods
(cooling and warming phases) were expected to present a horizontal thermal contrast
between estuarine and coastal waters, induced by the different thermal inertia between

both regimes, and consequently a thermocline at the estuary should be expected.

Local mixing of the upper ocean is predominantly forced from the state of the
atmospheric temperature directly above it. The variations of atmospheric temperatures
(maximum and minimum) during the month of surveys are shown in Figure B-28 (in
Appendix B). The daily cycle of heating and cooling, wind, rain, and changes in
temperature associated with weather features produce a:hierarchy of physical

processes that act and interact to stir the surface water.

Related to the monsoonal effect, it was observed in both inter-monsoon cases in April
and October. The observed temperatur.e was lower at survey on 26 October 2002
(Figure 5.45a), there has an associated atmospheric temperature of 25.0 - 31.0 °C,
which corresponds well not only with the observed temperature (28.8 - 30.3 °C) at the
field, but also with cold and the wettest season during this survey. It was related to the
SW to NE inter-monsoonal period. In tropical monsoonal area, the monthly
temperature is influence cumulatively to the estuary and coastal water. Climatological
changes and atmospheric temperature condition led to surface warming at surface

water in this region.
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However, the temperatures increased following the climate shift in the study area,
while observed of sea water temperatures also increase. It can be seen at survey on
10 April 2003, with obtained higher temperature of 30.7 - 32.5 °C (Figure 5.45b). It has
a significant influence on regional climatic conditions. That was related to NE to SW
inter-monsoonal effect, after warmer and drier. period. This temperature apparently
sensitive in upper layer, and their changes would be apparently dictated by variations

in atmospheric temperature by the natural wandering of the climate system.
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Figure 5.45 Horizontal distribution of temperature (°C) of survey on
(a) 26 October 2002 and (b) 10 April 2003.

In general, the principal factors controlling estuarine water temperatures are energy-
transfer processes. These processes include radiation inputs (atmospheric
temperature), convection/advection (vertical and horizontal mixing), evaporation, and
mixing of water of different temperature. In the matter of monsoonal influences,
temperature in the estuary and coastal waters from surface down to the bottom has

relatively stronger different in inter-monsoon period.

The temperature is lower in SW-NE inter-monsoon period and is higher in NE-SW

inter-monsoon period. The analyses of this temperature pattern changes demonstrated
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the essential influences of atmospheric temperature on temporal distributions of
temperature in the study area. It is revealed that the tropical monsoonal effect
represent a natural factor causing the renewal temperature of the estuary and coastal
waters. The atmospheric temperature in the study area is remarkably uniformed with
small variations due to elevation and seasonal and maritime influences. Temperature
is relatively high except during the end of NE monsoon when winds from Central Asia
bring somewhat cooler air. Then the temperature gradually rises up until April when,
under the influence of light southerly winds, the weather becomes very hot. This high

temperature last until SW monsoon commences in May.

5.5.5 Water masses

In order to describe oceanographic mixing processes, it is important to define water
types that have extreme water propertieé and that mix together to create the observed
temperature and salinity properties in study area (the water masses). Water types in
the Merbok River and adjacent ocean waters were defined as seawater and brackish
estuary plume water. To identify particular water masses were obtained from T-S
diagrams plot, similar with Matsuno et al. (1999), Soares and Moller Jr (2001), and
Omsteadt and Axell (2003). However, in coastal waters, water mixing is very strong
and complicated, therefore the T-S diagram includes many kinds of water masses and
mixtures. Omsteadt and Axell (2003) divided the water masses in three parts: the
surface water, with varying temperatures and only small variations in salinity; the
halocline water, with small variations in temperature and salinity; the deepwater with
small variations in temperature but with large variations in salinity. The T-S diagrams
for each survey is presented in Figure B-29 (in Appendix B) illustrate many of the
features of the hydrography of the study area. Seasonal variations of freshwater

contributions to seawater are indicted in these diagrams. Two distinct water masses
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were identified: seawater and brackish water, although some of the diagrams were not

so clear.

Based on an examination of the T-S properties, it was found that the patterns which
revealed that differed primarily in salinity and temperature resulted by different season,
that conforming the characteristic of tropical monsoonal effect. The pattern analysis
water masses based on T-S properties identified two major patterns. From these two
T-S patterns, there were two different characterized of seawater. First, the sea water
warmer than estuary water and another seawater cooler than estuary water. In wet
and cold season, the estuary plume spread over the coastal near the estuary and the
scatter plot show descend pattern, survey on 26 October 2002, 7 and 17 June 2003
(Figure B-29, Appendix B). The values of salinity and temperature were 30.1 - 31.0 %o
and 30.0 - 30.3 °C, respectively in the upper layer coastal waters which surrounded
the estuary plume. These distributions that characterized by cooler seawater
associated with the wet and cold season during NE monsoon and inter-monsoon

period.

In the dry and warm season, the estuary plume was near the shoreline of the estuary
the distributions show ascend patterns (22 and 23 March, 10 April, 19 and 20 May
2003). It was characterized by warmer seawater than estuarine water. The structures
of salinity and temperature show the higher values, in which the maximum salinity and
temperature were about 29.8 — 31.0 %o and 30.1 - 31.1 °C, respectively. These
structures were related to the dry and warm season. In general, both pattern of T-S
diagrams show significant relationships and supporting to the previous results in

section 5.5.1.
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5.5.6 Mixing processes

The Richardson gradient number relates the existent equilibrium across the interface
between the buoyancy forces that produce the interface stability, and the characteristic
shear (du/dz) that produce mixing due to the energy transfer. This number is
represented as equation (3.17) in sub section 3.6.4. In practice the density gradient is
difficult to quantify therefore it is often easier to use the Layer Richardson Number (R,)

as equation (3.18) in previous sub section 3.6.4.

Calculation of R, allows a qualitative estimate to be made of the intensity of mixing at
different stage of the tide in a partially mixed estuary. Dyer and News (1986)
observations indicate when R, < 2 that bed generated turbulence is the main mixi;g
process, and for R, > 20, the water column is stable, and bottom turbulence is not
effective .in mixing. The vertical density gradient will affect the turbulence

characteristics in the same way that salinity or temperature would, and be expressible

in terms of a gradient Richardson number (Dyer, 2004).

At the lower Merbok Estuary, a characteristics RMS current speed of 0.2 m/s at neaps
and 0.7 m/s at springs is adopted from p.revious studies at the same area by Uncles et
al., (1990). This current speed was measured at five depths using calibrated current
vanes in the lower Merbok Estuary (Figure 5.46). Then, this value is used as depth
mean velocity in equation 5.3, with the constant value of g (9.80665 ms?). The R,
value for each station along the lower estuary in various field surveys are presented

Table 5.2-5.5.
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Figure 5.46 Location map (=) showing the current speed measurement in

the lower Merbok Estuary (from Uncles et al., 1990).

Table 5.2 The R, values for survey on 23 March 2003.

No. Tide Condition Station R, Value
Number Depth (m) Distance (km)
1. Spring 1 9.8 1.27 2.740
2. 2 5.8 1.82 7.796
3. 3 54 242 1.715
4. 4 6.7 3.13 3.497
5. 5 33 3.80 0.922
6. 6 1.7 4.34 0.271
Table 5.3 The R, values for survey on 19 May 2003.
No. Tide Condition Station R, Value
Number Depth (m) Distance (km)

1. Spring 1 8.3 1.14 17.904
2. 6.7 1.54 11.309
3. 3 4.3 1.99 6.893
4. 4 4.8 242 8.167
5. 5 6.2 2.84 13.793
6. 6 6.3 341 16.447
7: 7 5.7 3.97 17.404
8. 8 48 4.40 13.561
9. 9 4.3 4.86 8.658
10. 10 3.7 542 8.406
11. 11 34 5.99 7.021
12. 12 3.3 6.68 5.647
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Table 5.4 The R; values for survey on 20 May 2003.

