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Abstract 

The city of Suva is a densely populated area, which is home to nearly a quarter of the population of 

the Fiji Islands thereby placing a lot of anthropogenic pressure on its lagoon. The Suva Lagoon has 

been subject to substantial sediment inputs generated by erosion and human activities. Freshwater 

input into the lagoon comes predominantly from the Rewa River, the largest fluvial system in the 

country. The high sedimentary load from the Rewa River, especially during the wet-warm season, 

has a strong impact on the water properties in the lagoon. The salinity, temperature and turbidity in 

the Suva Lagoon are some important parameters for water quality which are continuously changing 

with the seasons. They are also efficient indicators of variations in the lagoon and can transform the 

marine ecosystem. 

This project involved gathering of river discharge and rainfall data, collection of wind and field data 

for the Suva Lagoon. Analysis of the results shows that the variations of CTD and turbidity 

measurements are dependent predominantly on the river discharge, while the dominant wind regime 

is the southeast trade winds. The mean monthly wind speed ranges from 4.4 - 5.6 m s-' during the 

dry-cool season and 3.3 - 4.5 m s-' during the wet-warm season. The discharge from the Rewa River 

is highly dependent on rainfall. A linear relationship with a correlation coefficient of 0.82 between 

the mean monthly river discharge and total monthly rainfall was established. The salinity range at the 

surface in the Suva Lagoon during the wet-warm season is between 23.6 - 34.4 psu and between 28.7 

- 34.5 psu during the dry-cool season. The bottom salinity shows little horizontal variation. The 

field results also show that the temperature variations in the lagoon are due to the warm freshwater 

input from the Rewa River during both seasons. The surface temperature in the lagoon is lower in the 

dry-cool season (between 24.5 - 25.4 OC) compared to the wet-warm season (between 28.9 - 30.2 

OC). The surface turbidity remains almost the same during both seasons with the Rewa Delta (2.6 

FTU) and Laucala Bay (1.9 FTU) showing slightly higher turbidity than in Suva Harbour (0.8 FTU) 

and Nasese Channel (0.6 FTU). 

A MARS3D hydrodynamic-sediment transport coupled model (built by IFREMER) was applied to 

the Suva Lagoon with the aim of simulating the water properties in the lagoon. The model is able to 

simulate the effects of bathymetry, bottom friction, turbulence, river runoff, tides and wind forcing on 

the salinity and suspended sediment concentration in the Suva Lagoon for the completeness of the 

model. Model parameters to simulate suspended sediment concentration in the lagoon were estimated 



from the model trial runs. It was found that using the critical shear stress .r,, = 0.020 N m'2 and the 

erosion rate coefficient kc = 6.5 x g m-2 s-' showed good agreement with the percentage of fine 

sediments found at the bottom under the combined effect of the tide and wind. Using these values, 

the model was verified for salinity and turbidity distribution and the results showed good agreement 

between field data and model predictions. Increasing the model resolution from a = 10 levels to a 

= 23 levels shows a better representation of the vertical salinity profile, especially on the surface 

layer. 

The verified model was used to simulate the effect of the presence of the sandbank in the Rewa Delta 

on the surface salinity distribution in the lagoon. Results showed that the sandbank is an important 

factor in determining the surface salinity variation in Laucala Bay. During high discharge rates, the 

surface salinity in Laucala Bay is in the range of 25.0 - 29.0 psu in the presence of the sandbank. 

Without the sandbank, model simulations show that the surface salinity range in the bay is between 

28.0 - 32.0 psu. The presence of the sandbank in the Rewa Delta has the effect of channeling more 

freshwater from the Rewa River into Laucala Bay (through the Vunidawa River) than when there is 

no sandbank. This lowers the surface salinity in Laucala Bay significantly. 

Model runs with different Rewa River runoffs were performed to observe the effect of river discharge 

on suspended sediment concentration in the Suva Lagoon. It was found that during low discharges 

(80 m3 s-') from the Rewa River, the suspended sediment concentration in Laucala Bay is around 7 

FTU at the Vunidawa River mouth. This high value is due to the resuspension of bottom sediments 

due to the tidal and wind effects. There is almost no input of suspended sediments from the Rewa 

River discharge as the sediments settle along the river channel due to the low river currents. A 

similar situation is observed for a discharge of 200 m3 s", however, the SSC is more than 12 FTU at 

the Vunidawa River mouth. It is during high discharge rates from the Rewa River (400 m3 s-') that 

the effects of river discharge on suspended sediment concentration can be clearly seen. The 

concentration of suspended sediments at the mouth of the Vunidawa River is more than 18 FTU. 

This high amount is due to the introduction of the sediments from the freshwater discharge of the 

Rewa River. The suspended sediments in Laucala Bay are transported further towards the passages 

by the tides and the wind. The discharge from the Rewa River is the most influential factor in 

determining the suspended sediment concentration in the lagoon. However, river discharge is directly 

related to rainfall, thus it can be said that rainfall is the deciding influence in the transport of fine 

suspended sediments in the Suva Lagoon. 
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Chapter 1 

Introduction 

1 .I Introduction 

Water properties in the coastal areas are constantly changing due to mixing of waters fiom 

different sources. Freshwater runoff from rivers gives coastal areas their relatively low 

salinity and high sediment concentrations (Bowden, 1983). Coastal zones are characterized 

by their shallow depths which place a great constraint on water movements. Bottom currents 

in the coastal areas are relatively large and bottom friction plays a significant role in 

resuspension of bottom sediments. The freshwater discharged from rivers into these areas 

perform vital functions in both societal and ecosystem terms, including personal water 

consumption, health and sanitation needs, agricultural, navigational and industrial uses, and 

various aesthetic, cultural, spiritual and recreational associations. 

Sediments also play an important role in water quality management in coastal areas (Ouillon 

et al., 2004). The major source of sediments in coastal zones is erosion of the shoreline and 

particulate matter carried by streams and rivers. Sediment alone degrades water quality for 

municipal supply, recreation, industrial consumption and cooling, hydroelectric facilities and 

aquatic life (Julien, 1998). In addition, chemicals and wastes are assimilated onto and into 

sediment particles by which they can be physically transported fiom the source (for example, 

factories, waste management facilities, etc.) to the marine environment. Sediments are a 

major source of water pollution and serve as a catalyst, carrier and storage agent of other 

forms of pollution. 

Within the coastal area, a lagoon can usually be identified by the presence of three distinct 

zones: a freshwater zone that lies near the head of the lagoon where rivers enter, a transitional 

zone of brackish water that occurs near the middle of the lagoon, and a saltwater zone that 

lies close to the lagoon's mouth (Trujillo and Thurman, 2005). Urbanised coastal lagoons 

represent one of the most threatened global environments as some 60% of the world's 
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population lives within 60 krn of the coast (Morrison, 2006). The Suva Lagoon is one of the 

most important water bodies in the South Pacific region (Morrison and Aalbersberg, 2006) 

and has been subject to substantial sediment inputs generated by erosion and human activity. 

These activities have a dramatic impact on the water quality and thus sediment studies need 

to be carried out to understand the long term effects on the lagoon environment. 

The ability to predict suspended sediment concentrations in the water column is very 

important to improve the understanding of water quality dynamics in water bodies such as the 

Suva Lagoon. A comprehensive picture of a lagoon can be obtained when natural processes 

such as wind, river discharges and tides are simultaneously taken into account in any lagoon 

study. One effective way of such a study can be done through a combination of experimental 

observations and numerical modelling. As a result, a detailed pattern of the transport of 

suspended sediments can be obtained. Hydrodynamic equations are solved numerically in 

this method using local properties, such as bathymetry, as constraints. The output of the 

numerical model is compared with the field measurements and consistency in the two sets of 

information acts as verification of the model. Once verified, the model can be used to predict 

sediment transport under different tidal and wind forcings and river runoff. 

1.2 Objectives 

The main task of this project is to gather field data and to use the boundary conditions to 

validate a 3D hydrodynamic-sediment transport coupled model for the Suva Lagoon, which 

would then be used to understand the transport of fine suspended sediments in the lagoon. 

The model can be used in future to predict the water properties and the areas of sedimentation 

in the lagoon without having to collect in situ data. The outline of the objectives can be 

specified as follows: 

To analyze seasonal variations of rainfall, freshwater discharge and wind velocity in 

the study area and use the results to validate the model. 

To gather salinity, temperature and turbidity data using a SBE 19 CTD probe and 

water samples using a Niskin bottle at various locations in the Suva Lagoon during 

the different seasons. 

To determine the seasonal variations of salinity, temperature, turbidity and suspended 

sediment concentration in the lagoon. 
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To establish a relationship between surface turbidity and suspended sediment 

concentration. 

To estimate the erosion rate coefficient and the critical shear stresses for deposition 

and erosion to be used in the model. 

To validate the model by comparing field data with model output. 

To use the model to predict the effect of model resolution and the presence of the 

sandbank in the Rewa Delta on salinity distribution in the lagoon. 

To find out the effect of different river discharges on suspended sediment transport in 

the Suva Lagoon. 

1.3 Organization of Thesis 

The thesis is prepared as follows: 

Chapter 2 gives an overview of the Suva Lagoon. The climate, physical geography, 

bathymetry, wind regime, tidal influence and freshwater runoff into the Suva Lagoon 

are discussed. Previous hydrodynamic studies that have been carried out in the 

lagoon are mentioned in brief as literature review. 

Chapter 3 presents the results of field data collected. The wind speed and direction 

during the different seasons are analyzed and the water properties are discussed. A 

relationship between surface turbidity and suspended sediment concentration is 

determined. 

Chapter 4 discusses the governing equations, boundary conditions and numerical 

discretization used in the model. The equations and assumptions used in the 

hydrodynamic and transport models are presented comprehensively. 

Chapter 5 highlights the model results. The model parameters used to calibrate the 

model for the Suva Lagoon are determined through model test runs. These 

parameters are verified by comparing the areas of sediment deposition and erosion 

with the percentage of fine sediments found at the bottom. The model is validated by 

comparing field salinity and turbidity with the model output. Having validated the 

model, it is used to determine the effect of model resolution and the presence of the 

sandbank in the Rewa Delta on salinity distribution in the lagoon. The effect of the 

river discharge on fine suspended sediment transport is discussed. 



Chapter 6 summarizes the results of the field measurements and the model output. A 

brief summary of the contributions of the present study to the understanding of the 

hydrodynamics and transport of fine suspended sediments in the Suva Lagoon using a 

numerical model is presented. 

1.4 Conclusions 

Rivers have been used by man since the dawn of civilization as a source of water (for food 

and transport), as a defensive barrier, as a source of power to drive machinery, and as means 

of disposing of waste (www.wikipedia.org, 2006). Sustained abuse has resulted in significant 

alarm for river health (Brierley and Fryirs, 2005). River health, defined as the ability of a 

river and its associated ecosystem to perform its natural functions, is a measure of catchment 

health, which in turn provides an indication of environmental and societal health (Brierley 

and Fryirs, 2005). The water quality in the Suva Lagoon is vulnerable as the lagoon has been 

subject to substantial sediment input from the Rewa River, erosion and human activity. It is 

important to study the effects of river discharge on coastal lagoons as majority of the world's 

population reside near coastal areas. A 3D hydrodynamic-sediment transport coupled model 

is required to determine the influence of river discharge on the water quality, and especially 

for this project, the transport of fine suspended sediments in the Suva Lagoon. 
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Overview of the Suva Lagoon 
- 

2.1 Introduction 

Fiji is an island group located in the Pacific Ocean between latitudes 15"s - 22"s and 

longitudes 177"W - 175"E. The country consists of 844 islands and islets of which 105 are 

permanently inhabited with 90% of the population living on the two main islands of Viti 

Levu and Vanua Levu. Most of the islands are of volcanic origin and are generally 

mountainous and rugged. Its total land area is 18 272 krn2 dispersed in its territorial waters of 

141 800 km2 (Raj, 2004). The population of Fiji estimated for July 2007 stands at 918 675 

(www.cia.gov, 2007). 

All major economic activities are based on its two main islands of which Viti Levu is the 

largest in size (10 388 krn2) with more than 75% of the total population and hosts the capital 

city of Suva, as  can be seen in Fig. 2.1. The city is home to nearly a quarter of the population 

of Fiji (www.factbites.com, 2005) thereby placing a lot of anthropogenic pressure on its 

lagoon. 

FIJI ISLANDS 

Figure 2.1 Map of Fiji. 
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2.2 Climate of Fiji 

Fiji enjoys a tropical climate without great extremes of heat or cold. The country experiences 

a distinct wet and dry season, controlled largely by north and south movements of the Inter 

Tropical Convergence Zone (ITCZ), the main rainfall producing system for the region. 

During all seasons, the predominant winds over Fiji are the southeast trade winds. On the 

coast of the two main islands, day-time sea breezes blow across with great regularity. Winds 

over Fiji are generally light or moderate; stronger winds are far less common and are most 

likely to occur in the period June to November when the trade winds are most persistent. 

However, tropical cyclones and depressions can cause high winds, especially from November 

to April when the trades die down (www.met.gov.fj, 2005). 

Rainfall is highly variable from region to region and is mainly influenced by the island 

topography and the prevailing southeast trade winds. These trades are often saturated with 

moisture and any high land mass lying in their paths receive much of the precipitation. The 

mountains of the larger islands create wet climatic zones on their windward sides and dry 

climatic zones on their leeward sides resulting in wet and dry zones that are fairly well 

defined (www.met.gov.fj, 2005). The principal influences on the seasonal rainfall pattern are 

tropical disturbances and cyclones while the El Niiio Southern Oscillation (ENSO) 

phenomenon is also known to intensify these effects (Raj, 2004). 

I 

Temperatures throughout Fiji are fairly uniform. In the lee of the mountains on the larger 

islands, however, the day-time temperatures are often 1 - 2 "C above those on the windward 

side. Also, the humidity on the lee side tends to be somewhat lower. Due to the influence of 

the surrounding ocean, the changes in the temperature from day to day and season to season 

are relatively small. The average temperatures change only about 2 - 4 "C between the 

coolest months (July and August) and the warmest months (January and February). Around 

the coast, the average night-time temperatures can be as low as 18 "C and the average day- 

time temperatures can be as high as 32 "C. In the central parts of the main islands, average 

night-time temperatures can be as low as  15 "C (www.met.gov.fj, 2005). 
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2.3 Physical Geography and Bathymetry of the Suva Lagoon 

The city of Suva is perched on a hilly peninsula between Laucala Bay and Suva Harbour, 

which together comprise majority of the Suva Lagoon in the southeast comer of Viti Levu. 