No. Tide Condition Station R, Value
Number Depth (m) Distance (km)

1. Spring 2 8.3 1.51 27.530
2. 3 6.8 1.79 22.931
3. 5 8.8 2.14 27.112
4. 8 7.4 2.62 18.712
5. 14 6.2 3.1 18.088
6. 16 5.3 3.57 14.950
7. 22 2.8 4.29 5.368
8. 23 0.9 478 0.346
9. 24 0.9 4.44 0.834
10. 25 ‘0.8 5.99 0.674

Table 5.5 The R, values for survey on 7 June 2003,

No. Tide Condition Station R, Value
Number Depth (m) Distance (km)

1. Neap 1 19 1.24 19.036
2. 2 5.3 1.39 165.031
3. 4 1.8 2.00 26.282
4, 5 8.3 2.18 342.409
5. 8 5.4 2.63 146.560
6. 14 1.9 3.72 32.064
7. 15 5.3 3.80 159.226
8. 21 1.9 5.51 21.951
9. 22 1.9 6.02 13.037
10. 23 2.2 6.14 30.271

Figures 5.47 - 5.50 shows the variation of the layer Richardson number R, along the
lower estuary to the river mouth. The results show clear visual of turbulence
characteristics in two groups. First, spring tide pattern, with strong current led to
increased turbulence and mixing processes. In this condition, the vales of R, (Figure
5.47 - 5.49) reach a minimum for springs, with the value generally R, < 20. This may
have been due partly to a decrease in locally-generated turbulence, and partly to
advection of more stratified water from river discharge. Secondly, neap tide pattern
showed the value of R, >20 (Figure 5.50). This was shows the more stratified
condition, and bottom turbulence was not effective in mixing. This result was in
accordance with observation made by MacKay and Schumann (1990) in Sundays

River Estuary.
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Figure 5.47

Variation of the layer Richardson number, R,
in 23 March 2003 (spring tide).
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Figure 5.48

Variation of the layer Richardson number, Ry,
in 19 May 2003 (spring tide).
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Figure 5.49 Variation of the layer Richardson number, R,

in 20 May 2003 (spring tide).
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Figure 5.50 Variation of the layer Richardson number, R,
in 7 June 2003 (neap tide).

The mixing process plays an essential role in both the tidal circulation and the salinity
distribution. It is important to know both the dependence of turbulent mixing on
stratification and under what circumstances other processes may be responsible for
momentum exchange. In case of vertical mixing process and vertical tidal salt
transport transfer momentum and salt without a net movement of water. There is a
connection between the horizontal and vertical salt transport in an estuary. Water
enters the estuary along the bottom (because of the baroclinic pressure gradient), is
entrained into the surface layer, and is carried out of the estuary, diluted by river
runoff. There will be substantial horizontal and vertical advective salt transports, both
driven by the mean circulation. The results observation suggests that both horizontal
and vertical salt transport in the Merbok River Estuary should be dominated by tidal
processes rather than the river discharge processes. The increase in tidal range on a
spring tide that accompanies the increase in vertical mixing decreases the
stratification. Decreasing tidal ranges decrease vertical mixing and increase

stratification.
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5.5.7 Aerial surveys

Two sets of aerial digital images were obtained from the study area. The first set was
taken on 09 March 2002, and the second was taken on 23 March 2003, with different
tide condition (Figure 5.51). Figure 5.53 and Figure 5.55 present a sequence of
airborne images of a front which regularly forms off of lower estuary, until the outer
side of the estuary mouth. The two dimensional morphology of surface water can
clearly be seen in the aerial digital images. Both figures were illustrates the distribution
and pattern of brackish water in lower Merbok Estuary. Examination of a number of
airborne images showed that the area of the highly turbid zone varies significantly and
appéars to be strongly related to spring-neap tidal cycles. Observation of the plume
water in Moriches shallow bay, south of Long Island New York by using the analysis of
aerial photograph was also used by Co.n!ey (1999). Observations of estuary plumes
which occur on the continental shelf from ebb tidal flow through inlets show a thin
estuarine layer advecting over a denser oceanic layer with a thicker roller region at the
leading edge of the estuarine plume. The roller is a location of strong convergence
where most of the entrainment is assumed to take place. Tidal exchange through inlets
is the mechanism through which saline ocean water is mixed into bays, and the
balance between this exchange and any fresh water input determines the estuary

plume salinity.

Tide (m)

—&— 9-Mar-02 —8— 23-Mar-03 | Time (hr)

Figure 5.51 Tide condition in both flight surveys on 9 March 2002
(neap tide) and 23 March 2003 (spring tide).
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First, the sequence of approximately occurred during the ebb to flood (spring tide)
portion of the semidiurnal tidal cycle on 23 March 2003 (Figure 5.53). Figure 5.52
shows the average coverage area of segmentation from this period. During this period,
the dominant wind over the study area was north-western of relatively weak wind, with
mean speed of 2.2 m/s (maximum spéed of 6.1 m/s). Two salient features of this
development are the sharp bend near southern coast in outer side and inside the lower
estuary, and the bulge which forms initially near the Pantai Merdeka at central region,
and subsequently expands following the shape of coast. During this time, the plume
was constrained relatively close to the coast (Figure 5.53c) moving north and was
distinctly visible at least as far north as outer side of the estuary. After reaching the
coastal area, the leading edge of the plume was still quite distinct, with highly coloured
plume water. This brackish plume water was caused by freshwater discharge that
characterized by rain falling of 24.4 mm a day before survey over the catchment area.
The overall scenery shows the less turbid water (bright areas) meet the more turbid
water (darker areas) in the estuary, while the patchy structure indicates intense mixing
area. The. arrows in images indicate the apparent surface flow. By similar method of
aerial image interpretation observed by Arnau et al. (2004), estuary plume-dispersion
patterns near the estuary mouth can be now observed with unprecedented resolution
in the northwestern Mediterranean. In the Gulf of Lions, estuary plumes usually
expand over a wide continental shelf at a relatively short distance from the coast. Due
to the low density of fluvial discharge, sediment-laden plumes can deviate toward the

shoreline, where they can accumulate as lenses of relatively low-salinity water.

From the contrast in colors it appears tﬁe flowing of the brackish plume water in the
lower estuary seaward. Plume frontal boundaries were clearly visible in the images
near the northern end of the estuary mouth, inner side, and in the south arm of the
estuary. The sandbar in the middle of estuary was cusped on the Pantai Merdeka arm

in south and north side, giving the impression that this section was accumulating
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sediment (Figure 5.53a and 5.53d, circle sign). Combined with filed survey of TSS
data, it was assessed and the pattern of orientation of the estuary plume (insert image
in Figure 5.53). The field data show the TSS concentrations of plume water in some

small part of the study has nearly pattern with the digital images data.

The distribution of estuary plume that was observed in the lower estuary and adjacent
coastal water that show in the field survéys can not observed clearly in digital images.
It was due to the lower estuary was relatively wide compare to the Muda and Prai
Estuary. However the digital images give significant features of some small part of the
study area. This exemplifies the plume waters and identifies the complex problem of
bigger scale of estuary plume dynamics. This result showed the limitation of digital

image that could be suitable in observation of small scale estuary plume.
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Figure 5.52 Approximate coverage area of segmentations
captured on 23 March 2003 (spring tide).
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A second sequence containing surface brackish water evolution is presented in Figure
5.55, with the approximate coverage area of segmentation show in Figure 5.54. This
sequence occurred during the slack of the tidal cycle (neap tide) on 09 March 2002.
During the period of low discharge and no rains falling over the study area, the
dominant wind over the study area was north-eastern of moderate strength wind, with
mean speed of 2.5 m/s (maximum speed of 8.9 m/s). For clarity, line segments are
shown, with each segment indicates the position and shape of the front as determined
by a particular airborne image in the sequence. Plumes were readily observable as
darker turbid water masses contrasting with cleaner seawater. A bulge of plume water
can be observed near the southern coast, in the middle of mouth (Figure 5.55a, b, c).
The arrows in the images indicate the apparent surface flow. This structure was
emphasized by delineating it with a distin.ct line (or color). As is generally observed, the
morphology is oriented in a way that leaves the bulge always pointing toward the less
dense plume water. By following the trajectory of this feature, it may estimate that the
bulge appears to originate over a region with steep and deep bottom topography.
While bathymetry may play a role in the generation of these features, this identifying a
generation mechar;ism will be one of important factors that affected the plume water.
Using the similar field survey and supported by image interpretation by Black et al.
(2004), in relation to land sources of sediment, the nearby Ashtamudi Estuary, India
appears to be providing no significant quantities of sediment, even though the delta
may be responsible for the rotated coastline to the south. The entrance to the estuary
is presently filled with sediments which appear to come from the open coast, not from

the rivers draining into the estuary.
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Figure 5.55 (continued next page).
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(c)

Figure 5.55 Sequence of digital images over the lower Merbok Estuary
captured on 09 March 2002,
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5.6 Summary of field surveys