Suva Harbour lies on the west of the lagoon and in between its fringing reefs of Nukusaga 

and Vunivau lies the Suva Passage, as can be seen in Fig. 2.2. The Nasese Channel links 

Suva Harbour and Laucala Bay and is bounded by the Suva Peninsula and the Nawanada 

Reef. To the east lies Laucala Bay. The Sosoikula and Nukubuco barrier reefs and the 

Nasigasiga and Ucuisila barrier reefs are broken by the Nukubuco and Nukulau Passages 
a respectively. The small islets of Nukubuco and Nukulau form emerged caps on the barrier 

,cef dipping gently into the lagoon, while Makaluva Island is close to the reef front (N'Yeurt, 

2001). 

VITI LEVU 
Rewa River, 

178.40 178.45 178.50 178.55 178.60 

Longitude 

Figure 2.2 Map of the Suva Lagoon. 

The average water depth in Laucala Bay is 9 m deepening to more than 40 m in the 

Nukubuco and ~ h a u  Passages. Laucala Bay is connected to Suva Harbour by the narrow 
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6 a Nasese Channel that is 5 - 10 m deep. Suva Harbour has an average depth of 15 m with 

depths of 80 - 100 m in the Suva Passage (Pem, 1983). i 

2.4 Climatic Conditions over Suva 

At Suva, the long term (1971 - 2000) averaged daily maximum and minimum temperatures 

generally have a direct correlation with the average total monthly rainfall for each month, as 

can be seen in Fig. 2.3. 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Month 
1 -Average Total Monthly Rainfall +Average Daily Maximum Temperature j 
I - - * - .Averam Daib Minimum Tem~erature , 

Figure 2.3 Long term (1971 - 2000) average daily maximum and minimum temperatures ("C) and average 
total monthly rainfall (mm) at Laucala Bay, Suva [Source: www.met.gov.fj, 20051. 

The discrepancy during the month of February can be attributed to the lower number of 

tropical cyclones affecting Fiji during that month as when compared to January and March. 

Furthermore, tropical cyclones in January and March were more severe and frequent than 

those in February and since severe tropical cyclones are more likely to bring higher rainfall, 

the total rainfall for the month is affected. The average total monthly rainfall during the 

cooler months of May to October is low compared to the warmer months of November to 
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April. The rainfall pattern is influenced by the north and south movements of the ITCZ. 

During the cooler months, the ITCZ moves away from the Fiji group and the formation of 

heavy rain is less frequent. However during the warmer months, the ITCZ moves closer to 

the Fiji group thereby increasing the formation of heavy rain (www.met.gov.fj, 2005). Fiji 

can therefore be said to have two distinct seasons in a year; the dry and cool season (between 

the months of May and October) and the wet and warm season (between the months of 

November and April). 

The wind regime over the Suva Lagoon is dominated by the southeast trade winds. The mean 

monthly wind direction, measuring from the north, is between 90" - 170" (between east to 

southeast) indicating the dominance of the southeast trade winds throughout the year with 

mean monthly wind speeds between 3 - 6 m s". 

2.5 Tides 

Tides are dominantly produced by a combination of time-varying gravitational potential of 

the Moon and Sun (Bowden, 1983). Tides are most commonly seen as a regular rise and fall 

of sea-level at the coast. Tides produce tidal currents which move water from one place to 

another to accommodate the sea-level changes. The tide, because it is a permanent 

phenomenon, is one of the most important factors essential in the analysis of particle transfer 

and in the interpretation of sedimentology (Douillet, 1998). 

Tides everywhere are made up of a number of constituents of different periods (Bowden, 

1983). Each constituent has different tidal amplitudes. Constituents that have large tidal 

amplitudes have a more significant effect on the water column than those with small tidal 

amplitudes. Some of the more important tidal constituents (divided into three species: semi- 

diurnal, diurnal and long period) with their size relative to the largest, the M2 or principal 

lunar constituent taken as 100, are given in Table 2.1. It should be noted that the tidal 

amplitude of each tidal constituent is not the same everywhere. Some places have two high 

and two low tides a day and some have one high and one low tide a day. The latter is due to 

the presence of amphidromic points of semi-diurnal tides. 
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Table 2.1 Characteristics of some of the principal tide-producing force constituents [Source: Pond and 

Symbol Period (solar hours) Relative Size 
Semi-diurnal Principal lunar M2 12.42 100 

Principal solar s2 12.00 47 
Larger lunar elliptic N2 12.66 19 
Luni-solar K2 1 1.97 13 

Luni-solar K I 23.93 58 
Principal lunar 01 25.82 42 
Principal solar p 1 24.07 19 
Larger lunar elliptic Q I 26.87 8 

Long Period Lunar fortnightly M f 327.90 17 
Lunar monthly Mm 66 1.30 9 
Solar semi-annual s, 43 83 .OO 8 

At Suva, as in most other places, there are two tides per day (semi-diurnal tides). The tidal 

amplitudes at Suva due to the M2, S2, K1 and O1 constituents are 0.565 m, 0.091 m, 0.094 m 

and 0.046 m respectively (www.tidesandcurrents.noaa.gov, 2006). These four constituents 

have larger amplitudes than all others and will be used to represent the total tidal effect on the 

Suva Lagoon when using the numerical model. The other constituents have a minimal effect 

cornparedto the M2, S2, KI and 01 constituents and are not used in this study. 

The area occupied by the water in the lagoon varies with the tide with a mean tidal range of 

1.164 m (www.tidesandcurrents.noaa.gov, 2006). At high tide, the area is 6.34 x lo7 m2 and 

5.57 x lo7 m2 at low tide, with the capacity to hold a mean volume of the lagoon of about 

7.77 x 10' m3 (Campbell et al., 1982). Generally, the.rise and fall of water level due to tides 

acts as a major flushing mechanism for a lagoon (Li and Gu, 2001). According to Rao 

(2005), the flushing rate of the Suva Lagoon during the wet and dry seasons is -502.4 m3 i' 

I and -24.6 m3 s-I respectively. Ideally the water in a lagoon does not empty or overflow with 

I time, therefore the flushing rate must be zero in any season. This discrepancy is attributed to 

I 
the non-inclusion of freshwater runoff from smaller rivers discharging into Laucala Bay and 

Suva Harbour (Rao, 2005). 

I 2.6 River Runoff and Sedimentation 

The Rewa River is the longest river and the largest fluvial system in Fiji. Its drainage basin 

covers one-third of the island of Viti Levu and originates in Tomanivi (Mount Victoria), the 

highest peak in Fiji (maximum height above sea-level is 1323 m), and flows southeast for 145 
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krn before splitting up two-thirds on its way downstream into several tributaries. One of 

these tributaries is the Vunidawa River, which channels 15% of the total discharge of the 

Rewa River into Laucala Bay while the remainder flows into the Rewa Delta (Campbell et 

al., 1982). 

The dynamics of the Rewa River are affected by dredging of the riverbed and the 

construction of the Rewa Bridge approximately 15 km upstream from the mouth of the 

Vunidawa River. Dredging of the riverbed is a major structural flood management measure 

to increase flood discharge capacity (Raj, 2004) while the construction of a bridge across a 

river can significantly change the river hydraulics as well as the river morphology 

(www.dhi.dk, 2006). 

The transport, erosion and deposition of sediments are key elements for describing and 

understanding the behavior of rivers (www.dhi.dk, 2006). Rivers transport not only the water 

itself but also materials in suspension downstream. The spreading of sediments of a certain 

quality can be very important for resuspension and transport of contaminated sediment, 

deposition, erosion and transport of fine sediments containing organic material which 

influence the oxygen demand in the water, and transport, dispersion and sedimentation of fine 

sediments, rich in nutrients, which is favorable to agricultural production on the flood plains 

(www.dhi.dk, 2006). 

The freshwater input from the Vunidawa River carries a large amount of fine sediments and 

organic particulate matter into Laucala Bay (Squires, 1962). The bay area is subject to much 

sedimentation with a substratum of clayey-silty ooze caused by siliciclastic fluvial input by 

the Rewa River (Schneider et al., 1995). The Samabula, Nasinu and Vatuwaqa Rivers also 
3 -1 deposit sediments into Laucala Bay and have a combined runoff of over 3 m s (Naidu et 

al., 1991). Because of the weak currents in the bay, these sediments are deposited easily and 

this causes the dirty waters to stay in the bay for a long time (Gendronneau, 1985). 

Sediments in Laucala Bay are generally very fine while coarser-grained sediments are found 

close to the barrier reefs (N7Yeurt, 2001). Bay muds are about 25 - 40 m thick at Suva 

Harbour (Shorten, 1993). 
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Cohesive sediments are a blend of clay, silt, sand and organic matter. They form mud when 

mixed in water. These cohesive sediments are predominantly fine-grained and the 

electromagnetic characteristics of the clay minerals cause aggregation of these particles into 

flocks. These sediment particles, however, in general, are not solid particles but flexible 

flocks which can aggregate or break-down depending on various external factors, such as 

turbulent shear, concentration and salinity of the ambient water (www.kuleuven.be, 2007). 

Their size, structure and strength are thus variable, much in contrast to non-cohesive particles 

like sand and gravel, therefore, the sediment mechanics of cohesive particles is different and 

much more complex than that of sand (www.kuleuven.be, 2007). As these sediments are so 

fine, they are often transported by the river all the way down to their mouth, where they 
I ultimately deposit often massively forming typical mud banks and intertidal flats. The 

4 

i percentage distribution of these fine-grained sediments in the Suva Lagoon is generally high 

near the river mouths and gradually decreases towards the reef passages. In order to simulate 

the transport of fine sediments in any coastal area, model mathematical equations are used to 

represent the transport of sediments as accurately as possible by generalizing and using 

approximations as to the type and nature of the sediment being transported. It is difficult to 

ascertain, at this stage, the nature of the sediment being transported, thus approximations in 

the model equations will be used. 

2.7 Hydrodynamic Circulation and Effects of Sediments in Suspension 

Studies done on the Suva Lagoon by Campbell et al. (1982), Penn (1983), Gendronneau 

(1985), Smith et al. (1994) and Kurnar (2000) focused on the water properties and water 

circulation in Laucala Bay. Rao (2005) took the study of the hydrodynamic circulation in the 

lagoon even further by using a 3D hydrodynamic model built by the Institut de Recherche 

pour le Developpement (IRD) in Nournea. He concluded that the surface water circulation is 

dominated by wind while tides dominate the whole water column at all times. Also, the 

discharge fiom the Vunidawa River is dominant only in the surface layer especially during 

the wet season when fieshwater discharge is significantly high. Figure 2.4 shows the surface 

and bottom water circulation during flooding tide in the wet-warm season from Rao's (2005) 

work. 
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Figure 2.4 Water circulation during the wet season with a river discharge of 1000 m3 s-l, 8 m i1 southeast 
winds and M2, S2, KI and O1 tides at the (A) surface and (B) bottom. 

Laucala Bay represents a depositional environment that is mainly controlled by the Rewa 

River Delta and the Suva Barrier Reef (Schneider et al., 1995). The Rewa River, which 

provides a high siliciclastic and chemical input into the lagoon (Schneider et al., 1995), has 

deleterious effects on the reef and reef community (Squires, 1962). The effects of sediments 

in suspension are mainly in reduction of light penetration restricting the depth of coral growth 

(Squires, 1962) and limiting coral reef development (Penn, 1983). The ability to predict 

suspended sediment concentrations in the water column is very important to improve the 

understanding of water quality dynamics and biological processes in water bodies (Hu and 

Wang, 1998). 

One important parameter for measuring water quality is turbidity. Turbidity is a measure of 

the degree to which the water looses its transparency due to the presence of fine suspended 

particles (www.lenntech.com, 2006). The greater the amount of total suspended solids in 

water, the murkier it appears and the higher the measured turbidity 

(www.waterontheweb.org, 2006). Some parameters influencing turbidity include clay, silt, 

finely divided organic and inorganic matter, soluble colored organic compounds, plankton, 

microscopic organisms, sediments from erosion, resuspended sediments from the bottom, 

freshwater discharge, algal growth, dredging operations and flooding. Suspended particles 

absorb heat from the sunlight making turbid waters become warmer and so reducing the 

oxygen concentration in water making it difficult for organisms to survive. The oxygen 

concentration is lowered even further as suspended particles scatter the light decreasing the 

photosynthetic activity of plants and algae. 
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2.8 Conclusions 

Sediments can be very good indicators of water quality because polluting agents such as trace 

(toxic) metals and organochlorine residues tend to concentrate in these materials and are thus 

easier to detect (Naidu et al., 1991). Effective management of contaminated sediments 

requires a quantitative understanding of the transport of sediments (www.qeallc.com, 2006). 

This can be done by using a 3D hydrodynamic model which defines the transport of 

suspended sediments in the Suva Lagoon. 

The first application of a hydrodynamic model (built by IRD) to the Suva Lagoon was done 

by Kumar (2000). He used a 2D model to define the water circulation due to the M2 tidal 

constituent (without river runoff or wind). Rao (2005) built up on the work done by Kumar 

(2000) by using the application of a 3D hydrodynamic model (also built by IRD) to 

determine the water properties and water circulation in the Suva Lagoon by considering the 

effects of river runoff, wind stress, bathymetry, bottom friction and the M2, S2, K1 and 0, 

tidal constituents. A similar type of work using the same model has been done on the 

southwest lagoon of New Caledonia by Douillet et al. (2001). 

This project will further build up on the work of Rao (2005) by applying a 3D hydrodynamic- 

sediment transport coupled model to the Suva Lagoon. The 3D coupled model, which is an 

extension of the model used by Rao (2005), will be used to understand sediment related 

processes including advection, vertical mixing, settlihg, deposition, erosion and transport of 

fine suspended sediments in the Suva Lagoon. 
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Salinity3 ternperatwe md turbidity am jmprtant pmme~rs which ate wntin'mwly changing 

with the seasons Eula a d  ta be d e d  they are eficierrt iadt-rs of variations in 

the Iappoo and can inmsfonn the marine ecmsyshm. S w d  cruises -re conducted to 

d l w t  m w z v y  data fur water quality analysis and the results alytaimd will also be wed to 

d b m t e  a n u m d  model. The data collwlsd were filtered and d y z e d  md the results ax 

ptesmted in this chapter. 

3.2 Wind Regime 

The wind data was monitored at the School of Marine Studies (SMS) at the university of the 

South Pacific under technical assistance of Research Unit: Characterization and modelling of 

exchanges in lagoons subject to terrigenous and anthropogenic influences (UR CAMELIA), 

IRD in Nournea. The wind speed and direction were recorded at regular intervals of 10 

minutes at a height of 10 m above mean sea-level. The stick plots in Fig. 3.1 show the 

magnitude and direction of the wind during the wet-warm season (November - April) and the 

dry-cool season (May - October). 

During the dry-cool season, the southeast trade winds are dominant, blowing with great 

regularity over the lagoon, as seen in Fig. 3. lc, d. However, during the wet-warm season, the 

southeast trade winds weaken and the winds generally blow across fiom the northeast (Fig. 

3.1% b). 
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Figure 3.1 Two hourly wind stick plots showing magnitude and direction of wind during the (a, b) wet-warm 
season and (c, d) dry-cool season for the Suva Lagoon. 

Table 3.1 shows the percentage wind direction over the Suva Lagoon. It can be seen that in 

both seasons, there is generally a high percentage of wind blowing from the southeast (SE) 

direction. 
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Table 3.1 Percentage wind direction for the period between August 2005 and August 2006. 

Period Month~Year NE (%) N W  (%) SE (%) sw (%) 
Dry-cool Aug - 2005 24 1 1  4 8 18 

Sep - 2005 25 6 66 3 
Oct - 2005 32 12 5 1 4 

Wet-warm Nov - 2005 18 13 62 6 
Dec - 2005 22 12 5 9 7 
Jan - 2006 4 1 9 43 7 
Feb - 2006 27 2 1 3 3 19 
Mar - 2006 49 2 1 25 6 
Apr - 2006 38 23 29 10 

Dry-cool May - 2006 29 12 46 12 
Jun - 2006 25 13 5 2 10 
Jul - 2006 16 13 47 24 
Aug - 2006 35 7 5 0 8 

Further analysis of wind data is made by plotting the percentage wind speed below a 

benchmark of 2 m s-' for each month during the wet-warm and dry-cool seasons. The result 

is shown in Fig. 3.2. 

Aug-05 Sep-05 013-05 Nov-05 Dec-05 Jan-06 Feb-06 Mar-06 Apr-06 May-06 Jun-06 Jul-06 Aug-06 

Month 

Figure 3.2 Percentage wind speed below 2 m s" for the period between August 2005 and August 2006. 
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Figure 3.2 shows that the percentage wind speed below 2 m s'l during the wet-warm season is 

higher than in the dry-cool season. This indicates that stronger winds persist during the dry- 

cool season than in the wet-warm season. This can also be observed from the stick plots in 

Fig. 3. la, b where the wind speed is lower, and in Fig. 3.1 c, d where the wind speed is higher. 

The mean monthly wind speed ranges from 4.4 - 5.6 m s-' during the dry-cool season and 3.3 

- 4.5 m s-' during the wet-warm season. 

3.3 River Runoff 

The Rewa River discharges freshwater into Laucala Bay through the Vunidawa River (refer 

to Fig. 2.2 in Chapter 2). The Vunidawa River is the major source of variations in salinity, 

temperature and turbidity in Laucala Bay. It is therefore important to study the freshwater 

runoff in order to understand the water properties and the transport of fine suspended 

sediments into the bay. 

The Rewa River is fed by several rivers before it reaches the Suva Lagoon. These rivers 

include the Waidina, Wainimala, Wainibuka and Waimanu Rivers (located further north of 

Suva therefore not shown in Fig. 2.2), which introduce a significant amount of freshwater 

into the Rewa River. Although direct measurements of river discharge at the Rewa River 

mouth is not available, the discharge from the Rewa River can be determined by adding up 

the individual runoffs from these rivers. However, due to the lack of continuous discharge 

data of these contributing rivers into the Rewa River, the Rewa River discharge during the 

sampling time was determined by plotting a relationship between available discharge data 

between years 2000 and 2005 (from the Fiji Hydrology Department) and rainfall data for the 

same period (from the Fiji Meteorological Service). Figure 3.3 shows a least squares fit plot 

of the mean monthly discharge of the Rewa River (for months with continuous discharge 

data) and the corresponding total monthly rainfall. 
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Figure 3.3 Relationship between Rewa River discharge and rainfall. 

Assuming a linear relationship exists between river discharge and rainfall, a correlation 

coefficient of 0.82 was obtained. Equation (3.1) shows the relationship between river 

discharge and rainfall. 

where Rd is the mean monthly river discharge from the combined runoffs of the Waidina, 

3 -1 Wainimala, Wainibuka and Waimanu Rivers in m s and Rf is the total monthly rainfall in 

rnm. Looking at Fig. 2.3 (in Chapter 2) and equation (3.1), it can be said that there is high 

discharge during the wet-warm season and low discharge during the dry-cool season. 

Tropical cyclones are frequently encountered during the wet-warm season and associated 

heavy rainfall leads to flooding which increases river discharge thereby changing the water 

properties in the lagoon significantly. 

Rao (2005) also deduced a similar relationship between the mean monthly river discharge Rd 

(in m3 s-l) for the same area and rainfall Rf (in rnm) and is given by equation (3.2). 
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R, = 0.4393 R, + 31.722 (3 -2) 

However, Rao (2005) used only five consecutive months (November 2000 - March 2001) of 

data for his work. 

' 3.4 Water Properties 

The water properties in the Suva Lagoon were determined by collecting in situ data using a 

standard SBE 1 9 CTD probe and a Niskin bottle. The CTD, which measures conductivity 

(salinity), temperature and pressure, was fitted with an additional sensor to measure turbidity. 

The Niskin bottle was used to collect water samples, which were analyzed for suspended 

sediment concentration (SSC). 

A total of five cruises were dedicated to collecting data in the lagoon. Four cruises were 

undertaken during the wet-warm season and one during the dry-cool season. The total 

monthly rainfall taken prior to the cruise date and the mean monthly river discharge 

calculated using equation (3.1) for each cruise is shown in Table 3.2. 

Table 3.2 Summary of cruises showing the period, cruise date, total monthly rainfall R, and mean monthly 

river discharge R, . 

Total monthly Mean monthly river 
Season Cruise Date Cruise Name rainhll R, (mm) discharge Rd (m3 s-') 
Wet-warm 15-Mar-2006 Cruise I 364.4 227.4 

03-Apr-2006 Cruise 2 252.4 173.8 
05-Apr-2006 Cruise 3 261.8 178.3 
07-Apr-2006 Cruise 4 257.1 176.0 

Dry-cool 06-Sep-2006 Cruise 5 1 10.6 105.8 

Table 3.2 shows that river discharge during the wet-warm season is significantly higher than 

during the dry-cool season. This implies that the water properties in the lagoon are expected 

to be influenced more by the freshwater discharge during the wet-warm season than during 

the dry-cool season. The variations of salinity, temperature and turbidity in the lagoon for 

Cruise 2, Cruise 3 and Cruise 4 will be discussed together as they were done on consecutive 

days to observe the effect of freshwater discharge on water properties in the lagoon. The 

white dots in Figs 3.4 - 3.1 1 indicate the sampling sites during the respective cruise. It is to 
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be noted that sampling was taken at different times during the day so there can be variations 

in the water properties due to the tidal effect and solar heating. 

3.4.1 Salinity 

The salinity in the Suva Lagoon is largely controlled by the freshwater input from the Rewa 

River. During the wet-warm season there is high rainfall resulting in high freshwater 

discharge, therefore salinity in the lagoon is expected to be low. The low discharge during 

the dry-cool season due to low rainfall is expected to affect the lagoon salinity to a lesser 

extent. 

3.4.1.1 Wet-Warm Season 

The salinity variations in the lagoon were analyzed for the wet-warm season and are plotted 

in Fig. 3.4. 
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The low salinity waters near the head of Laucala Bay during Cruise 1 are due to the high 

freshwater discharge from the Vunidawa River entering Laucala Bay. The shallow waters at 

the head of the bay kept the surface and bottom salinities below 24.8 psu (Fig. 3.4a, b). A 

path of low salinity water at the surface near the head of the bay was observed to be forming 

along the shallow Laucala Bay coast. The path is more evident in the bottom layer (Fig. 

3.4b). This path indicates that freshwater discharged from the Vunidawa River enters the bay 

and begins to flow seaward along the coast. The presence of the coastline acts as a lateral 

constraint on the water movement, tending to divert the currents so that they flow nearly 

parallel to it (Bowden, 1983). The surface salinity in the bay was between 31.2 - 33.3 psu 

and the bottom salinity ranged from 32.4 - 34.9 psu, indicating freshwater mixing at the 

surface layer and an influx of seawater, through the Nukubuco and Nukulau Passages, in the 

bottom layer. Suva Harbour seems to be isolated from the effects of the freshwater discharge 

from the Rewa River. However, freshwater discharge from the Tamavua River affects the 

surface salinity near the head of the harbour (Fig. 3.4a). The surface and bottom salinities in 

the Suva Passage was found to be 34.4 psu and 34.9 psu respectively. 

Compared to Cruise 1, there were lower freshwater discharges during Cruise 2, Cruise 3 and 

Cruise 4 (refer to Table 3.2). The surface and bottom salinities near the head of Laucala Bay 

were observed to be above 24.8 psu (more than that during Cruise 1) in the three cruises. The 

surface salinity at the head of Laucala Bay decreased from 32.2 psu during Cruise 2 to 3 1.6 

psu during Cruise 3. The surface salinity in Laucala Bay during Cruise 3 was also lower than 

that during Cruise 2. This is due to the effect of the freshwater discharge from the Vunidawa 

River entering the bay and moving seaward along the surface. An instance of high salinity 

water is found near the middle of the bay (Fig. 3.4c, e, g). This is due to the gyre formed by 

the surface currents trapping the high salinity water in the bay (Rao, 2005). The bottom 

salinity in Laucala Bay ranged from 32.0 psu near the head of the bay to 34.8 psu at the 

Nukubuco Passage. A similar case was observed during Cruise 3, however, a path of low 

salinity water along the bottom was also found along the Laucala Bay coast (Fig. 3.4f). This 

is the path taken by freshwater discharged from the Vunidawa River as it enters the bay and 

moves towards the Nasese Channel. By obstructing the flow of water towards it, the 

coastline causes surface slopes to develop and these in turn react on and modify the water 

movement (Bowden, 1983). 
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During Cruise 4, the freshwater discharge from the Rewa River was less than that during 

Cruise 2 and Cruise 3 (refer to Table 3.2). Hence, the surface and bottom salinities in 

Laucala Bay were found to be more than those found during Cruise 3. This implies that the 

influx of seawater through the Nukubuco and Nukulau Passages along the surface (32.6 - 

33.0 psu) and bottom (34.8 - 34.9 psu) was more dominant in determining the salinity 

distribution than the freshwater discharge (< 3 1.5 psu) from the Vunidawa River. Figure 

3.4e, g shows that the surface and bottom salinities in the bay were higher during Cruise 4 

than in Cruise 3. The surface gyre remains near the middle of the bay and the path of 

fieshwater along Laucala Bay coast is still present, but to a smaller extent due to the lower 

freshwater discharge. 

Suva Harbour is isolated h m  the fieshwater discharge of the Rewa River (Fig. 3.4~-h) but 

the effkct of the freshwater discharge from the Tarnavua River on the surface salinity at the 

head of the harbour is evident. The surface salinity at the head of the harbour decreased from 

34.1 psu during Cruise 2 to 33.8 psu during Cruise 3 due to the increased discharge fiom the 

Tamavua River. However, the d a c e  salinity. increased during Cruise 4 due to lower 

discharge from the Tarnavua River and an influx of seawater through the Suva Passage. 

3.4.1.2 Dry-Cool Season 

The salinity variations in the lagoon were analyzed for the dry-cool season and are plotted in 

Fig. 3.5. 

WIT LEVU I 

Figure 3.5 Horizontal salinity variations on the surfme (left) and bottom (right) in the Suva Lagoon during 
the dry-cool season. 
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Due to the low freshwater discharge from the Rewa River during Cruise 5 (refer to Table 

3.2), the salinity in Laucala Bay was generally found to be higher than during Cruise 1, 

Cruise 2, Cruise 3 and Cruise 4. The surface salinity in Laucala Bay ranged from 33.7 psu 

near the head of the bay to 34.5 psu at the Nukubuco Passage. The high salinity waters 

entering through the Nukubuco Passage at the surface c b  be seen to move towards the 

Laucala Bay coast in Fig. 3.5a. This highly saline water extends towards the head of Laucala 

Bay mixing with the freshwater discharged from the Vunidawa River. An instance of high 

salinity water is found in the middle of the bay due to the gyre formed by the surface currents 

(Fig. 3.5a). Although the freshwater discharge is low during the dry-cool season, it still 

influences the salinity in the bay. Suva Harbour is unaffected by the freshwater discharge 

from the Rewa River but the freshwater discharge from the Tarnam River does affect the 

surface salinity (34.0 psu). The bottom salinity in the harbour shows little horizontal 

variation and remains uniform at around 35.0 psu. 

3.4.2 Temperature 

The water temperature in the Suva Lagoon is expected to be higher in the wet-warm season 

than in the dry-cool season (refer to Fig. 2.3 in Chapter 2). The freshwater input from the 

Rewa River is the major source of temperature variations in the lagoon. 

3.4.2.1 Wet-Warm Season 

The temperature variations in the lagoon were analyzed for the wet-warm season and are 

plotted in Fig. 3.6. 
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Figure 3.6 Horizontal temperature variations on the 
Suva Lagoon during the wet-warm season. 

surface (left column) and bottom (right column) in the 
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Figure 3.6a shows that the surface temperature in Laucala Bay during Cruise I ranges from 

30.0 "C near the head of the bay to 30.2 "C in the middle of the bay and 29.3 "C at Nukubuco 

Passage. This is due to the movement of warm surface water away from the head of the bay 

towards the Nukubuco and Nukulau Passages. Figure 3.6a also shows that there is an influx 

of cold seawater from Nukubuco Passage moving towards the middle of the bay. This is 

more evident in the bottom layer (Fig. 3.6b). Figure 3.6b shows cooler water entering 

through the Nukulau Passage and moving towards the head of the bay. A path of warm 

fieshwater is observed to be moving along Laucala Bay coast towards Nasese Channel. The 

surface and bottom temperatures in Suva Harbour are fairly uniform, at around 29.3 "C and 

28.5 "C respectively, showing little or no influence of the effects of the discharge of the Rewa 

River. There are, however, small variations in temperature near the head of the harbour due 

to warm freshwater discharge from the Tamavua River. 