The following section presents the results of the study in lower Merbok Estuary. Table
5.7 shows a summary of characteristics for the parameters measured in each survey,
including tidal condition, wind speed and direction, rainfall and number of stations.
Table 5.8 presents a summary of data measured in the lower Merbok Estuary. The
table provides maximum and minimum values of salinity, temperature and density.
Concentrations of water turbidity parameters, Secchi depth and TSS were collected
and later analysed in the laboratory. These Secchi depth and TSS data were always
collected from the same stations with the salinity and temperature data for each
survey. Contour maps and cross sections of salinity, temperature, and density, contour
of TSS and Secchi depth, including the survey stations are presented and reported, for

each month in the Appendix B.
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Chapter Six
Prai Surveys

6.0 Introduction

Estuary plumes associated with estuary outflow are characterized by strong
horizontal and vertical salinity gradients. The characteristics of surface estuary
plume can be defined as regions where a maximum in the horizontal gradient of one
or more physical characteristics of the surface water exists. The existence of these
surface features, which seem to be ubiquitous in the surface waters, can be caused
by a great variety of physical processes like, for example, freshwater discharge from
the estuary on the top of the heavier ambient ocean, differential tidal mixing in
coastal areas, and va:riability of wind stress. The movement of estuary plumes into
the marine environment is an important part of the physical process that drives
productivity in the coastal area. Liu et al. (2002) states that the estuary plume is
determined by the interplay of the buoyancy of the effluent, the turbulent mixing by
tide-dominated coastal flows in the lower part of the water column, and the turbulent
mixing by the wind field in the upper part of the water column. The grain-size
composition of the river effluent also plays a role in the plume-related sediment
transport because it not only determines the total amount of sediment dispersal, but
also the temporal and spatial characteristics of the sediment flux associated with the

plume.
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The estuarine water mass discharge from the river is mixed by diffusion with
seawater. This estuarine water mass can be identified when entering the sea
because of its different color and composition. The estuary plume eventually
disappears into the sea by dilution. In this dilution process, the importance of tidal
energies and waves are prominent, since they contribute to mixing and entrainment

and control the fate and trajectory of the plume.

The important reasons contribute to determine the importance of studying surface
estuary plumes: often their presence reveals regions where two different water
masses meet. Moreover, they can contribute to the determination of the
environmental equilibrium of coastal region, as they are often linked to an increased
concentration of sediments. This surface estuary plumes can also be linked to
different phenomena occurring at the sea surface, for example, variations in water

salinity, temperature, density, or TSS concentrations.

6.1 River discharge influence

6.1.1 Salinity

The horizontal distribution of salinity in high and low river discharge is shown in
Figure 6.5. Survey of high river discharge on 9 April 2003 (Figure 6.1a), the higher
salinity value for the coastal region was 30.0 %, and a lower salinity (23.0 %.) was
observed close the estuary mouth. The map shows the estuary plume (salinity value
of = 30.0 %e) more offshore about 1 km before being deflected in the NW direction.
The pattern showed strong horizontal gradient of salinity, with the strongest closer

to the estuary mouth. It was caused by high river discharge that characterized by
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Figure 6.1 Horizontal distributions of surface salinity (%) during (a) high river
discharge survey on 9 April 2003 and (b) low river discharge

survey on 14 Marc

higher rainfall of about 34.7 mm during this s

four days.

h 2002.

urvey and totally about 66.6 mm for

Figure 6.1b shows a distinctly surface salinity distribution in low river discharge

condition, survey on 14 March 2002 with estuary plume development in coastal

waters. The less saline waters at the estuary mouth and the most saline waters

further seaward at the north and south side of the estuary mouth. The influence of

estuarine water input was only detected close

to the estuary mouth. It can be seen

as plume water that detected about 1.5 km in front of the estuary mouth. Further in

the coastal region along channel the salinity exceeds 31.0 %.. The estuary plume

was distributed in shorter area due to low river discharge, characterized by no

rainfall measured during this survey.
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6.1.2 Temperature

On 9 April 2003, under high river discharge condition, the observed sea surface
temperature was about 30.8 to 31.3 °C (Figure 6.2a). The influence of high river
discharge from the Prai Estuary on surface temperature was not so clear. Figure
6.2b shows the horizontal distribution of temperature during low river discharge,
survey on 14 March 2002. During this survey, the surface temperature was lower
than high river discharge, with the value of 30.0 - 30.8 °C. The warmest water was
observed close the estuary mouth and the coolest water further seaward at south
channel. This area of plume water showed inversions of temperature due to the
presence of warmer, lower salinity estuarine waters related to river discharge. The

direct influence of plume water inputs from the estuary was spread in quite limited

area near the estuary mouth.
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Figure 6.2 Horizontal distributions of surface temperature (°C) during (a) high river
discharge survey on 9 April 2003 and (b) low river discharge
survey on 14 March 2002.
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6.1.3 Density

The horizontal density distribution derived from the above temperature and salinity
data is shown in Figure 6.3. The survey on 9 April 2003 of high discharge condition
is shown in Figure 6.3a. The maximum density observed was about 18.0 kgm™
further seaward at southern side of the estuary mouth. The minimum density
observed was about 14.0 kgm™ at the estuary mouth. The plume water spread to
the entirely survey area then gradually merges into the seawater, that pushed by

high river discharge.
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Figure 6.3 Horizontal distribution of surface density (kgm®) during (a) high river
discharge survey on 9 April 2003 and (b) low river discharge
survey on 14 March 2002.

In low river discharge condition, on 14 March 2002, the horizontal density
distribution is shown in Figure 6.3b, with density range from 16.6 to 18.8 kgm™. The
density gradient was smaller than first case, due to lower variations of density plume

water and seawater. The pattern of density was similar with high river discharge
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case, but with higher density value. The surface estuarine water formed between
the lower salinity tongue in the estuary mouth and its surrounding seawater. Less
dense plume water was distributed near the estuary mouth and observed in smaller
area. As the estuary plume exits into the coastal water from the estuary mouth, a

bulge of plume water was formed near the mouth of the estuary due to low river

discharge.

6.1.4 Total suspended solids

The spatial distribution of the TSS plume water was studied under varying
conditions river discharge. Under high river discharge condition, survey on 9 April
2003, the stronger plume water spread on the entire the survey area, and slightly
confined to the south side of the estuary mouth (Figure 6.4a). The concentrations of
TSS show a decrease from the estuary mouth down seaward in coastal zone, where
the highest TSS concentration was found about 215 mgl™" near the estuary mouth

and at the southern side, and the lowest value of 165 mgl™ further seaward.

Under low river discharge condition survey on 14 March 2002, the plume water
covered a wider area of the coastal water reaching 1.5 km seaward (Figure 6.4b).
The highest TSS concentration of 245 mgl” was observed at the estuary mouth and
slightly at north side. It reflects the high turbidity generated as a result of tidal energy
and combined with wave action by strong wind forcing with mean value about 2.5

m/s. The lowest concentrations (195 mgl™') were observed further seaward.
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Figure 6.4 Horizontal distribution of surface TSS (mgl™) during (a) high river
discharge survey on 9 April 2003 and (b) low river discharge
survey on 14 March 2002.

6.2 Tidal influence

6.2.1 Salinity

Observation of horizontal salinity distributions (Figure 6.5) showed the estuary
plume offshore existing at the Prai Estuary mouth as suggested by the tidal forcing.
The amplitude of the surface salinity variation was related to the amplitude of the
semidiurnal tidal forcing. In spring tide condition survey on 14 March 2002 (Figure
6.5a), the salinity range was greatest (28.4 - 31.2 %o at flood tide) with the least
saline water at the estuary mouth and the most saline water in the middle channel at
southern side of the estuary mouth. The stronger gradients occur near the estuary
mouth and gradually weaker further seaward. It characterized with sharp fronts
around the estuary mouth delineating the boundary between freshwater and

seawater masses.
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In neap tide condition survey on 3 September 2003 (Figure 6.5b), the average
salinity ranged from 20.0 %0 at the estuary mouth which was exposed to freshwaters
from the Prai River to 32.0 %o at about 2 km from estuary mouth. There was an
extended surface water mass of low salinity (20.0 — 22.0 %), spreads at northern
and southern side. The extent of estuary plume was increased to coastal zone and
along the coastline. The spread of the estuary plume water has the similar distance
of about 2 km from estuary mouth in both cases. But, the salinity gradient of survey
on 3 September was much stronger than in survey 14 March. This great difference

was caused by different tidal energy in the study area.
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Figure 6.5 Horizontal distribution of surface salinity (%o) during (a) spring tide
survey on 14 March 2002 and (b) neap tide survey on 3 September 2003.