The surface temperature at the Nukubuco Passage during Cruise 2 was 29.8 "C reaching a 

maximum value of 30.8 "C at the head of Laucala Bay. Figure 3 . 6 ~  clearly shows the input 

of warm water through the Vunidawa River into Laucala Bay. The warm waters reside near 

the head of the bay and are carried towards the Nukubuco and Nukulau Passages and are 

evident in Fig. 3.6c, e, g. The bottom temperature near the Nukubuco and Nukulau Passages 

during Cruise 2, Cruise 3 and Cruise 4 remain between 28.4 "C and 28.9 "C (Fig. 3.6d, f, h). 

This cold seawater entering from the passages extends into the bay and mixes with the warm 

waters discharged from the Vunidawa River near the middle of the bay. A path of warm 

water can clearly be seen flowing towards the Nasese Channel (Fig. 3.60. 

The surface temperature at the head of Suva Harbour during Cruise 2 was found to be 30.2 

"C (Fig. 3.6~). The discharge from the Tamavua River is responsible for the warm water 

found at the head of the harbour. As the warm water discharged from the Tamavua River 

enters the harbour, it mixes with cold seawater entering through the Suva Passage. The 

surface temperature at the Suva Passage was found to be 29.5 "C. A similar condition was 

observed during Cruise 3 where the surface temperature at the head of the harbour was found 

to be 29.7 "C and 29.1 "C at the Suva Passage (Fig. 3.6e). However, the surface temperature 

during Cruise 4 showed little horizontal variation ranging between 29.3 "C at the Suva 

Passage to 29.5 "C near the head of the harbour (Fig. 3.6g). This is due to the lower 

discharge from the,Tamavua River and an increased influx of cold seawater through the Suva 
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Pasage. The bottom kmpemtures in the harhw were generally lower than the s d h e e  

aiGmpmtmes as expected. The battarn temperatme near the Zlead of the h b c m  during 

Cruise 2 was fomd to be the m e  as Xhe smfaw ~~e of 30.2 "C. This is due to 

aFer t id  mixing with warm surface warn discbarged fivm the Tmvu8 River at depths less 

) 3 m. The bdmm tcmperaavr reaches a minimuaa of 285 aC at the Suva Pas-. The 

boftom ternpaatme in Suva Harbaur during .Cruise 3 was found fO be more uniform at 

mund 28.5 'C.  A similar situation was o ~ ~ e d  during Cruise 4. 

1 
8 The ternperalum v&&om in the 1qwn were analyzed Em tf4e dry-eool season and are 

plotted in Fig. 3 .?. 

Figore 3.7 Horizontal temperature variations 
during the drys004 season. 

I bottom (right) in the Suva Lagoon 

I The surface and bottom temperatures in the Suva Lagoon during the dry-cool season were 

expectedly lower than during the wet-warm season. The surface temperature in Laucala Bay 

during Cruise 5 ranged from 24.5 OC near the Nukubuco and Nukulau Passages to 25.2 "C 

near the head of Laucala Bay (Fig. 3.7a). Due to the low discharge during the dry-cool 

season, the warm waters discharged fkom the Vunidawa River during Cruise 5 remained near 

fi the head of the bay. Cooler waters entering through Nukubue Passage extended to the 
middle of the bay where it mixed with the warm waters discharged from the Vunidawa River. 

Density is dependent on salinity and temperature. Normally, high density waters at the 

bottom have high salinity and low temperature and vice versa for low density waters at the 

surface. However, if the salinity and temperature at the bottom are both higher than those at 
0 
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the surface, then the high density water will remain at the bottom regardless of the 

temperature at the bottom. This occurrence is observed near the head of the bay where the 

bottom temperature is higher than the surface temperature. A path of warm freshwater was 

observed to be forming along the Laucala Bay coast (Fig. 3.7b). The cool water entering 

through the Nukubuco and Nukulau Passages can be seen to extend towards the middle of the 

bay. The surface and bottom temperatures at Suva Harbour were uniform at 24.7 "C and 24.4 

"C respectively. 

3.4.3 Turbidity 

Turbidity is a measure of water clarity. It is an optical property that expresses the degree to 

which light is scattered and absorbed by molecules and particles (www.ozestuaries.org, 

2006). Turbidity in the water column is a result of the presence of soluble colored organic 

compounds and suspended particulate matter (SPM). These SPM may include suspended 

sediments and organisms. Turbidity in the Suva Lagoon is influenced to a large extent by 

freshwater input from the Rewa River. Turbidity is expected to be high during the wet-warm 

season when freshwater discharge is high and low during the dry-cool season. 

Turbidity is measured in Nephelometric Turbidity Units (NTU) or Formazin Turbidity Units 

(FTU), depending on the method and equipment used (www.ozestuaries.org, 2006). 

Turbidity measured in NTU uses nephelometric methods that depend on passing specific light 

of a specific wavelength through the sample. FTU is the unit of measurement when using 

absorptometric methods (spectrophotometric equipment) and is the one that was used in this 

project. 

3.4.3.1 Wet-Warm Season 

The turbidity variations in the lagoon were analyzed for the wet-warm season and are plotted 

in Fig. 3.8. 
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Figure 3.8 Horizontal turbidity variations on the surface (left column) and bottom (right column) in the Suva 
Lagoon during the wet-warm season. 

i 
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Figure 3.8 clearly shows that turbidity in Laucala Bay is always higher than in Suva Harbour. 

This is because there is higher freshwater discharge into Laucala Bay than into Suva Harbour. 

The Vunidawa River is the major source of high turbidity in Laucala Bay. Figure 3.8a, b 

shows that turbidity in Laucala Bay during Cruise 1 is high at the Vunidawa River mouth. 

The surface turbidity is 2.0 FTU while the bottom turbidity is 2.8 FTU. There is higher 

turbidity at the bottom due to resuspension of bottom sediments in the water column. Much 

higher turbidity (3.6 FTU) is observed in the shallow Rewa Delta. There are also discharges 

from smaller rivers, like the Vatuwaqa River, and this is evident in Fig. 3.8a where the 

surface turbidity at its river mouth is 2.9 FTU and 2.0 FTU at the bottom. The turbidity 

found at Suva Harbour is less than 1.8 FTU with maxima near the Tamavua River mouth and 

the west of Nasese Channel. 

Figure 3.8c, d shows high turbidity at the surface (6.5 FTU) and bottom (4.4 FTU) at the head 

of Laucala Bay during Cruise 2. It can be clearly seen that the path of freshwater from the 

Vunidawa River entering the bay is responsible for the high turbidity. The high turbidity 

water extends from the head to the middle of the bay along the shallow Laucala Bay coast 

and this is evident in Fig. 3.8e. Some high turbidity waters remain at the head of the bay as 

the discharge decreases (Fig. 3.8e, 0. The turbidity pattern in the bay remains the kame up 

until Cruise 4 (Fig. 3.8g, h) but there are low turbidity waters compared to Cruise 2 (Fig. 

3.8c, d) due to the decreased discharge of freshwater from the Rewa River. Suva Harbour 

remains undisturbed by the discharge from the Rewa River but some high turbidity waters 

can be found at the head of the harbour due to the freshwater discharge from the T a m a m  

3.4.3.2 Dry-Cool Season 

The turbidity variations in the lagoon were analyzed for the dry-cool season and are plotted in 
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Figure 3.9 Horizontal turbidity variations on the surface (left column) and bottom (right column) in the Suva 
Lagoon during the dry-cool season. 

Due to lamer freshwater dishge during the dry-co~l season, the lmbidi@ in Lau~& Bay is 

less {Fig. 3.%, b). However, turbid watm p.9 FIU) 7~ese observed at the surfme at the 

mouth of ttre t!Jam&ulw River. The Imttarn turbidity iat the ~ ~ w a  River mouth found 

to be M&er h - t h e  dm turbidity. 'This is due ta ~suspmion at the bottam stkrhg up 

the b m  d i m @ .  Lower turbidity in L a d a  Bay is due to lower k - r  didmge 

during the &-am1 season. Swva Harbour &mys dam turbidity sf 1.2 FTU h m  the 

mr&w to adeptbaf 38 m. 

34.4 Suspended Sediment Coinrrentmt5on 

Turbidiq was 8250 m a d  by detemhhg the mppnded tsdimmt wncentmtitjoln ((SSC) in 

a @wen volume 6f sample. The water samples were taken a me& beiuw the sea-surfwe md 

were filtered wing a %!ham nudepore plycarbanate track& m m b e  filter paper, 

which has a diameter of 47 mm and porosity, made by later of 0.4 pm (values cited 

b m  the filter paper package b0.x). The SSC was measured in mg L-', 

The filter paper used in analping xhe w-r samples for Cruise I ,  Cm&e 2, Cruise 3 and 

Cm&e 4 was an aDWANTEC W S  boTosilicate microfiber filter paper. This was not the 

p m f d  l5ltftr paper but wras wed m the W.hEltman film paper needed wm not available at 

that time. N R V ~ ~ ~ S ~  the wzdw samples were d y d  md the are p1otkd in Fig, 

2-10. 
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VlTI L E W  

No Result for Cruise 4 

Figure 3.10 Suspended sediment concentration at the surface in the Suva Lagoon during the wet-warm season. 

The rermlts h m  Fig. 3.10 show thaS hi& suspended mdimemt conwn&rari~n, hmedh 

denoted as SSC, can lx seen neou the river mouths and along the masttine. Figum 3.10a 

shows that high SSC is found at the mouth of the Vatwqa River d* Cruise I .  Sinailatly 

during Cruise 2, high SSC is observed in the Rewp h l &  along the b c a l a  Bay coast, 

through 'Masew Channel and at the mouth d the T ~ v u p l  Rivar. The head of Lads Bay 

shows a zone of hi& SSC during Cruise 3. Jt can be said that the Nwinu, Tmavw, 

Vatuwraqa, S d u l a  a d  Vunidtrm fivem aII contribute to the high SSC ia the Suva 

Lagoon. The shallow Lauda Bay coast aad the head of Lau~ala Bay srrp: regions *ere high 

SSC ctls be f~und. The shallow F b a  Delta is dm a high SSC region. There; was no msdt 
obtained fix Cmhe 4 bemause the samples were analyzed a week d k  data w ~ l d o n  and the 

sedimenfs had settled to the bottom thereby giving imamate d t s .  Shaking the sample 

bottles did not b l p  in resuspending the d e d  sdim.ents, 

Dry-Cool Season 

The SSC values for Cruise 5 during the dry-cool season were obtained by using the Whatman 

filter paper and th; result is plotted in Fig. 3.1 1 .  
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spended Sediment Concentration 

,lOmglL 

178.40 178.45 178.50 178.55 178.60 

LnOngitude 

Figure 3.1 1 Suspended sdhnent wneanlmtiosl at the sm&x hi the Swa L @ p n  during the dryawl m. 

Figure 3.1 1 shows the relative concentrations at various places in the Suva Lagoon. High 

, SSC is found at the head of Laucala Bay and the mouth of the Vunidawa River. The Rewa 
I Delta also shows regions of high SSC. The passages, Nasese Channel and Suva Harbour 

show relatively low SSC. 

The variations in the SSC are due to two main factors. The first is the resuspension of bottom 

i sediments (where there is a high percentage of fine particles at the bottom), which increases 

the SSC in the water column. And the second is the effect of the high sediment input from 

the Rewa River, which increases the turbidity of water. 

3.4.5 Turbidity and Suspended Sediment Concentration 

If we compare the surface turbidity measured using a CTD probe from Fig. 3.8a, c, e and Fig. 

3.9a with the measured SSC using filtration in Fig. 3.10a-c and Fig. 3.1 1 respectively, we can 

see that the best comparison between turbidity and SSC is between Fig. 3.9a and Fig. 3.1 1. A 

graph of surface hbidity against SSC for Cruise 5 is plotted in Fig. 3.12. 
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Suspended Sediment Concentration (mg c') 

Figure 3.12 Relationship between turbidity and suspended sediment concentration. 

As mentioned earlier, turbidity is a measure of the total suspended solids in water. Therefore, 

assuming a linear relationship between surface turbidity and SSC, there is a correlation 

coefficient of 0.82 between the two variables. The suspended sediment concentration is 

related to surface turbidity as given by equation (3.3). 

T,, = 0.1895 SSC + 1.0069 (3-3) 

where SSC is the suspended sediment concentration in mg L-' and Tu, is the turbidity in 

FTU. It can be said from e q q t i ~ g  (3.3) that seqwafq- bgs q tqrbjdity of approximately 1 FTU 

when the SSC is 0 mg u'. This however contradicts that turbidity in the water column is a 

result of the presence of suspended particulate matter. Therefore, a reading of 1 FTU would 

probably indicate that the turbidity sensor has an error of 1 FTU whereby it is the background 

turbidity of water in the absence of any suspended particulate matter. This perhaps is the 

case because the sensitivity range of the turbidity sensor is quite large, between 0 - 400 FTU. 

Ideally, the vertical axis intercept in Fig. 3.12 should pass through the origin. 
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1 3.5 Conclusions 

The mean wind direction over the Suva Lagoon is generally from the southeast. These 

southeast trade winds have a mean annual wind speed of about 6 m s" and are an important 

component in the distribution of salinity, temperature and turbidity in the lagoon. River 

runoff is also an important factor which influences the distribution of these parameters. The 

/ high discharge from the Rewa River during the wet-warm season is seen to affect the lagoon 

/ water properties more than during the dry-cool season, especially for Laucala Bay. 

I The southeast trade winds tend to push the freshwater discharged from the Vunidawa River 

1 I towards the head of Laucala Bay resulting in high temperature and turbidity and low salinity 
I 

waters being accumulated there. The piled-up water flows along the Laucala Bay coast and 

towards Nasese Channel. This path of freshwater discharged from the Vunidawa River is 

evident in Figs. 3.4 - 3.9. These figures also show that the influx of seawater through the 

Nukubuco and Nukulau Passages extend up to the middle of the bay beyond which there is 

mixing with freshwater at depths of less than 3 m. The freshwater input from the Rewa River 

is warmer than the oceanic water entering through the passages during both seasons. 

Suva Harbour, unlike Laucala Bay, is protected from the full brunt of the southeast trade 

winds by the hilly Suva Peninsula. The harbour water properties are more homogenous than 

in the bay due to lower freshwater discharge from the Tamavua River (compared to the Rewa 

River) and weaker southeast trade winds. The harljour is isolated from the effects of the 

freshwater discharge from the Rewa River. Thus, it can be said that Suva Harbour and 

Laucala Bay exists as two separate water bodies. 

The water properties in the Suva Lagoon are influenced by a combination of factors which 

include river runoffs, winds and tides. A numerical model can be used to determine the 

impact that these factors have on the water properties in the lagoon. The results presented in 

this chapter would be used to validate a 3D hydrodynamic-sediment transport coupled model 

for the Suva Lagoon. The model theory is presented in detail in the following chapter. 
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Governing Equations, Boundary Conditions 

and Numerical Discretization 

4.1 Introduction 

Numerical modelling is a powerful method of visualizing and analyzing the dynamic 

behavior of physical systems (www.aslenv.com, 2004). The distribution and behavior of key 

properties can be readily simulated within the numerical model, including tidal currents and 

circulation, salinity, temperature and suspended sediment concentration (SSC - mass of 

suspended sediments per unit volume of water). A 3D numerical model is used in this project 

to predict the transport of fine suspended sediments in the Suva Lagoon. 

4.2 The 3D HydrodynamicSedSmnt Transport Ceupled Model 

The MARS3D multilayered model used for this project was developed by the Institut 

Franpis de Recherche pour 1'Exploitation de la Mer (IFREMER) and is presented 

extensively by Douillet et al. (2001). The model has hydrodynamic, transport and turbulence 

components and is able to predict sea-level heights, current velocities, salinity and SSC due 

to river runoff and different tidal and wind forcings at the grid points at discrete time 

; intervals. 

I 

, The g o v e ~ g  eqmti011s of the hyEaTod-c model comp-nent express the consemation of 

1 mass, wnnentum and ssliniry and assme the hydr~Mc and Bousshesq appmxjmrvtiom 

; (for example;, Blumber~ aod Mellor9 1987; Ruddfck iat d., 1995; Estoumel et al., 1997). The 

W S 3 D  model is rnade up of two inbr-~1atd sub-models: a depth-integrated 2D model 
I muillet, 1998) md a 3D m&l which uses the m e  hz1rin0nti-d axis. The 2D model solyes 
i 
/ the shallow water equations ( B l m k g  a9$ Mellor, 198;7), calculates the f k  surface! water 
I elevation and horizontal v e l d y  at all grid poi& slna supplies these fo the 3D model. 
I 0 
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, The transport model component calculates the spatial and temporal distributions of salinity 

I and suspended sediment concentration (Douillet et al., 2001; Ouillon et al., 2004). In this 

component, the suspended sediment transport is modeled by an equation expressing the local 

variation of the sediment concentration due to the advective motion and turbulent difision of 

surrounding sediments. 

The turbulence model used is of the Mellor and Yamada (1982) type, which characterizes the 

turbulence by equations for the turbulent kinetic energy. The bottom stress is parameterized 

by means of a quadratic function of the velocity that is consistent with the existence of a 

logarithmic layer adjacent to the bottom (Blumberg and Mellor, 1987; Deleersnijder and 

Beckers, 1992; Douillet, 1998). A wind fr-iction condition is applied at the surface (Douillet 

et al., 2001). Open boundary conditions are the same to those applied in the 2D model 

(Neumann type for velocity and Dirichlet for water height). 

The model resolution is based on the Alternating Direction Implicit (ADI; Leenderstse, 1967) 

method for time discretization and on the finite difference method for space discretization. A 

modified Arakawa C-grid (Lazure and Salomon, 1991) is used which is able to automatically 

handle emerging tidal flats as a result of the combined use of a test during the AD1 procedure 

and the above mentioned grid modification. The horizontal grid spacing used in this study is 

200 m. The model is able to simulate the effects of bathymetry, bottom fr-iction, turbulence, 

river runoff, tides and wind forcing. The source, code of the model is written in the 

FORTRAN programming language and is run on the Windows XP operating platform. 

4.3 Governing Model Equations and Boundary Conditions 

The equations for the model are initially written in a Cartesian coordinate system (x, y, z,t) 

with the x-axis directed to the east, the y -axis to the north, the z -axis as the vertical 

direction and t denotes time. The hydrodynamic model solves the primitive continuity and 

momentum equations for the surface elevation and 3D velocity field for incompressible flow 

assuming hydrostatic equilibrium and the Boussinesq approximation. The computed flow 

field transports salinity and SSC using the advection-diffusion equation in the transport 

model. 



Chapter 4: Governing Equations, Boundary Conditions and Numerical Discretization 

Appropriate boundary conditions need to be provided for the interpretation of transport 

phenomenon through a numerical model (Fernandes, 2005). The boundary conditions are 

specified for the surface, bottom and lateral boundaries and can be closed, open or moving. 

4.3.1 Hydrodynamic Model 

4.3.1.1 Model Equations 

The hydrodynamic model uses the equations of motion, known as the Navier-Stokes 

equation, together with the equation of continuity of volume to determine the water surface 

elevation and the current velocity. The Navier-Stokes equation, which is valid basically for 

all flow conditions (Burchard, 2002), has its general form given by equation (4.1). 

a!? 1 - + ( v . ~ ) ~  = F - - v p +  D( 
at P (4.1) 

where q  is the velocity component (u, v, w) in the x , y and z directions respectively at any 

grid locations in space, F = (Ji, -fi, g) with f being the Coriolis parameter and g the 

acceleration due to gravity, p is the in situ water density, p  is the pressure of the fluid and 

D, is the difhsion term given by equation (4.2). 

Dl =- a (  N h L  2 )  +- ;[ N  h a q ] '  -- +- a (  N _ -  2 )  ax ?Y az (4.2) 

where Nh and N, are the horizontal and vertical eddy coefficients of viscosity respectively. 

The four unknowns in the above equations are the velocity components (u, v, w) and pressure 

p  . The vertical velocity is calculated from the continuity of volume equation given by 

equation (4.3). 
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To simplify the governing equations, the Navier-Stokes equation is solved using the 

Boussinesq approximation and the hydrostatic pressure distribution assumption. The 

Boussinesq approximation implies that density differences are neglected unless the 

differences are multiplied by gravity. This approximation is shown in equation (4.4). The 

initial density of seawater used in the model is 1027.34 kg m". 

Using the Boussinesq approximation, the equation of continuity is reduced from equation 

(4.3) to equation (4.5). 

The hydrostatic pressure distribution assumption implies that the weight of the fluid 

identically balances the pressure as shown by the momentum equation in equation (4.6). 

The hydrostatic assumption allows pressure to be replaced by the total water depth D as 

shown in equation (4.7). 

where 6 is the fke surface elevation above mean sea-level and H is the measured water 

depth from mean sea-level. The Navier-Stokes equation in equation (4.1) can be further 

divided into components in the x and y directions as shown in equations (4.8) and (4.9) 

respectively. 
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a v a v a v a v  
-+u-+v-+w-+ fu- a ( N : h )  =-g-+F" a< 
at ax az az2 ? v .  

where 4 is the free sea-surface elevation and F, and Fy are the other forces, including the 

frictional and tidal forces, acting on a unit mass. Equations (4.5), (4.6), (4.8) and (4.9) are 

used in the model to solve for the unknown velocity components (u,v, w) and sea-surface 

elevation 4. 

4.3.1.2 Boundary Conditions 

Boundary conditions are set for the sea-surface and for the sea-bottom. Elevation at the open 

boundary is specified with 4 tidal constituents. At the river boundary, a volume flow is 

imposed and river salinity is fixed. At coastal boundaries, a free-slip condition is imposed by 

specifying a zero normal component of mass and momentum flux. The subscripts s and b 

are used to denote the surface and the bottom respectively. 

To calculate the vertical velocity from the equations of motion, it is necessary to relate the 

shearing stress components z, and z, to the velbcity components u and v as shown in 

equation (4.10). A fluid for which the friction law of equation (4.10) holds is called a 

Newtonian fluid. 

Frictional effects arise from the shearing stress of wind acting on the sea-surface and the 

shearing stress at the bottom caused by the flow of water over the seabed (Bowden, 1983). 

These stresses are transmitted to the rest of the water column by internal shear stresses due to 

turbulence. At the sea-surface, the surface horizontal velocity is governed by the stress kt the 

air-sea interface and is given by equation (4.1 1). 
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The stress is imposed by means of the wind shear stress z, , and is calculated according to a 

quadratic friction law given in equation (4.12). This equation is used to determine the surface 

horizontal velocity in equation (4.1 1). 

where C, is the drag coefficient at the air-sea interface, pa is the density of air which is 

taken as 1.25 kg m" and W is the wind speed in m s-' at a 10 m height above mean sea-level. 

The wind affected Ekman layer is 62 m in the Suva Lagoon (Rao, 2005). The net transport in 

this layer is in the direction perpendicularly to the left (in the Southern hemisphere) of the 

wind direction. However in shallow waters, the water movement is in the same direction as 

the wind (Pickard and Emery, 1990). Kinematic boundary condition requires that water 

particles do not escape from the surface as shown'by equation (4.13). 

There is a drag between the water and the sea-bottoni as water flows over sediments lying on 

the seabed. The bottom velocity is governed by the bottom stress caused by the roughness of 

the seabed as shown in equation (4.1 4). 

The resultant bottom shearing stresses are determined by the bottom drag coefficient C, as 

shown in equation (4.1 5). 
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The vertical profile of velocity can then be calculated from the equations of motion by 

substituting the horizontal velocity components found in equation (4.14) with the bottom 

shear stresses in equation (4.15) to obtain equation (4.16). 

From equation (4.16), it is evident that the bottom shear stress is imposed assuming a 

logarithmic velocity profile whereby the velocity increases logarithmically with distance 

from the bottom as shown in equation (4.17). 

where z ' is the distance from the bottom, u, is the friction velocity given by E,  zo is the 

roughness parameter and ko is the von Karman's constant which is approximately equal to 

0.4.1 (Bowden, 1983). The roughness parameter, which is the height above the sea-bottom 

where the velocity profile becomes zero, is taken as 0.007 m. This value is determined by the 

grain size of the sediments at the sea-bottom. The bottom drag coefficient shown in equation 

(4.18) can be derived from the logarithmic law of the wall near boundaries given in equation 

(4.17) and used in equation (4.16) to determine the vertical velocity. 

=I log i;;J - 
There is no movement of water through the sea-floor as shown by equation (4.19). 
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4.3.2 Transport Model 

4.3.2.1 Model Equations 

The transport model solves an advection-diffusion equation, given in equation (4.20), for the 

mass conservation of suspended sediment taking into account the bottom exchanges of 

deposition and erosion. The advection of particles results from the addition of the local 

velocity, their fall velocity under gravity (Douillet et al., 2001) and diffision due to 

turbulence (Harris and Wiberg, 2001). 

where C is the suspended sediment concentration, Ws is the settling velocity of particles and 

Kh and Kz are respectively the horizontal and vertical eddy diffisivity of particles. 

The settling velocity for a given type of particle is the rate at which the sediment settles in 

still fluid (www. wikipedia.org, 2006) and depends on the gravitational forces and on the 

vertical shear due to settling movement (Cancino and Neves, 1999). The settling velocity 

may either be measured or derived from Stokes' formula for particles with a diameter less 

than 100 pm (Douillet et al., 2001) as shown in equation (4.21). 

where Ds is the representative diameter of the particles, s is the ratio of the densities of 

particle and water and p is the kinematic molecular viscosity of water. Due to the absence 

of measurements for grain-size distribution within the water column in the Suva Lagoon, the 

representative diameter of particles is taken as 8 pm in the model. This value provides a 

settling velocity of 5.76 x m s-'. 
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2 - 1  
The horizontal eddy diffusivity of particles K,, is considered a constant (0.002 m s ) in the 

model while the vertical eddy diffusivity of particles Kz is generally considered to be 

proportional to the vertical eddy viscosity N, according to equation (4.22). 

N-  K -  = -- 
0' 

K, is considered as a constant between the surface and the depth where Nz is maximum. 

The Schmidt number o, assumes that the mass turbulent transfer is similar to momentum 

and is equal to one. 

In addition to the transport of suspended sediments, the model is also able to simulate the 

transport of salinity from river discharge using equation (4.23). 

a s  a ( ~ s )  a ( v s )  a ( w s )  -+- +- +-=- K - +- K, -  +- K z -  at ax ;ty az ax a ( z) :[ z] :( z )  (4.23) 

where S is salinity. The variations in salinity influence the water density and in turn the 

velocity field (Balas and ~zhan,  2002). 

4.3.2.2 Boundary Conditions 

A Neumann condition, which specifies the values the derivative of a solution is to take, is 

imposed on opened lateral boundaries in the case of an outgoing flux, as shown in equation 

(4.24), and a value of concentration is imposed in the case of an inflow flux. 

a c  
- = O  X, = x,Y (4.24) 

There is no exchange of sediments (for example, dust particles in air) between the water 

column and the atmosphere as shown by equation (4.25). 
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The sediment flux between the water column and the seafloor is given by equation (4.26). 

where D and E are the exchange rate of particles through the process of deposition and 

erosion respectively in kg m'2 s-'. No fluxes of salinity are considered at the bottom. 

4.3.2.3 Critical Shear Stress for Deposition and Erosion 

It is assumed that when bottom shear stress is smaller than a critical value, there is addition of 

matter to the bottom (deposition) and when the bottom shear stress is higher than the critical 

value, erosion occurs. Deposition and erosion balance each other between these values. The 

critical shear stress is determined by factors such as the chemical composition of the bed 

material, particle size distribution and bioturbation (Gerritsen et al., 2001). 

For any given fine sediment, the deposition rate is proportional to the concentration near the 

bottom and to the settling velocity. The deposition rate formula given in equation (4.27) is 

based on the assumption that deposition and erosion do not occur simultaneously, that is, a 

particle reaching the bottom has a probability of remaining there that varies between 0 and 1 

as the bottom shear stress varies between a critical shear stress for deposition and zero 

(Cancino and Neves, 1999). 

z where z is the bed shear stress, z, is the critical shear stress for deposition and 1 - - 
T'Ii 

represents the probability of settling particles to be deposited. The critical shear stress for 

deposition depends mainly on the size of the flocks (Fernandes, 2005). Flocks are fine clay . 
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mineral sediments which have clumped together. Larger flocks have higher probability of 

remaining on the sediment bed than smaller flocks and for a flock to stick to the bed, 

gravitational forces and the electromagnetic properties of clay must be strong enough to 

withstand the near bed shear stress (Femandes, 2005). 

The combined effects of tides and waves induce stresses at the seabed which simultaneously 

generate turbulent eddies and sediment erosion (Prandle, 2000). Erosion occurs when the 

bottom shear stress exceeds the critical shear stress for erosion. The erosion rate formula 

given in equation (4.28) assumes, like in the case for the deposition rate, that deposition and 

erosion do not occur simultaneously. 