6.2.2 Temperature

The horizontal distribution of temperature in spring tide condition, survey on 9 March
2002 is shown in Figure 6.6a. The higher temperature (30.8 °C) was observed at the

estuary mouth, and the lower temperature (30.0 °C) was observed in the middle
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channel at southern side of the estuary mouth. The pattern shows colder seawater

separated by stronger gradients from the warmer freshwater.

The temperature range in neap tide condition, on 3 September 2003 (Figure 6.6b)
was around 29.6 - 31.0 °C at ebb tide period, with the coolest water at the estuary
mouth and the warmest water further seaward. The greatest temperature gradient
was found at estuary mouth, which was the boundary between the freshwater and
seawater mixing. Similar with salinity pattern above, the temperature gradient of

survey on 3 September was also much stronger than in survey 14 March.
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Figure 6.6 Horizontal distribution of surface temperature (°C) during (a) spring tide
survey on 14 March 2002 and (b) neap tide survey on 3 September 2003.

6.2.3 Density

Horizontal distribution of density at spring and neap tide around the estuary mouth is
presented in Figure 6.7. In spring tide survey on 14 March 2002 (Figure 6.7a), the

lower density value (16.4 kgm™) was observed at the estuary mouth, and the higher
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density value (18.8 kgm™) was observed in middle channel at the southern side of
the estuary mouth. These density distributions show strong resemblance with

surface salinity distributions.
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Figure 6.7 Horizontal distribution of surface density (kgm") during (a) spring tide
survey on 14 March 2002 and (b) neap tide survey on 3 September 2003.

At neap tide survey, on 3 September 2003 (Figure 6.7b), an extremely well
developed horizontal density gradient was apparent, with a low density plume
waters around the estuary mouth. There was a pronounced density difference
between the estuarine water at the mouth (about 16.4 kgm™) and coastal water
(about 18.8 kgm™). The density gradient was also much stronger than first case due

to different tidal energy. The density patterns were very close to the salinity patters.
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6.2.4 Total suspended solids

The TSS concentration within the study area varied from 190 - 240 mgl' as
measured in 14 March 2002 during flood-spring tide (Figure 6.8a) and 100 - 170
mgl™ in 3 September 2003 during ebb-neap tide (Figure 6.8b). In spring tide survey
the concentration pattern of TSS had an obvious structure with TSS concentrations
decreased as the estuary plume dilutéd into the sea. The TSS was decreasing
progressively from estuary mouth to coastal region. Tidal resuspension was likely to

be active in this area, when enhanced by wave action.
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Figure 6.8 Horizontal distribution of surface TSS (mgl") during (a) spring tide
survey on 14 March 2002 and (b) neap tide survey on 3 September 2003.

On 3 September 2003 (Figure 6.8b), survey in neap tide period, the horizontal
structure of TSS shows also significant increases in surface waters with maximum
values at the middle channel. On this survey, relatively clearer freshwater enters the

study area at the surface and along the coast. A zone of low TSS value (low
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turbidity) was located at the estuary mouth, indicating possibly (1) bottom coastal
source of sediments up to surface layer, and (2) low TSS carried by high discharge.
Beside that, the TSS concentrations during this survey were much lower than first

case, due to weak neap tidal energy to resuspend the bottom coastal sediment.

6.3 Wind influence

6.3.1 Salinity

Figure 6.9 shows the horizontal distribution of salinity during strong and weak wind,
surveys on 9 April 2003 and 2 September 2003, respectively. The structures of
salinity show the increase of salinity with distance from estuary mouth, forming a
dilution cone at the estuary mouth in both surveys. In strong wind condition (Figure
6.9a), the estuary plume moved to the southwest. It was mainly pushed by neap

(ebb) tide forcing and supporting by wind forcing as recorded during the survey,
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Figure 6.9 Horizontal distribution of surface salinity (%o) during (a) strong wind
survey on 9 April 2003 and (b) weak wind survey on 2 September 2003.

346



which had an average direction of 140° (SSE). The wind speed oscillated with an
average value of 2.3 m/s during this survey. The salinity value ranged form 24.0 %o
from estuary mouth to 30 %o further seaward. The estuary plume spread showing a

narrower and longer shape in coastal region.

In weak wind condition, the estuary plume initially moved northwards (Figure 6.9b).
The smaller extension occupied by the plume water was also noticeable during this
day. The salinity value ranged from 20.0 to 30.0 %.. The influence of weak wind

forcing do not clearly in affected the spreading of the plume water.

6.3.2 Teniperature

Horizontal temperature distribution during strong and weak wind is shown in Figure
6.10, survey on 9 April 2003 and 2 September 2003, respectively. The distribution
showed a pattern of estuary plume distribution in study area. In strong wind
condition (Figure 6.10a), with the temperature between 30.8 and 31.4 °C, the plume
water from the estuary covers the surface waters from the estuary mouth to northern
side, goes further seaward. The estuary plume can be separated into two distinct

areas, a bulge area in front of estuary mouth and a coastal area.

During weak wind condition, the temperature vales in ranged of 28.0 - 29.8 °C
(Figure 6.10b). The estuary mouth discharge direction was westward. The relatively
fresher, lower temperature plume water, spread over the coastal water. During this
survey, the plume water temperature was generally smaller than above (9 April)

case, but it has similar small temperature variations.

347



Latitude (deg) N

Temperature
"

s.A17 s417

5.407- 5.4074

5.397] 83974

5.387- is.ur-

5.377- i 5377

5.387- 63674

5.357- ; 5357

~ \

00333 1001343 100353 10058 100375 100383 100383 100403 B 033 100343 100353 100383 100373 100383 100363 100409

Longitude (deg) E Longitude (deg) E

(a) (b)

Figure 6.10 Horizontal distribution of surface temperature (°C) during (a) strong wind
survey on 9 April 2003 and (b) weak wind survey on 2 September 2003.

6.3.3 Density

The distribution of surface water density during strong and weak wind is shown in
Figure 6.11, survey on 9 April 2003 and 2 September 2003, respectively. In strong
wind condition: (Figure 6.11a), it can be detected the mixing area of estuary water
and further seaward, but with smaller density variations. The density varied between
15 kgm™ at the estuary mouth and 19 kgm™ further seaward at the northern and
southern side of the channel. It can be seen that the influence of strong wind slightly

disturbed the plume water distribution.

In weak wind condition, the surface water density increases gradually from around
10 kgm™ at estuary mouth to about 19 kgm™ in the middle channel at coastal region
(Figure 6.11b), with the strongest gradient at the estuary mouth. During this survey,

the density distribution shows stronger variation than strong wind case. This strong
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density variation was mainly attributed by strong tidal energy to disturbed plume

water.
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Figure 6.11 Horizontal distribution of surface density (kgm™) during (a) strong wind
survey on 9 April 2003 and (b) weak wind survey on 2 September 2003.

6.3.4 Total suspended solids

TSS concentrations in the study area showed an obvious distribution of estuary
plume from the river. Figure 6.12 shows the horizontal distribution of TSS
concentrations in the surface water during the strong and weak wind condition,
surveys on 9 April 2003 and 2 September 2003, respectively. It can be observed
that the plume water decreasing with distance from the estuary mouth and further

seaward.

In strong wind condition (Figure 6.12a), the observed TSS concentrations in the
surface water varied between 165 and 215 mgl™. The patterns are characterized by

high turbidity in the proximity of the estuary mouth. The plume emanating from the
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river had a reduced extent and composition but did merge with seawater in a
northerly direction in a very constrained near shore area. It can be observed that the

strong wind influencing the estuary plume distribution at the coastal water.

In weak wind condition (Figure 6.12b), TSS concentration in surface waters varied
between 78 and 252 mgl" with highest values in river waters at estuary mouth, and
a general decrease in offshore direction. The high TSS concentration (high turbidity)
of the surface water that connects with the coastal zone of the middle channel
shows several continuously seaward extended plume water masses, with markedly

undulated boundary at the estuary mouth.
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Figure 6.12 Horizontal distribution of surface TSS (mgl™') during (a) strong wind
survey on 9 April 2003 and (b) weak wind survey on 2 September 2003.

350



6.4 Discussion

The general meteorology and hydrographic of the Prai coastal water under various
river discharge (and rainfall condition), spring-neap tidal variation and different wind
conditions, are discussed with respect to all the data collected of about six months
field surveys, from October 2001, March 2002, April and September 2003 (Table 6.1
and 6.2, in section 6.5). The average monthly trends of the main physical water
parameters that allow us to identify and to characterize Prai coastal systems on the

basis of physical factors are described below.