(4.28) 

I where I,, is the critical shear stress for erosion, k is the erosion rate coefficient and - - 1 
I'', 

is the excess shear stress. The erosion rate is computed at the sediment-water interface and if 

this layer is eroded, erosion occurs from the underlying sediment layer, which has a higher 

level of compaction, therefore increasing the erosion shear stress thresholds (Fernandes, 

The percentage of mud to other sediments (for example, sands, corals, coarse grained 

sediments) by volume at the seabed is assumed to be proportional to the erosion rate 

coefficient (Douillet et al., 2001) according to equation (4.29). 

kt? = k c  'mud (4.29) 

where Pmud is the percentage of mud at the seabed and ke, is a fitting parameter. An 

averaged value of ke, is considered and applied to the entire lagoon, except over the reef 

bottom, which is generally not supplied with fine sediments and where erosion does not 
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4.4 Transformed Equations and Model Grids 

The model equations are solved for locations over the entire study area which is divided into 

a horizontal grid of 228 x 99 square cells and 10 vertical a layers. In the vertical grid, the 

equations were expressed in terms of z so the equations have to be transformed to a 

coordinates. This is because the (x, y, z) coordinate system has certain disadvantages in the 

vicinity of large bathymetric irregularities (Blumberg and Mellor, 1987) which can be 

overcome by using a coordinates which can better resolve the bottom layer (Pietrzak et al., 

2002). Also, the vertical advection exchanges are minimized for barotropic flows (Martins et 

al., 200 1). The governing equations are transformed from (x, y, z, t) to (x* , y* , a ,  to) 

coordinates using equations (4.30) and (4.3 1). 

Using these equations, the hydrodynamic and transport equations ( 4 3 ,  (4.8), (4.9) and (4.20) 

are respectively modified to equations (4.32), (4.33), (4.34) and (4.35) to correctly represent 

the equations in the a coordinates. Equation (4.36) represents the new vertical velocity. 

auo aJD &*D a< 
-+-+-+-=o ax* a* a a  at 

au au au , au -+U7+v--r+W --fv- 
at* ax a a a  



Chapter 4: Governing Equations, Boundary Conditions and Numerical Discretization 

a a a . a  ( ; 2 ) . a ( ~ I p )  -+u-+V7+W -+ fu-  - 
at* ax* ;ty a 0  a 0  

aDC auDC &DC &*DC - +- +- + a20c a20c 1 a ( K , a c )  
=Y,, + K , , y + -  (4.35) 

at* ax* a ~ '  a 0  - i3, D aa2 

The surface boundary conditions are changed fiom equations (4.1 1) and. (4.13) to equation 

(4.37) and equation (4.25) to equation (4.38). 

The bottom boundary conditions are changed from equations (4.16) and (4.19) to equation 

(4.39) and equation (4.26) to equation (4.40). 

The Arakawa C-grid is modified to include the water depths H,  and H,  which allows for 

automatic treatment of wetting and drying. The staggered arrangement uses u at half-grid 

points to the east .and west of the points where H and < are defined and v at half-grid 
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points to the north and south of H and < points, as shown in Fig. 4.1. This arrangement 

allows the pressure gradient to be determined as a function of the free sea-surface elevation. 

The quantity a refers to the depths at which the transport quantities (salinity and SSC and 

the vertical velocity w )  are located. The constant horizontal grid spacing are Ax and Ay 

and A o  is the vertical increment which varies in thickness to accommodate more resolution 

near the surface and bottom. 
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Figure 4.1 Modified Arakawa C-grid. 
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4.5 Model Bathymetry 

The model incorporates realistic coastline and bottom topography. The depth data used in the 

model were obtained by digitizing the British Admiralty charts and fiom surveys by the Fiji 

Hydrographic Services. The depth at the corresponding grid points were determined by an 

interpolation method and input into the model using a program developed by UR CAMELIA 

and is shown in Fig. 4.2. 

-18.2d I I I 1 
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Figure 4.2 Bathyroetry ofae Suva Lagoon. 

The govemhg equations form a set of simultm&ous @d diffewnthl quatiom which 

cannot be solved using known analytical methods (BIu~~lkrg u d  Mellos, 1987). The 

governing equatiom together with their bow* d t i o m  require numeric w m p u ~ o ~  

metho& using equations on the Anhwa C-grid For cornputatianal efficiency, a 

mode splitting technique in timn and an impfieit numerid scheme in the vertical direstion 

has bean arlopte&: The AD1 'm&d is used for tinze discretization and the finite dBemee 
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method is used for space discretization. All governing equations are solved using the finite 

difference scheme at each of the grid points for each time step until termination of the 

simulation. 

4.6.1 Temporal Discretization 

The temporal discretization is carried out by means of the AD1 algorithm. The AD1 

algorithm computes alternatively one component of horizontal velocity implicitly while the 

other is calculated explicitly. Each iteration is divided into two half-steps. In the first half- 

step, the free sea-surface elevation and one component of the horizontal velocity are 

computed in an implicit way along each line of the given direction. The required value of the 

other velocity is taken from the previous time step. The same process is followed in the next 

half-step for the other component of the horizontal velocity. At the end of the second half- 

step, the solutions from the two half-steps are updated to give the resultant current velocity 

for the points. The order of computation of velocity is shown in Fig. 4.3. The velocity in the 

west-east direction is represented by u, and u3 , the velocity in the south-north direction is v2 

and v4 while the sea-surface elevations are 4-,, C4, 6, and c2 at times C = 1, 2, 3 and 4 

respectively. 

Figure 4.3 AD1 algorithm. 

The salinity and SSC are also calculated at the end of the second half-step while the vertical 

velocity is computed from the continuity equation. To incorporate the temporal discretization 

into the model, equations (4.33), (4.34) and (4.36), which represent the hydrodynamic 

equations in a coordinates, have to be transformed respectively to equations (4.41), (4.42) 

and (4.43) according to the AD1 algorithm. 



Chapter 4: Governing Equations, Boundav Conditions and Numerical Discretization 

The boundary conditions at the free sea-surface and the sea-bottom also need to be changed 

from equations (4.37) and (4.39) to equations (4.44) and (4.45) respectively. 

To determine the components of velocity at the spatially separated grid points as a fimction of 

time, equations (4.41), (4.42) and (4.43) now need to be discretized simultaneously in space. 
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4.6.2 Spatial Discretization 

The spatial discretization is carried out by using the finite difference approximations. New 

values at a new time are calculated from values at a previous time by using the spatial 

gradients of quantities. This can be done by using backward difference, forward difference or 

centered difference approximations using Taylor series expansions. The backward difference 

and forward difference approximations are first order accurate while the centered difference 

method is second order accurate. This means that the largest term of the error in the gradient 

au 
in either the backward or forward approximations, for example, - depends on Ax to the ax 
first power while the largest error term in the centered difference approximation depends on 

Ax to the second power. Therefore the error inherited in using the centered difference 

approximation is smaller than the error inherited when using the backward difference or 

au 
forward difference approximations. The more accurate approximation of - using Taylor 

ax 
series expansion around an arbitrary point x, is the centered difference approximation (Pond 

and Pickard, 1983) which is given in equation (4.46). 

where derivatives are calculated at x, and u ,+, is the 'value at xi+, , u ,-, is the value at xi- ,  , 

Ax is the grid spacing in the x -direction and 0 is a finite number (Pond and Pickard, 1983). 

The centered difference approximation is used to transform equation (4.41) to equation 

(4.47). Similarly, equations (4.42) and (4.43) are approximated using the centered difference 

approximation. 
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The solution of equation (4.47) can give the horizontal velocity in the east-west direction at a 

particular time at any position on the modified Arakawa C-grid. To follow time evolution in 

the model, the temporal derivatives in the equations need to be approximated. Again a 

second order accurate approximation is used. The time step At is critical since if it is 

exceeded, there results an explosive growth of small errors inevitably present in the 

numerical operations (Pond and Pickard, 1983) preventing convergence of a stable solution. 

To control any instabilities arising during the execution of the model, the time step is 

continuously compared with the critical time step given in equation (4.48). 

where K ,  is the Strikler coefficient equal to 33 m-'I3 s-' and ( H  +c) is the maximum 

depth. The time step used in the model is 25 s. The method of LU factorization is used to 

solve the algebraic equations that are obtained after discretization. The advantage of using 

this method is that it is faster than trying to solve using the Gauss elimination method (Rao, 

2005). 

4.7 Model Validation and Implementation 

The main objective of this model study is to simulate suspended sediment transport by mass 

as realistically as possible. The model computes the hydrodynamic circulation and transport 

of salinity and SSC based on the model equations and input data. The input data is first 

filtered for consistency then fed into the model. These data includes wind speed, tidal 

influence, river runoff, bathymetry and the percentage of fine sediments at the bottom of the 

lagoon. The wind data is recorded at regular intervals of 10 minutes at a height of 10 m 

above mean sea-level and the M2, S2, Kl and 0 1  constituents of tide are used in the model. 

The river runoff is calculated using equation (3.1) in Chapter 3. The output from the model is 

written to a file which is then passed to a plotting program for interpretation. The outputs 

include current velocity, sea-surface elevation, salinity and suspended sediment concentration 

(SSC - mass of suspended sediments per unit volume of water) at the grid points at discrete 

time steps. . 
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Verification of the model is achieved through comparison of model output with the in situ 

field data. Model parameters are modified to accommodate any discrepancy arising with the 

field data. A good verification is achieved when the model output and the field data compare 

well with each other. 

4.8 Conclusions 

The MARS3D model has been validated for the water circulation in the southwest lagoon of 

New Caledonia (Douillet, 1998; Douillet et al. 2001; Ouillon et al., 2004; Jouon et al., 2006). 

An improved version of this model is applied to the Suva Lagoon in this study. This model is 

able to simulate the transport of fine suspended sediments due to different tidal and wind 

forcings and river runoffs. The model solves the governing equations using the hydrostatic 

and Boussinesq approximations. Boundary conditions are imposed at the sea-surface, sea- 

bottom and along the coastline. The AD1 method is used for time discretization and the finite 

difference method is used for space discretization. A modified Arakawa C-grid is used in the 

study. 

The critical shear stress for deposition (t,,) and erosion (tee) and the erosion rate coefficient 

(ke) need to be determined in order to verify the model. This is done by comparing the 

model predicted particle concentration at the bottom with the percentage of mud found in the 

lagoon for different combinations of zed, zce and ke : Once these parameters are found, they 

can be used to predict the distribution of fine suspended sediments in the lagoon. The model 

predicted results are then compared with the in situ data collected and good agreement 

between the two acts as verification of the model. 

The following chapter presents the model verification by determining zed, zce and ke and 

using these parameters to predict the water properties in the lagoon. The model predicted 

results will be compared with the field data to verify the model before running it for the 

transportation of fine suspended sediments in the Suva Lagoon. 
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Model Results and Discussion 

5.1 Introduction 

In modelling the transport of fine suspended sediments, the values for critical shear stresses 

for deposition (z,,) and erosion (z,,) and the erosion rate coefficient (ke) need to be known. 

These parameters can be measured directly under controlled flow conditions (Piedra-Cueva et 

al., 1997) or be chosen so as to provide the best agreement between model results and 

observations h m  field data. In this project, the latter case is used. Once these parameters 

are estimated, they can be used in the model to predict suspended sediment concentration 

(SSC) and sediment transport in the lagoon. The model results are compared with field data 

and agreement between the two sets of results will act as verification of the model. After 

verification, the model can be used to determine the effect of: 

model resolution on salinity distribution; 

the presence of the sandbank in the Rewa Delta on surface salinity distribution; and 

different river discharges on the transport of fine suspended sediments in the lagoon. 

The 3D hydrodynamic-sediment transport coupled model used in this project (and discussed 

comprehensively in Chapter 4), uses the combined effect of the tides, winds and river runoff 

to simulate the salinity and turbidity distribution in the lagoon. In this chapter, the model will 

be validated and implemented for the Suva Lagoon. 

5.2 Model Parameters 

5.2.4 Determination of the Critical Shear Stress for Deposition and Erosion 

In the Suva Lagoon, the critical shear stresses for deposition and erosion and the erosion rate 

coefficient are unknown. Le Normant (1995) and Schaaf (1999) quote the estimates of 

critical shear stress from several papers ranging from 0.002 N mm2 to 0.7 N m-2 for r, and 
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from 0.03 N m-2 to 1.14 N mm2 for r, . These ranges are very wide and they generally refer to 

muddy estuaries (Douillet et al., 2001). In the absence of measurements of these parameters, 

it is appropriate to assume that z, and z,, are equal to a value called the critical shear stress 

r . This means that there is always either net deposition or net erosion taking place over a 

given area. It is also assumed that the net flux over the lagoon seabed can be considered as 

zero over a tidal scale with mean conditions of wind and tide and no river input. This 

assumption has two implications: 

the values of the parameters rcP and ke should provide a balance between deposition 

and erosion summed up over a tidal cycle under mean tide and wind conditions; and 

the areas of net deposition obtained in simulations using the above parameters should 

be in best agreement with the areas where fine sediments are dominant at the seabed 

(Douillet et al., 2001). For that comparison, the distribution of fine sediments in the 

Suva Lagoon, as measured by Fernandez et al. (2006) and shown in Fig. 5.1, will be 

used. 
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Figure 5.1 The percentage distribution of fine sediments at the bottom in the Suva Lagoon. 
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Figure 5.1 shows that the eastern half of Laucala Bay contains more than 80% of fine 

sediments. This demonstrates the tremendous influence of the Rewa River on sediment 

deposition in the Suva Lagoon. A high percentage of fine sediments can also be seen in the 

western half of Suva Harbour. The lowest percentage of fine sediments is found through the 

Nasese Channel. 

The M2 constituent is the major constituent of the tide, thus, only the M2 constituent is used 

in this part of the project. The M2 constituent was initially combined with a mean wind speed 

of 6 m S-I and computations were performed for different values of zcr keeping k constant. 

To estimate the value of ke, a fitting parameter ke, was used according to equation (4.29) in 

Chapter 4. Initial empirical test runs were performed with qr = 0.017 N m-2 and ke, varying 

-2 - 1  between 4.0 x g rn s and 7.0 x g m-2 s-I. Once ke, was tentatively determined, a 

sensitivity study of the model was performed with rcr varying around 0.017 N m-2. 