6.4.1 River discharge influence

River discharge and rainfall condition is one of the most influential factor affecting
physical structure in the Prai coastal water. The amount of rainfall that falls over
catchment area can have a marked effect on the condition of river discharge.
Therefore, definition of the seasonal cycle of Prai River freshwater discharge is
essential to the understanding of physical processes and characteristics of the
coastal water. Horizontal distributions of salinity, temperature, density, TSS and
Secchi depth record for the low and high river discharge condition are shown in

Appendix C.
a. Salinity pattern

The horizontal distribution of salinity shows the estuary plume development near the

Prai Estuary mouth and adjacent coastal water. It was shown stronger horizontal
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gradient of salinity near the estuary mouth. The low salinity region of estuary plume
was separated from the seawater. The only reasonable low salinity plume water
source would be from the higher freshwater discharge from the Prai River into the
Penang Channels. This high discharge event was strong enough to push the

estuarine water out of the estuary further seaward.

In low river discharge case, the influence of estuarine water input was only detected
closer to the estuary mouth. The less saline waters at the estuary mouth and the
most saline waters detected seaward .at the north and south side of the estuary
mouth. The inflﬁence of shallow area near the estuary mouth and low river
discharge result in this low salinity plume water close to the coastal edge near
estuary mouth. The results of surface salinity herein are nearly consistent with those
obtained in the other studies of the Yangtze River, East China Sea (Delcroix, 2002),
and in the Chesapeake Bay (Guo and Levinson, 2004). In addition, Li et al. (1999)
observed in Strait of Georgia and Juan de Fuca Strait, Canada using a Box Model.
The seasonal sea surface salinity shows a minimum in salinity value during the

months when the river discharge is maximum.

Generally, the horizontal distribution of salinity at surface layer in the coastal water
reflects the freshwater discharge from the Prai Estuary that varies seasonally in its
location along the coastal water. However, the variation of salinity, as indicated by
differences between near estuary mouth and further seawater, were noticeable at
high river discharge. The extent of the low salinity plume water also depended on
the quantity of freshwater discharge from the river. The greater the discharge, the

further downward the low salinity would occur.

352



b. Temperature pattern

Horizontal distribution of temperature across the channel showed cooler water
temperatures near the estuary mouth during high river discharge, and vice versa. As
revealed, the spatial distribution temperature was mainly affected by the spatial
distributions of freshwater and intruded seawater in the estuary mouth. Beside that,
there was a consistent increase in temperature associated with the offshore
extension of the higher river discharge and a warming associated with the
atmospheric temperature condition. Relatively higher rainfall in catchment area,
would bring the cooler fresh river water. It would significantly reduce the surface
temperature at the study area. The direct influence of high river discharge from the

Prai River was detected near the estuary mouth, and adjacent coastal water.

During low river discharge, temperature distribution shows the warmer water at the
estuary mouth and the cooler water further seaward in the channel. This water
temperature pattern area showed inversions of warmer estuarine water temperature
at surface, related to low river discharge conditions. The results of surface water
temperature herein are closely with the results observed by Johnson et al. (1997) in
the Kara Sea, Russia and contrary to those obtained in the other studies of the
Yangtze River, East China Sea observed by Delcroix, 2002. The results indicate
that the dynamic and thermodynamic effects of the freshwater input from the river

may be phase lagged by up to a season with maximum surface warming occurring

in the months when the river discharge is maximum.

From the results analysis suggests that the temperature characteristics of estuary
plume during low and high river discharge periods can contribute significantly.

Similar condition with catchment area of Muda River, during low discharge (dry
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seasons) the heating effect from the sun could be much more influencing at surface
catchment area and river water. However, during high discharge (wet seasons) with
high rainfall reduces the surface heating processes from the sun and the river water
temperature would be cooler. The intense rainfalls tend to reinforce condition until
the minimum effect of solar radiation in the region. Then, this high volume of cooler
freshwater would strongly influence the estuary plume water temperature, as it

discharged from the estuary and mixed in the coastal water.

c. Density pattern

The horizontal distribution of density during high river discharge shows pronounced
gradient. The lower density plume water was observed near the estuary mouth and
higher density value further seaward. The estuary plume water extends along most
of the coast, especially when the discharge was high. Then, this plume water
gradually merges into the seawater at coastal region that push_ed by high river
discharge. .The water density appears to mirror that of the salinity and therefore it is

suggested that the density distribution is primarily controlled by the salinity.

In low river discharge, the horizontal distribution of density shows similar pattern
with above case. The surface plume water formed between the low salinity tongue
in the estuary mouth and its surrounding oceanic water. The lower density plume
water was closest to the coastline and near the estuary mouth. Generally the
density values were lower than high discharge case. This fact confirms further the
occurrence of the contribution of freshwater entering the river as explained for

salinity earlier. Overall, the water density appears to mirror that of the salinity in both
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low and high river discharge conditions. Therefore it was suggested that the density

distribution was primarily controlled by the salinity.

d. Total suspended solids pattern

During high river discharge case, the distribution of TSS plume water was
distributed wider at the coastal water. However, the bigger volumes of estuarine
water from high river discharge do not show clearly contribute to the quantity of TSS
concentrations in the study area. The concentration of TSS near the estuary mouth
was consistently higher than in seawater. This area of high TSS value (turbid water)
may have resulted primarily from resuspension of sediments by the prevailing of

tidal energy and slightly by high river discharge.

During low river discharge conditions, the higher TSS concentration of plume water
still observed near the estuary mouth_ and become lower further seaward. This
pattern reflects the high turbidity generated by mixing processes that resuspended
bottom sediment to surface layer due to tidal energy, combined with wave action by
stronger wind forcing. In surface water, wind-generated waves and wakes interact
with the bottom to stir up sediments. In coastal water, the estuary plumes that

becomes mixed and suspended in water will reduce its clarity and make the water

turbid.

The seasonal changes in TSS patterns between both surveys high and low river
discharge were surprisingly do not clearly shows significant influence in affecting the

TSS concentrations in the study area. Since the high and busy activities of

355



fisherman boats, ships, and ferryboat at the port that were located around the study

area, the effects appear slightly significant contribution as progressive wave.

TSS results were statistically compared and calibrated to Secchi depth records that

taken at the same stations in each survey. By combine the TSS concentrations and

Secchi depth (turbidity) measurements can produce a significant correlation. Linear

regression analysis found excellent correlations between TSS data and Secchi

depth record. The linear regressions are shown in Figure 6.13 and statistical

properties of the regressions are given. All regressions are significant and show

strong linear relationship Secchi depth and TSS. R-square coefficients of correlation

ranged from 0.96 to 0.84, with the lowest correlation occurring on 28 October 2001.
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Figure 6.13 TSS-Secchi depth diagrams along the date of surveys.
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6.4.2 Tidal influence

Intensive field surveys were undertaken in coastal water of Penang Channels to
examine the patters of buoyant surface plumes originating from the Prai River
estuary on each outgoing tidal cycle. Tides in the study area are semidiurnal with
mean neap and spring tide ranges of 0.9 - 1.9 m and 2.1 m during the field surveys

(Figure C7 and C8 in Appendix C).

a. Salinity pattern

The amplitude of the surface salinity variation was related to the amplitude of the
semidiurnal flow. In spring tide survey, the low salinity plume water was distributed
closer the coastline. The least saline water was observed near the estuary mouth
and the most saline water further seaward at the middle channel. The plume water
was generally well mixed, with sharp fronts around the estuary mouth delineating
the boundary betwéen freshwater and seawater masses. This salinity map shows a

localized tidal energy, causing local salinity minimum at the estuary mouth.

In neap tide condition, it was occurred larger horizontal gradient of salinity value.
The lower salinity values of plume water were detected around the estuary mouth
and gradually increase further in seawater. There was an extended surface water
mass of low salinity plume water, lying in wider area that appears seaward. This
structure shows a general trend of incrgasing salinity away from the estuary mouth,
indicating that water mixing processes have been occurring between freshwater and
seawater. There are nearly similar results observed here with the other observation

by Mao et al. (2004). Tides and tidal currents are a major source of energy for
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turbulence and mixing in estuaries and coastal water and they play an important role

in the movement plume water. The dissipation of tidal energy causes changes in the

vertical stability of the water column.

In general, by observation the salinity values during different tide conditions, it was
found that the salinity value of spring tide survey was higher than equivalent values
found in the plume survey in neap tide survey. The easiest explanation for this
contrast was the presence of different énergy of spring and neap tide. The stronger
spring tide energy pushed seawater landward that would increased the salinity value
in the mixing area. On the other hand, the weaker neap tide energy would
decreased the salinity value by pushed the plume water further seaward. These
patterns agree with the other studies such as Orton and Jay (2005). Their
observations of intense localized mixing behind the tidal plume front of a surface-
advected estuary plume confirm that these tidal energy play a major role in the

vertical transfer of buoyancy and other constituents.

b. Temperature pattern

The horizontal temperature distribution of spring tide shows that the higher
temperature was observed near the estuary mouth, and lower temperature was
observed in the middle channel. The pattern shows colder seawater separated by a
stronger gradient from the warmer freshwater water. In this situation, the warmer
estuarine water was resulted mainly by fresher water discharge from the river.

However, it could be suggesting that the cooler water was advected from the

seawater pushed by spring tide forcing.'
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In neap tide condition, the temperature ranges was relatively higher that above
case, with the temperature of plume water depend on the estuarine water
discharged from the river. However, the greatest temperature gradient was found

near the estuary mouth, which was the strongest mixing area.

The seasonal cycle of tidal phase and wind in this region is determined by the
processes of heating and cooling over the study area. The processes of surface
heating and cooling that occur in and affect the atmosphere are similar in many
ways to the processes that occur in and affect the surface seawater. The influence
of surface heating and cooling is illustrated using the atmospheric temperature data
(Figure C-12, in Appendix C). The results from observed data indicate the
importance of mixing process and variable freshwater and seawater temperature

relative to surface heat exchange.

c. Density pattern

Horizontal distribution of density at surface layer for spring tide condition shows
elevated value from the estuary mouth to further seaward in the middle channel.
This density distribution show strong resemblance with surface salinity. The
appearance of a spring tide intrusion of higher density seawater can be seen at
surface water just outside the mouth of the estuary, with the weakening of density
water in this area. However, the mixing processes that occur between the
freshwater and saltwater depend on the tidal energy and the relative volume of

freshwater that confined by the river sides and of saltwater that confined more by

depth.
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At neap tide condition, the horizontal distribution of density at surface layer also
shows elevated density, with a lower -density value of plume waters around the
estuary mouth. The less dense surface water at estuary mouth was generated
mainly by neap tide energy. The density difference was greater than spring tide
period. Hence, the resulting density difference in Prai coastal zone was mainly

determined by salinity. It was depend on the dynamical balance between buoyancy

and mixing forces.

d. Total suspended solids pattern

The TSS concentration exhibited significant spatial variability related to the phase of
the tide. In the spring tide survey the concentration pattern of TSS had an obvious
structure with higher TSS concentrations and it decreased as the plume water
diluted into the sea at middle channel. It was observed that the highest
concentration of TSS near the estuary mouth and decreasing progressively in the
coastal region. Spring tide resuspension was likely to be active and strong in this

area, when enhanced by wave action.

On neap tide period, the horizontal structure shows significant decreases of TSS in
surface waters, with the highest vaiués still near the estuary mouth. During this
period, the weaker neap tide energy do not strong enough to disturbed the bottom
sediment that characterized by lower TSS concentration at surface water. Beside
that, this weaker neap tidal energy pushing the muddy waters into the seawards and
then mix with clearer seawater resulted lower TSS concentration. This general
pattern reflects the fact that the spatial variations of TSS indicated that highly

correlated with the different tidal energy. The results are consistent well with the
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other studies by Alvarez and Jones (2002), eventhough with different mechanism.
The suspended sediment observed at shallow water over a spring to neap tidal
cycle. These revealed contrasting dynamic conditions in which gravity current
events produced significant lower value.s of suspended sediment during neap tides.

Beside, higher values of suspended sediment during spring tides due to tidal

resuspension.

The correlation among TSS concentration, tidal range and shallow coastal water
leads to the conclusion that tidal energy combined with shallow water depths
remobilize and resuspend bottom sediments, enhancing the concentration of TSS
and generating, therefore, the higher turbidity water. TSS plume water was moved
in the direction of the strongest tidal energy, and consequently were moved
specifically in either ebb or flood direbtions. As observed by Mantovanelli et al.
(2004) in Paranagua Bay estuary, Brazil, they shows that the sediment dynamics
was intrinsically related to cyclical processes of erosion, resuspension and
deposition driven by tidal energy. Resuspension and vertical mixing were
conspicuous in spring cycles, while the horizontal advection preponderated in the
neaps. On the other hand, the Penang Channels at the cross road of several major
shipping route, is one of the busiest shipping links in Malaysia and hosts the port. As
a consequence of increased industrial and shipping activities in the channel, marine
pollution has become an important concern. Then, it was slightly contributed to

influencing the TSS concentrations in the study area.
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6.4.3 Wind influence

Generally, the study area experiences very light winds due to of its close proximity
to the equator. Hence, wind forcing play not so important roles in determining the
characteristics of buoyant estuary plumes. The evolution of the estuary plume was
highly dependent on the variability inﬁerent with the others coastal features and
acted as a good indicator of the mixing and exchange of offshore waters with

shallow waters.

a. Salinity pattern

The structures of salinity show the increase of salinity with distance to the estuary
mouth in both strong and weak wind surveys. The lower salinity plume water moved
down seaward pushed by river discharge or neap tide forcing and combination of
strong wind forcing. The estuary plume spread showing a narrower and longer

shape in coastal region. It was clear that strong wind forcing was slightly related to

movement of estuary plume.

The smaller extension occupied by the plume water was not noticeable during weak
wind condition. The lower salinity plume water can not be qualitatively explained by
weak wind conditions, which were very variable. Indeed, after spreading offshore,
the estuary plume was pushed down seaward by the river discharge or tidal forcing.
It was found that the weak wind forcing do not give significant result in influencing
the plume water spreading in coastal water. The importance of wind forcing has
been shown by Fernandes et al. (2005) that observed at the Patos Lagoon, in the

southern Brazilian coastline. Wind in dominated in the study area, where the effects
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tend to force saltwater penetration and accumulation inside the lagoon. It is also
evident that the system responds quickly to variations in the magnitude and/or

direction of the wind.

b. Temperature pattern

In strong wind condition, the plume water from the estuary covers the wider surface
waters from the estuary mouth, goes through the middie channel but with relatively
small variation. During weak wind condition, plume water can not be observed
clearly. This plume pattern was presumably due to increased mixing caused by the
tidal energy or river discharge in the coastal environment. During both periods, it
was documented that there was small variation of temperature in the study area.
The weak increase in sea temperatures were a characteristic feature of Prai coastal
waters as atmospheric temperatures generally uniform in the study area. The
temperature of the coastal water changes during surveys, have close re]ation to the

mixing processes and/or to heat exchange with the atmosphere.
c. Density pattern

Similar with the structures of salinity, it was also show the increase of density with
distance to the estuary mouth in both strong and weak wind surveys. During strong
wind, the plume water mixing area probably extended further seaward, with strong
density gradient at estuary mouth. The less dense surface water was generated
mainly by river discharge and increase of the neap tide energy. However, the
influence the strong have a role as subponing energy that contributed to disturbed

the wave.
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A plan view of the changes in the density values of both surveys indicate that there
were significant in coastal zone variations associated with changes in forcing
conditions. High river discharge to the coastal zone, however, will cause changes in
the density through the mixing process. Then, it was supported by strong wind
through the generation of waves, which can suspend sediment from the seabed,

particularly in shallow water.

d. Total suspended solids pattern’

In strong wind condition, the plume water has higher TSS concentration that was
characterized by higher turbidity in the proximity of the estuary mouth. The plume
emanating from the estuary had a reduced extent and composition but did merge
with seawater in é constrained near shore area. This was most likely to be related to
the movement of the plume that was pushed by high discharge or neap tide forcing
and combination of wind forcing. During weak wind period, the TSS concentration in
surface waters was smaller than above case, and a general decrease in offshore
direction. This was also influenced by river discharge or tidal forcing. However,

weaker wind forcing does not enough energy to generates of wave and disturbed

the plume water.

From the observed dynamics of TSS concentration of plume water, it can be
concluded that due to resuspend of sediment by tidal energy, and highly estuarine
discharge were generally confined close inshore. Therefore, significant quantities of
estuarine discharge were likely to be deposited on coastal water. From this finding,
it was clear that the wind forcing was not the main factor and has minimal effect in

influence the rotational veering of the- estuary plume to coastal water. By direct
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observations in the study area during field surveys seem to be dominating the wind
speed variability with very low intensity during daytime and high intensity in nigh. It
was confirm with the daily pattern in the wind is calm in the mornings until afternoon
and stronger in the afternoons until morning. All of the surveys of this study were
conducted during the morning. Although wind forcing was observed, there was no
corresponding change in characteristics of the costal water, because of this low

intensity.