It was found that whatever value of ke was used, increasing values of rcr lead to greater 

deposition zones and smaller erosion areas. This is because of the nature of the deposition 

and erosion flux formulae [equations (4.27) and (4.28) respectively in Chapter 41, .which 

defines the relationship between the fluxes and the critical shear stress. From model runs, it 

was found that z,, = 0.020 N m-2 lead to erosion and deposition areas in good agreement with 

the distribution of fine sediments at the seabed shown in Fig. 5.1. 

5.2.2 Determination of the Erosion Rate Coefficient 

The value of the erosion rate coefficient ke depends essentially on the nature and porosity of 

the deposit and can be estimated for each area (Douillet, et al. 2001) by changing the model 

parameters. The influence of the coefficient ke, was calculated in the presence of the tide 

and different wind conditions for values in the range of 4.0 x 10" g m-2 s-' to 7.0 x 10'~ g m-2 

s .  For comparison purposes, the computed deposition and erosion fluxes (Df and Ef 

respectively) were summed up for the whole lagoon over one tidal cycle (12.42 h). These 

fluxes are expressed in tonnes in Tables 1 - 8 in the Appendix for rcr ranging between 0.010 

N m-2 and 0.025 N m-2. 
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5.2.3 Sensitivity of the Sediment Fluxes to the Critical Shear Stress 

The influence of the critical shear stress for deposition and erosion under several wind and 

tide conditions were considered. Table 5.2 shows the deposition and erosion fluxes 

calculated for different values of the critical shear stress rcr ranging between 0.010 N m-2 and 

-2 -1 
0.025 N m-2 for ke, = 6.5 x 10'~ g m  s . 

Table 5.2 Deposition and erosion fluxes (Df and Ef respectively) calculated by the model for the whole 
lagoon with different values of the critical shear stress and with ke, = 6.5 x g m-2 il. Df and Ef are 

expressed in tonnes per tidal cycle. 

Tide + Tide + 
Wind 6 m s-' Wind 8 m s-' Tide Wind 6 m s-' Wind 8 m S-' 

Df = 11 13.3 Df = 2890.1 Df = 1367.3 Df = 1033.3 Df = 807.3 
Ef = 3816.6 Ef =42023.1 Ef = 1421.7 Ef = 3247.9 Ef = 5756.1 
Df = 1109.1 Df = 2697.2 Df = 1414.7 Df = 1122.8 Df = 913.5 
Ef = 1069.8 Ef =27000.6 Ef = 776.0 Ef = 1857.4 Ef = 3402.4 
D f =  1129.7 D f =  2721.0 D f =  1421.9 D f =  1136.9 D f =  930.9 
Ef = 963.8 Ef = 25714.8 Ef = 699.5 Ef = 1691.2 Ef = 3117.0 
Df = 1149.2 Df = 2698.4 Df = 1428.7 Df = 1150.1 Df = 947.3 
Ef = 873.4 Ef =24124.6 Ef = 633.3 Ef = 1546.5 Ef = 867.6 
Df = 1167.2 Df = 2677.1 Df = 1435.1 Df = 1162.6 Df = 962.8 
Ef = 795.0 Ef =22713.1 Ef = 575.5 Ef = 1419.7 Ef = 2647.9 
Df = 1184.1 Df = 2656.9 Df = 1441.1 Df = 1174.4 Df = 977.5 
Ef = 727.0 Ef =21451.9 Ef = 524.7 Ef = 1307.8 Ef = 2453.3 
Df = 1200.2 Df = 2637.6 Df = 1446.9 Df = 1185.6 Df = 991.5 
Ef = 667.9 Ef = 20318.5 Ef = 479.9 Ef = 1208.5 Ef = 2279.9 
Df = 1273.8 Df = 2552.1 Df = 1472.2 Df = 1234.4 Df = 1052.3 
Ef = 1064.0 Ef = 16028.4 Ef = 319.2 Ef = 845.7 Ef = 1638.9 

1 It can be seen from Table 5.2 that for the tide (M2 constituent only) alone, erosion is weak 

when rcr is greater than 0.01 1 N m-2 (through extrapolation) and deposition, which depends 

on the initial concentration field, is strong. This means that the area over which z is lower 

than zcr is greater, thus more deposition. With wind alone, deposition is greater than erosion 

when zcr is greater than 0.015 N m-2 for a wind of 6 m s-'. Erosion is very strong for a wind 

of 8 m S-I and the critical shear stress needs to be a lot higher for the deposition and erosion to 

be of the same order of magnitude. Considering a combination of tide and wind of 8 m s-', 

erosion increases rapidly when zcr decreases. This is because the currents due to the 

combined forcings generates stronger bed shear stresses and the area where z is greater than 

zcr is greater. 
i 
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Figure 5.2 Model distribution of the deposition flux (left column) and erosion flux (right column) cumulated 
over a tidal cycle for di fkmt forcings (a and d) tide, (b and e) wind 6 m 6' and (c and f) tide and wind 6 rn 6'. 
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1 For the tide alone (Fig. 5.2a), deposition is weak at the head of Laucala Bay, through Nasese 

Channel and at the Suva, Nukubuco and Nukulau Passages. Maximum deposition can be 

seen at the head of Suva Harbour gradually decreasing to a minimum near the Suva Passage. 

Maximum deposition can also be seen off the Nasigasiga Reef, decreasing towards the 

middle of the bay. Along the coast on the west side of the bay, the concentration of fine 

sediments found at the bottom is high. For the wind alone (Fig. 5.2b), deposition is weak 

near the Vunidawa River mouth, at the head of the bay extending along the coast towards and 

through the Nasese Channel. Maximum deposition can be seen off the Nasigasiga, 

Nukubuco, Sosoikula, Vunivau and Nukusaga Reefs, near the middle of the bay and at the 

head of the harbour. 

The respective influences of the tide and wind on the distribution of fine sediments at the 

bottom show discrepancies when compared with the percentage distribution in Fig. 5.1. A 

combination of the two forcings is essential to determine the distribution of fine sediments at 

the bottom. 

Combining the tide with a wind of 6 m s-' (Fig. 5.2c), maximum deposition can be observed 

at the head of the harbour, along the coast on the west side of the bay starting from the 

Nasese Channel end up towards the middle of the bay and on the west side of the head of the 

bay. This is consistent with zones of high percentage of fine sediments at the bottom from 

Fig. 5.1. Minimum deposition is seen through Nasese Channel, on the east side near the head 

of the bay and at the Vunidawa River mouth. The distribution of the deposition flux resulting 

from the combination of tide and wind appears to be in good agreement with zones of high 

percentage of fine sediments at the bottom seen in Fig. 5.1. This is consistent with field data 

presented in Figs. 3.8 and 3.9, which show low turbidity in Suva Harbour compared to that in 

Laucala Bay. Erosion is high in the bay therefore the turbidity is high. This is due to 

resuspension of the bottom sediments. There is minimum deposition at the Vunidawa River 

mouth due to the absence of river discharge in the simulations (Fig. 5.2% b, c). However, the 

high percentage of fine sediments found at the bottom at the Vunidawa River mouth (Fig. 

5.1) is due to the suspended sediment input from the river. 

Favorable areas of deposition are dominated by fine sediments while erosion occurs 

preferably over a re3  where the percentage of coarse sediments at the bottom is greatest 
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(www.ozestuaries.org, 2006). Erosion areas, for the tide alone (Fig. 5.2d), are limited to the 

Nasese Channel, to the east side at the head of Laucala Bay, the Vunidawa River mouth and 

to some extent, near the Nukubuco Passage. Strong currents generated at the Nukubuco 

Passage and through the narrow Nasese Channel create strong bed shear stresses, which is 

greater than the critical shear stress, causing erosion of bottom sediments. At the Vunidawa 

River mouth, the shallow depths allow resuspension of bottom sediments due to the changing 

currents during the tidal cycle. For the wind alone (Fig. 5.2e), the erosion areas are confined 

to the shallow waters at Nasese Channel and at the Vatuwaqa, Samabula, Nasinu and 

Vunidawa River mouths. The current induced by the wind effect at the surface resuspends 

bottom sediments at the shallow depths causing erosion of bottom sediments. 

The combination of tide and wind (Fig. 5.2f) shows that the influence of the individual 

forcings is significant in determining the overall erosion flux in the lagoon. The zones where 

low percentages of fine sediments are found (from Fig. 5.1) are consistent with the areas of 

erosion under the combined forcing of tide and wind, especially in the Nasese Channel and at 

the river mouths. The high amount of erosion near the head of the bay and at the river mouth 

is due to the resuspension phenomenon. Figure 5.2f shows that there is good agreement 

between the erosion fluxes and the zones where there is low percentage of fine sediments at 

the bottom of the lagoon. It can be seen from Fig. 5.2 that the tidal influence is greater in the 

deeper parts of the lagoon, where the tide operates as the main regulator, while the effect of 

wind is more dominant at shallower depths. 

5.3 Model Verification 

Verification of the model was carried out by comparing field data (presented in Chapter 3) 

with the model output. The model salinity and turbidity profiles were extracted for sites 

where field data were collected and compared with the field salinity and turbidity profiles at 

those sites. A successful comparison would be achieved if the profiles derived from the 

model follow the field profiles. The field data used for comparison was data collected fiom 

Cruise I (on 15" March 2006). 

To ensure a realistic representation, the model used the M2, S2, K1 and 0 1  constituents of tide, 

wind data from the yeather station at the School of Marine Studies (SMS) for the simulation 

I 
66 
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period and river discharges from the Rewa, Nasinu, Samabula, Vatuwaqa and Tamavua 
3 -1 Rivers. The discharge used for the Rewa River was 200 m s and was calculated using 

equation (3.1). Due to the unavailability of individual discharge data for the Nasinu, 

Samabula, Vatuwaqa and Tamavua Rivers, these discharges were each approximated to 5 m3 

s-' based upon the size, width and depth of these rivers compared to the Rewa River. The 

freshwater introduced into the model had an initial salinity of 0 psu and turbidity of 20 FTU. 

This value of turbidity is obtained from field results (discussed in Chapter 3) and the fact that 

high rainfall introduces a high amount of terrigenous input into the river. The reference 

salinity of ocean water used in the model was 35.0 psu. This value was taken from 

measurements at a point outside the Suva Passage. Initial test runs of the model using 34.5 

psu and 35.5 psu for the salinity of ocean water showed considerable discrepancies from the 

field data. This is because salinity near the coastal areas is generally lower than that found in 

deeper regions away from the coast. The model used 10 vertical a layers, where the vertical 

axis k equivalent to 0 represents the bottom and the value equivalent to 1 represents the 

surface. The model results are taken 120 hours after the introduction of freshwater into the 

5.3.1 Salinity Profiles 

Four sites were chosen to represent salinity distribution in the lagoon. These were at Suva 

Harbour, Nukubuco Passage, Laucala Bay and Rewa Delta. Figure 5.3 shows the field and 

model salinity profiles at each of the four sites. 
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Figure 5.3 Field and model salinity profiles for a = 10 levels at different locations in the Suva Lagoon using 
the same range for salinity at (a) Suva Harbour, (b) Nukubuco Passage, (c) Laucala Bay and (d) Rewa Delta. 
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The model salinity in Suva Harbour (Fig. 5.3a) shows a slight deviation fiom the field 

salinity at the surface. This can be attributed to the estimated discharge of 5 m3 s-' fiom the 

Tamavua River used in the model. The discharge is probably more and using a higher value 

for the discharge will decrease the model salinity and generate a more accurate salinity 

profile. The model salinity at Nukubuco Passage and Laucala Bay (Fig. 5.3c, d respectively) 

follow the field salinity with an average deviation of 0.2 psu. The model salinity is generally 

lower than the field salinity at the surface due to the continuous river discharges used in the 

model. Instead of using a constant rate of river discharge, more realistic and instantaneous 

runoffs would increase the model salinity generating more accurate profiles. The salinity 

profiles show a good comparison between model output and field data in the Rewa Delta 

(Fig. 5.3d). 

The bottom salinity at the four sites shows better agreement between model results and field 

data than at the surface. This means that the discharge from the rivers influences the surface 

salinity more than the bottom salinity. This is similar to Rao's (2005) findings. The model 

and field salinity profiles in Fig. 5.3 follow each other in a similar manner showing that the 

model is reasonably capable of representing the salinity distribution in the Suva Lagoon fairly 

accurately and that the model has been verified for salinity distribution. The model used 10 

vertical o layers to represent the salinity distribution. The effect of increasing the model 

resolution on salinity distribution is discussed next. 

5.3.2 Effect of Model Resolution on Salinity Distribution 

In validating the model for salinity distribution, 10 vertical o layers were used. To observe 

the effect of increasing the model resolution on salinity distribution, 23 vertical a layers are 

used. The same parameters that were used to validate the model for salinity distribution 

using o = 10 levels fiom above are used for o = 23 levels. Figure 5.4 shows the model 

salinity profiles at different locations in the Suva Lagoon 120 hours after the introduction of 

freshwater into the model using both 10 and 23 vertical o layers. 
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Figure 5.4 Model salinity profiles for a = 10 levels and a = 23 levels at different locations in the Suva 
Lagoon (a) Suva Harbour, (b) Nukubuco Passage, (c) Laucala Bay and (d) Rewa Delta. 
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The model salinity profiles in Fig. 5.4 show that there is better representation of the vertical 

profile when o = 23 levels than when o = 10 levels because of the larger number of data 

points. The surface salinity for o = 23 levels has more data points than for o = 10 levels (7 

compared to 4 for the first 2 m of a total depth of 10 m) therefore the surface salinity for o = 

23 levels is better resolved. This can be seen in Fig. 5.4 where surface salinity for o = 23 

levels is more defined than for o = 10 levels. In .the deeper areas of the lagoon, for example 

in the Nukubuco Passage (Fig. 5.4b), representation of the vertical profile for o = 23 levels 

is more realistic because the thickness of the freshwater plume on the surface is better 

resolved. There is greater resolution at the surface and at the bottom than in the middle of the 

vertical profile. However, the middle layer is conserved as the thickness between the levels 

is not very large so resolution is not lost. 

5.3.3 Turbidity Profiles 

The four sites chosen for the verification of turbidity distribution were the same as that for 

salinity distribution, that is, at Suva Harbour, Nukubuco Passage, Laucala Bay and Rewa 

Delta. Figure 5.5 shows the field and model turbidity profiles at each of the four sites. It is 

to be noted that the field turbidity profiles have been adjusted to account for the background 

turbidity of water discussed earlier in Section 3.4.5 (Chapter 3). 