6.4.4 Aerial surveys

Estuary plume dispersion characteristic was also observed at the Prai coastal area,
that was mapped and interpreted by aerial digital images resulted from aerial
surveys. This information can be obtained on their spatial and temporal variability
that can lead to determine coastal dynamic, control the dispersion patterns of
estuary plumes within the study area. The mixing processes of estuarine water and
seawater become relevant factors that interact with estuary plumes and largely

influence their spreading and movement.

The results obtained clearly the seasonal différence in the extent of the plume
water. Figure 6.14 shows the digital image captured on 28 July 2001. The images
showed the dominant plume water that was flows northward and clearly detectable.
The wind speed was relatively strong with mean value of 2.5 m/s toward the SW
(220°). River discharge was relatively small, that indicated from event of no rainfall
during this survey. During the neap (ebb) tide, with the observation value in rages of
2.14 - 3.23 m, the estuary plume can be seen as a patch of darker water near

estuary mouth. The detected darker plume water, associated to the neap tide
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energy, showed mostly stripe-like appearance, oriented parallel from the estuary
mouth to the northern shore of the island. The origin of the main plume water was
detected at a shorter distance from the coast. The patch of relatively more turbid
water within the relatively clear water zone may be due to the discharge of turbid

river waters or rapid settliing of suspended sediments due to decrease in neap tidal

energy.
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The other digital image capture on 28 October 2001 (Figure 6.15) showed the plume
pattern in the Prai coastal area, with the dominant plume water flows southward was
clearly detectable. Estuary plume water was clearly observable as brown turbid
water masses contrasted very distinctly against the clearer seawater. Estuary
plumes expand over a wide coastal water at a relatively short distance from the
coast. Due to the low density of plume water discharge, sediment laden plumes can
deviate toward the shoreline, where they can accumulate as lenses of relatively low
salinity water. It shows a plume water (dark region) discharge from the Prai River
covering the central part of the coastal water just offshore of the estuary mouth. The
plume water structure illustrates such a situation higher discharge and neap tide
period during this survey. Higher discharge in this area was a consequence of rain
event in relatively wide area that record in both Butterworth and Prai meteorological
stations. Similar with the situation in the northwestern Mediterranean, In the Gulf of
Lions, estuary plumes usually expand over a wide continental shelf at a relatively
short distance from the coast. Due to the low density of fluvial discharge, sediment-
laden plumes can deviate toward the shoreline, where they can accumulate as
lenses of relatively low-salinity water. It was observed with similar technique of
aerial image interpretation observed by Arnau et al. (2004). They observed the
estuary plﬁme-dispersion patterns near the estuary mouth with unprecedented
resolution. The same technique also used by Conley (1999) using aerial photograph
analysis in Moriches shallow bay, south of Long Island New York. Observations of
buoyant plumes which occur on the continental shelf from ebb tidal flow through
inlets show a thin estuarine layer advecting over a denser oceanic layer with a
thicker roller region at the leading edge of the estuarine plume. The roller is a

location of strong convergence where most of the entrainment is assumed to take
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place. Tidal exchange through inlets is the mechanism through which saline ocean
water is mixed into bays, and the balance between this exchange and any

freshwater input determines the estuary plume salinity.

The distribution of estuary plume was observed in the coastal water near the
estuary mouth. After spread from the estuary mouth, the plume deflected to the
south and relatively close to the coastline. Combined with filed survey of TSS data,
it was assessed and the pattern of orientation of the estuary plume (insert image in
Figure 6.16). The field data show the TSS concentrations of plume water has similar
pattern with the digital image data. The darker lines in insert figure represent the
TSS value that identified about 110-170 mgl™. This TSS result feature was closely
similar with digital image displayed. This small area of estuary plume was caused by

relatively low discharge during the neap tide survey.
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Another plume water from the Prai River, observed on 9 March 2002 with aerial
images is shown in Figure 6.16. The structure of plume water was not so clearly
during this survey. The structure was r:rlore prominent in the estuary mouth rather
than in coastal region. It was indicate a less extended plume waters and practically
no plume outside the estuary mouth. Instead, the edge of plume water was located
inside the estuary mouth. Under neap tides condition, when the observation tidal
ranges was about 2.0 -3.3 m, and the dry seasons that characterized by no rain
during this month, the aerial extent of the high turbid zone was drastically reduced.
With reducing distance of estuary plume from the coast and only accumulated in
estuary mouth, the tidal forcing weakens and was unable to pushing plume water
further. Most commonly, the strong wind energy can transfer and push the plume
water from the estuary further seaward. But with weak wind speed (maximum wind
speed of 8.9 m/s and blow to NW (300%), therefore, this wind forcing do not cause

significant transport of plume water from the estuary to coastal water and the middle

channel.

371



AR

"200Z Ydsen 6 uo pasmded
‘Jo)em |B)SEOD [BId BY) JaAo sebew) |euBip jeuse jo @ouanbag gi'g ainbi4




Figure 6.17 show the aerial digital images captured on 1 September 2003. The most
characteristic feature of the estuary plume distribution was large highly turbid zone
in the coastal water and off the mouth of the Prai River. It flowing northward of the
estuary mouth, bordered by highly turbid water along the coastline. The main factor
for the mixing of the turbid plume water was varnation in tidal energy due to change
in tidal range, and the seasonal change. The maximum southward extent of the high
turbid zone was during the neap tide. The seasonal behavior was related to
changes in the wind regime and in the freshwater discharge. The mean wind speed
during this survey was about 2.1 m/s and blew to NNW (320°%). The rainfall events
leading to the river discharge of 1 September 2003 were relatively small
occurrences. Rainfall for this period was about 9.7 mm at station Butterworth, and
10.5 mm at station Prai. At the time the picture was captured, the relatively strong

wind was moving the plume water in same direction as wind blow, and influenced by

high river discharge and by neap tidal energy.

The distribqtion of estuary plume was observed in small area on the coastal water
near the estuary mouth. After spread from the estuary mouth, the plume deflected to
the north and relatively close to the coastline. The digital image was assessed and
combined with field survey of TSS concentration (insert image in Figure 6.18). The
field data show the TSS concentrations of plume water also observed in small area
in front of the estuary mouth that also deflected to the north side, as showed in
digital image. The darker lines in insert figure represent the TSS value that identified
about 130-170 mgl”. This TSS result feature was slight similar with digital image
displayed. The result of small plume from the Prai Estuary in this survey was caused

by low discharge due small rainfall during the survey and some days before.
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6.5 Summary of field surveys

The following section presents the results of the study in Prai coastal region. Table
6.1 shows a summary of characteristics for the parameters measured in each
survey, including tidal condition, wind speed and direction, and rainfall condition.
Tables 6.2 present data measured and collected in the coastal area and around the
Prai Estuary mouth. This provides a good contrast of salinity, temperature and
density between maximum and minimum values. Concentrations of water turbidity
parameters, TSS and Secchi depth measured in the laboratory were always
collected from the same stations in each survey with the salinity and temperature
data that concentrated near the estuary mouth. Measurements taken near the
estuary mouth were more representative of the processes that are occurring in the
estuary and dependent on the characteristics of that river system. Contour maps of
surface salinity, temperature, density, TSS and Secchi depth, including the survey

station are presented and reported, for each survey in the Appendix C.
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Chapter Seven

Conclusions and Future Works

7.0 Conclusions

This chapter conclude important findings from the study of the physical characteristics
in the Muda, Merbok and Prai estuaries and coastal waters. The all three study areas
are located at the northwest of Peninsular Malaysia. The study describes surface and
vertical distribution of several parameters namely salinity, temperature, density, TSS

concentration, and Secchi depth record, in addition to a number of aerial imageries.

River discharge would produce fresher and less saline water at estuaries and coastal
waters and the resulting estuary plume in the coastal water. The greater the discharge,
the further seaward the low salinity plume would occur (see Table 7.1). Because of its
larger catchment area, Muda River's discharge is larger than Prai and Mebok River.
During field surveys, the lowest discharge of Muda River was about 15 m%s and the
highest of about 210 m%s. The results demonstrate that during high discharge, the
estuary plume can extend more than 4 km offshore and covered the area = 30.0 km?
for the Muda plume. However, Prai plume only extend about 2 km offshore with
covered smaller plume area = 13.5 km? This different distance and area of Muda and
Prai plume is associated with different quantity of river discharge. The Muda plume
horizontal extent, in low discharge cases were less than 1.5 km and reach = 4 km for
one case. In other cases there were no plume detected. Generally, the estuary plume
water was confined to the surface layer of < 1.0 m water depth. Exceptional case in

the Muda coastal water of survey on 8 November 2001, with the second highest
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survey on 8 November 2001, with the second highest discharge (> 170 m¥s) during
field surveys, the plume reached a maximum thickness of 5 m water depth. However,
in the lower Merbok Estuary the lower salinity water (isohalines) was more evident
near the estuary mouth due to the high river discharge. During low discharge, the
invasion of freshwater in the lower Merbok Estuary was much less pronounced.
Without the influence of tidal energy, the vertical patterns of salinity did not showed
significant influence of river discharge in affected the water column stratification. The

found results for the river discharge influences in the study areas are however very

appropriate to the first hypothesis.

Table 7.1 The general results of area (km?) and offshore extend (km) of estuary plume
in the study areas.

Plume area Plume offshore extend
River (km?) (km)
High river Low river High river Low river
discharge discharge discharge discharge
Muda =30.0 <10.0 =4.0 <15
Prai =13.5 <5.0 =20 <1.0
Merbok = 8.0 no plume =20 no plume

Temperature at the Muda plume, during high river discharge, the plume was
consistently lower than that of the coastal seawater. Beside this, the temperature of
the plume surface layer was higher than that at the bottom of the sea water. During
low river discharge, the behavior of the Muda plume temperature could be both higher
or lower than the coastal water temperature. Similar temperature trends was observed
for the Merbok Estuary and Prai plume possibly due to low discharge phenomenon.

Bigger amount of freshwater can dictate plume temperature compare to smaller

amount of freshwater.

The results indicate that there is no clear correlation between river discharge and TSS
concentrations in the Muda plume, Prai plume and Merbok Estuary. This suggests that

the TSS concentrations at coastal water or lower estuary were not strongly associated

380



with sediments discharge from the rivers. However, the other important factors could
be more important that influences the TSS concentration and formation in the Muda

and Prai plume, and Merbok Estuary.

Tides are responsible for the mixing, resuspension, or exchange processes of salt and
freshwater in the study areas, combined with complex bathymetry and slightly by
strong wind forcing. In the Muda and Prai plume waters, distributions of salinity varies
according to spring-neap tidal cycle. During spring tide, the plume water was confined
closer to the estuary mouth and further seaward during the neap tide. In the lower
Merbok Estuary, isohaline were shifted upstream during the flood phase and shifted
downstream during the ebb phase of the spring tide. The magnitude of the shifting was
much less during the neap tides. The variations in the observed plume patterns, at
least during ebb phase of spring tide are opposite with the postulation of the second

hypothesis.

In the Muda coastal water and in the lower Merbok Estuary, during periods of low river
discharges there is a spring-to-neap transition that changes the salinity structure from
partially-mixed or homogenous (spring tide) to highly stratified (neap tide). This
transition is less prominent under high river discharge conditions. The transition may
be abrupt because of the interaction of vertical mixing and stratification; increased
stratification during periods of decreasing tidal range before the neap tide inhibits
mixing which, in turn, allows further increases in stratification. The process is reversed

as tidal range increases after the neap.

TSS concentrations in all three study areas are closely related to the tidal forcing that
resuspended the bottom sediments. There were consistently higher TSS
concentrations of Muda and Prai plume waters and that of the Merbok Estuary during
spring tides than in neap tides due to stronger spring tide energy. Except one neap

- tide case of survey on 28 October 2002 in Merbok Estuary, the higher TSS
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concentration could be caused by the other important factors. During spring tides, the
Muda plume has maximum TSS concentration of about 260-440 mgl™* and only 180-
290 mgl" during neap tides. Beside, the Merbok Estuary has maximum TSS
concentrations of about 204-366 mgl™' during spring tide and during neaps were about
189-201 mgl'. However, the higher increasing of TSS concentration during spring
tides may also lead to significant sediment export, if the spring tides correspond to
periods of high river discharge. With relatively shallow depth coastal of the study
areas, tidal energy mixes the waters and bring the bed material to the surface. During
neap tide periods, the concentration of TSS in the coastal waters and estuaries were
less than during spring tides periods. The intrusion of clear offshore waters and/or

rapid settling of sediments due to decrease in tidal energy may be responsible for this

difference.

The wind forcing within the study areas are generally very light and not particularly
energetic. The daily mean wind speed was only 1.2 — 2.8 m/s in the study areas. No
obvious correlation was found between the plume characteristics and the wind forcing,
except for several cases during strong wind. The effect of mixing due to winds was
limited to mainly surface layer. This is evident form the marked vertical salinity
stratification that was observed at the subsurface layer, even during strong wind
events. Under the influence of strong winds, in several cases the Muda plume can
even reach further seaward i.e. several kilometres away from the estuary mouth and
follow the wind direction. But in few strong wind cases, the Muda plume flows in the
different (or opposite) direction with the wind direction. It was similar with Prai plume,
but the plume spread closer to coastline. In the lower Merbok Estuary, even at strong
wind speed only occasionally the brackish water direction in the coastal zone was
consistent with the wind direction. During weak wind blow, the result shows a
behaviour of brackish water movement independent from wind influence. In view of the

above results and findings that shows the movement of the Muda and Prai plumes,
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and Merbok Estuary, the wind forcing was not the main factor and has minimal effect
in influence the rotational veering of the plumes. As mention in the third hypothesis,
the role that wind and variability play in the movement of a plume was not so
significant in the study areas. It was most likely due to the other important factors and

the wind forcing can be considered as supporting energy.

Remote sensing provides information on the two dimensional, surface structures of the
estuary plumes. For case of Muda plume survey on 20 July 2001 with higher discharge
of about 46 m®s™, the plume develops into a large area that characterized by turbid
water as seen from the digital image. Combined with field survey (TSS concentration),
it was found similarly plume pattern. The plume has a TSS concentration of about 210-
230 mgl™ on the coastal water. In another field survey, both aerial image and TSS data
shows the formation a small estuary plume in front of the estuary mouth, with turbid
water having a TSS value of 280-290 mgl™. Survey of Prai plume in low discharge (on
28 October 2001), the digital image showed the movement of the plume that spread to
coastal water and deflected to the south. The field data also showed similar pattern,
with the plume represent the TSS value about 110-170 mgl™. The other closely pattern
of Prai plume in aerial and field data also found in high discharge survey on 1
September 2003, the plume deflected to the north side instead. In the lower Merbok
estuary, the pattern of the brackish and turbid water can not observed by digital

camera due to limited spatial resolution it offers.

7.1 Recommendations and future work requirements

QO  The results presented in this thesis demonstrate that the characteristics of Muda,
Merbok and Prai estuaries and coastal waters have an inter-dependent
relationship with physical processes in the study areas and with hydrography

conditions. Measurements taken in the study of the characteristics of estuary

383



plume allow the relationship to be established between instantaneous changes to
long term patterns. Based on the findings of this study, it is recommend
additional long term monitoring for 12 hours, 24 hours and monthly to evaluate
the performance of the methods.

Several studies were conducted in order to achieve this overall objective,
including field surveys, laboratory experiments, data evaluation and
interpretation, aerial surveys and the review of the published literature. It is also
recommend that the numerical model be further developed in terms of the
sophistication of the modeling. It would be possible to have models for ever
consented general conditions incorporated in the system.

It is recommended that in future field research sediment-induced buoyancy
effects on the turbulence be also investigated at their higher levels in the water
column. Assessment of vertical and horizontal mean velocity and mean TSS
profiles is also recommended if the detailed turbulence measurements are to be
related to the overall properties of the tidal flow. Measurements of TSS upstream
of the measuring location, for example, may aid in discriminating between
temporal v;riations in TSS caused by local sediment-bed exchange processes
and those caused by advective transports.

The characteristics of turbidity related to environmental studies records have
provided proof that the use of TSS concentrations and Secchi depth can provide
a detailed picture of the sediment and pollution history within the estuaries and
coastal waters. It is recommend that the analysis is extended to cover a wider
area and included the subsurface layer in order to quantify the higher degree of

pollution contained within the sediments and to enhance our understanding of

the relationship between pollution and physical processes.
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