Chapter 5: Model Results and Discussion 

Turbidity (FIU) 

2.0 3.0 4.0 5.0 6.0 7.0 

'7 

Turbidity @TW) 

3 0 4.0 5.0 6.0 

Suva Harbour 

Laucala Bay 

-- 0.7 

- 0.6 

Nukubuco Passage 

0.5 2 

Turbidity FRJ) 

Figure 5.5 Field and model turbidity profiles for a = 10 levels at different locations in the Suva Lagoon 
using the same range for turbidity at (a) Suva Harbour, (b) Nukubuco Passage, (c) Laucala Bay and (d) Rewa 
Delta. 
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The model and field turbidity in the Suva Lagoon generally show good agreement with each 

other. The model turbidity at Suva Harbour and Nukubuco Passage (Fig. 5.54 b 

respectively) can be seen to follow the field turbidity with an average deviation of less than 

0.1 FTU. The field turbidity profile in Laucala Bay shows that turbidity generally stays 

constant at about 0.9 FTU. The model turbidity at this site also stays constant with an 

average value of about 0.8 FTU. Near the bottom, resuspension of bottom sediments 

increases the turbidity and this can be seen in the Rewa Delta (Fig. 5.5d). This phenomenon 

is not seen in Suva Harbour and Nukubuco Passage because of the low percentage of fine 

sediments found at the bottom. The bottom model turbidity in the Rewa Delta shows high 

turbidity. This is what is also observed from the field turbidity profile. The above 

comparisons show that the model is able to represent turbidity distribution in the Suva 

Lagoon fairly reasonably and therefore the model has been verified for turbidity distribution. 

The model used 10 vertical a layers to represent turbidity distribution. It would be difficult 

to observe the effect of increasing the model resolution on turbidity distribution in the vertical 

layer. This is because of the following reason. For the vertical transport of fine sediments in 

the water column, the vertical velocity is multiplied by the time step. If the number of a 

layers is increased, A a  decreases (as depth is conserved). Since settling velocity is 

conserved, the vertical transport of fine sediments will take place fiom one a level to 

another. This will not conserve the vertical profile of sediment transport and in the first a 

level ( a  = I), that is, at the bottom of the seabed, $e sediment particle will go straight 

through the bottom. This is particularly common in shallow waters where A a  is relatively 

small. To avoid this fiom happening, the time step will have to be reduced. Doing this will 

conserve the vertical transport of fine sediments in the water column, that is, in A a .  

However, decreasing the time step implies more computations and a longer time to m the 

model, which cannot be handled by a normal computer. A larger and faster processor is 

required. Therefore, only 10 0 levels were used for the calculation of suspended sediment 

concentration in this project. 
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I 5.4 Implementation of the Model to the Suva Lagoon 

The verified model can be used to simulate the distribution of salinity and turbidity under 

different conditions in the Suva Lagoon. In the model, real-time wind data for the study 

period from SMS and the M2, S2, K1 and 01 constituents of tide are used. The effect of the 

presence of the sandbank in the Rewa Delta and different river discharges on the water 

quality in the Suva Lagoon will be determined. 

5.4.1 Effect of the Presence of the Sandbank on Salinity Distribution 

Campbell et aE. (1982) stated that the Vunidawa River channels 15% of the total discharge of 

the Rewa River into Laucala Bay, while the remainder flows into the Rewa Delta. However, 

it is to be noted that the Rewa Delta is generally closed due to the formation of sandbanks and 

these sandbanks can play a significant role in determining the amount of freshwater that 

enters Laucala Bay and Rewa Delta. 

Freshwater discharges from rivers carry sediments to the coastal areas from where they are 

either deposited or transported further. Sometimes rivers carry more sediments to the coastal 

areas than longshore currents can distribute (Trujillo and Thurman, 2005). As a result, the 

depositional processes exceed coastal erosion and transportation processes and these rivers 

develop a delta (triangular) deposit at their mouths (Trujillo and Thurman, 2005). These 

deltas then grow through the formation of distributaries,.which radiate out over the delta and 

become choked with sediment when they get too long (Trujillo and Thurman, 2005). 

To determine the influence of the sandbank on salinity distribution in the lagoon, especially 

in Laucala Bay, several model runs were made for different river discharges, with and 

without the presence of the sandbank in the Rewa Delta, and the results are presented 120 

hours after the introduction of freshwater into the model in Fig. 5.6. In the model 

simulations, wind data from the weather station at SMS, the M2, S2, K1 and O1 constituents of 

tide and o = 23 levels are used. The freshwater introduced into the model had an initial 

salinity of 0 psu. 
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It can be seen in Fig. 5.6% b that for a river discharge 80 m3 s" from the Rewa River (to 

represent low river discharge), the surface salinity in Laucala Bay and Suva Harbour is barely 

affected by the presence of the sandbank in the Rewa Delta. The small increase in the 

amount of freshwater discharged into Laucala Bay via the Vunidawa River due to the 

presence of the sandbank (Fig. 5.6a), has a minimal effect on the surface salinity distribution 

in the bay and the harbour. According to Campbell et al. (1982), 15% of the discharge from 

the Rewa River is channeled into Laucala Bay through the Vunidawa River. For a discharge 
3 -1 3 -1 of 80 m s from the Rewa River, this value is calculated to be 12 m s for the Vunidawa 
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River. The individual discharges from the smaller rivers (Nasinu, Samabula, Vatuwaqa and 

Tamavua Rivers) were each considered to be 5 m3 s". However, since the discharge from the 
3 -1 Vunidawa River (12 m s ) has a small effect on surface salinity distribution in Laucala Bay, 

these individual discharges from the Nasinu, Samabula, Vatuwaqa and Tamavua Rivers on 

surface salinity variation in the lagoon can be considered as insufficient to make a significant 

change in the surface salinity distribution. 

The influence of the sandbank on surface salinity distribution is greater for a river discharge 

of 200 m3 s-' (Fig. 5 . 6 ~ ~  d) from the Rewa River (to represent high river discharge). The 

surface salinity distribution in Laucala Bay, with the presence of the sandbank, extends up to 

the entrance of Nasese Channel (Fig. 5.6~). However, in the absence of the sandbank, surface 

salinity distribution is only up to the middle of Laucala Bay and the Nukubuco Reef, near 

Nukubuco Passage (Fig. 5.6d). The effect of the presence of the sandbank in the Rewa Delta 
3 -1 is most clearly observable for a higher discharge from the Rewa River of 400 m s (Fig. 

j 
1 
! 

5.6e, f). In the presence of the sandbank, surface salinity in the bay varies between 25.0 psu 
1 at the head of the bay to 29.0 psu at the Nasese Channel (Fig. 5.6e). High salinity waters at 

1 the surface can be seen to accumulate along ~aucala Bay coast. In the absence of the 

i sandbank, surface salinity in the bay is higher, varying between 28.0 psu at the head 9f the 

! bay to 32.0 psu at the Nasese Channel (Fig. 5.60. Surface salinity in the Rewa Delta is 

higher when the sandbank is present in comparison to when there is no sandbank. 

1 : The presence of the sandbank plays an important role in the distribution of surface salinity in 
1 

I 
the lagoon, especially during periods of high freshwater discharge. In the presence of the 

I 
: sandbank, more freshwater is channeled from the Rewa River into Laucala Bay (via the 

1 Vunidawa River) than into the Rewa Delta. Therefore, surface salinity in the bay is low. In 
1 

the absence of the sandbank, there is less amount of freshwater entering the bay and more 

/ freshwater channeled into the Rewa Delta, therefore surface salinity in the bay is high. 

5.4.2 Effect of River Discharge on the Transport of Fine Suspended 

Sediments 

As mentioned earlier, salinity in the Suva Lagoon is largely influenced by the freshwater 

discharge from the Rewa River. The Rewa River discharges not only low salinity waters but . 
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also freshwater which include high amounts of terrigenous input. As rivers flow seaward, 

they carry sediments with them from the land (www.southsloughestuary.org, 2005). These 

sediments enter the lagoon and are either deposited or transported further depending on the 

current velocity. (A brief summary of the water circulation in the Suva Lagoon from Rao's 

(2005) work is presented in Chapter 2.) Model simulations to study the effect of different 

river discharges on the transport of fine sediments in the Suva Lagoon are shown in Fig. 5.7. 

The freshwater introduced into the model had an initial suspended sediment concentration of 

20 FTU and the model simulations are taken 120 hours after the input of freshwater into the 
( 

model. The wind data was taken from the weather station at SMS and the M2, S2, K1 and 0, 
I 

I 

i 
constituents of tide were used in the simulations. 

: 
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Figure 5.7 Model surface turbidity distribution for a river discharge of (a) $0 m3 s-', (b) 200 m3 i' and (c) 
400 m3 s". 
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I 3 -1 The small river discharge of 80 m s from the Rewa River (to find out the effect of lower 
I river discharge), carrying an initial SSC of 20 FTU in Fig. 5.7% does not have a significant 

effect on the SSC in the Suva Lagoon. However, the high SSC seen near the head of Laucala 

Bay and the Vunidawa River mouth is due to the resuspension of bottom sediments in the 

shallow region (refer to Fig. 4.2 in Chapter 4 for bathymetry of the lagoon). The percentage 

of fine sediments in this area is high (refer to Fig. 5.1) and the tidal currents and the wind 

effect at the bottom causes resuspension of the bottom sediments. It is to be noted that this is 

consistent with the areas of erosion shown in Fig. 5.2f. The turbidity in the lagoon is high, 

even during low river discharges near the Vunidawa River mouth due to the resuspension 

phenomenon. 

For a higher discharge from the Rewa River of 200 m3 s-' (to represent high river discharge) 

shown in Fig. 5.7b, the turbidity near the Vunidawa River mouth and the head of Laucala 

I Bay is lower than for a discharge of 80 m3 S-' (Fig. 5.7a). However, it is to be noted that the 

turbidity gradient along the surface in Fig. 5.7b is more defined than that in Fig. 5.7a. This 

means that at the river mouth, the freshwater rushes into the bay but as it moves further into 
g 

the bay, the velocity decreases. As this happens, the coarser grained sediments settle near the 
i river mouth while the finer grained sediments are transported further into the bay before they 

eventually settle to the bottom (Segar, 1998). Sediments are deposited wherever the currents 

are slowed (www.southsloughestuary.org, 2005). This is why the sediment gradient is seen 

in Fig. 5.7b. 

The sediment gradient can also be seen along the Rewa River. For discharges of 80 m3 s-' 

and 200 m3 s-', the SSC along the Rewa River (Fig. 5.7% b) is relatively lower than the SSC 

at the initial point (20 FTU) of introduction of freshwater into the model. This is because of 

two reasons. Firstly, the percentage of fine sediments at the bottom used in the model 

covered Laucala Bay and Suva Harbour and not the Rewa River and Rewa Delta. Therefore, 

there is no resuspension of bottom sediments along the Rewa River. And secondly, the initial 

discharges introduce high SSC but since the discharges are relatively small (80 m3 s" and 200 

m3 s-I), the river currents are also small and the sediments are deposited rather than 

transported downstream. The discharge from the smaller rivers (Nasinu, Samabula, 
3 -1 Vatuwaqa and Tamavua) is much smaller (taken as 5 m s ) than the discharge from the 

3 -1 Rewa River (80 m s ). Thus, the amount of suspended sediments that are introduced by 
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these smaller rivers, settle along the river channel before they reach the river mouths and 

empty into the lagoon. Therefore, the effect of the smaller rivers on the SSC in the Suva 

Lagoon can be considered to be insufficient to make a significant change in SSC in the 

lagoon. Higher discharges transport the suspended sediments further downstream. This can 

be seen in Fig. 5.7% b where the sediments transported from the initial point of introduction 
3 -1 of freshwater for a discharge of 200 m s is further downstream than that for a discharge of 

80 m3 s-I. 

3 -1 During much higher river discharges, for example, 400 m s (shown in Fig. 5.7c), the SSC 
3 -1 3 -1 in the bay is more than during smaller discharges (80 m s and 200 m s in Fig. 5.7% b). 

The high initial discharge carries the suspended sediments further downstream and is 

introduced into Laucala Bay via the Vunidawa River. This scenario was not observed for 
3 -1 3 -1 smaller discharges of 80 m s and 200 m s (Fig. 5.7% b respectively). The high river 

currents at the river mouth carry the suspended sediments introduced fiom the river and the 

resuspended sediments from the bottom further into Laucala Bay and this accounts for the 

high SSC found in the bay. The tides and the wind help in the distribution of suspended 

sediments, as discussed earlier in Section 5.2.4. 

The model simulations discussed above show that the SSC in Laucala Bay is influenced by 

the resuspension of the bottom sediments in the bay. The Rewa River influences the SSC in 

the bay during high river discharges. These suspended sediments are transported not only by 

the river currents but also by the effect of winds and tides. The tide and the wind are 

important parameters in the transport of fine sediments as they contribute to the overall 

turbidity in the lagoon. 

5.5 Conclusions 

Several combinations of the critical shear stress 7cr and the erosion rate coefficient kc were 

obtained through model runs. The number of possibilities can only be reduced when at least 

one of these parameters is determined from field measurements. However, values of rCr = 

2 -1 0.020 N m-2 and ke, = 6.5 x 10" g m- s were chosen as this combination gave the 

minimum percentage difference between deposition and erosion fluxes cumulated for the 

whole lagoon over 6ne tidal cycle. A combination of the tide and wind forcings provides the 
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best agreement between the fluxes and the percentage of fine sediments found at the bottom 

as opposed to the individual forcings. The tide and wind are the main regulators in 

determining the deposition and erosion fluxes of sediments at the seabed. 

The model was verified for salinity and turbidity distribution using data gathered from field 

measurements (discussed in Chapter 3). The model salinity profiles were seen to follow the 

field salinity profiles fairly accurately. Using the values of z,, and ke, mentioned above, the 

model was verified for suspended sediment concentration distribution. It was found that the 

model turbidity profiles depicted the field turbidity profiles to a reasonable amount of 

accuracy. 

Both the field results and model output showed that the surface layer shows more variation in 

salinity distribution than the middle or bottom layers. This is due to the wind effect in 

transporting the freshwater entering the lagoon. Increasing the model resolution from 10 to 

23 a levels has a considerable effect on the salinity profiles, especially at the surface layer. 

This is because there are relatively more data points in the upper layer. The middle and 

bottom layers are conserved and increasing the model resolution in these layers has little 

effect on the salinity profiles. 

The presence of the sandbank in the Rewa Delta plays a very significant role in the 

distribution of surface salinity in the Suva Lagoon,, especially during high freshwater 

discharges from the Rewa River. A higher volume of freshwater enters Laucala Bay rather 

than the Rewa Delta when there is a sandbank present. This affects the salinity distribution in 

the lagoon considerably, especially in Laucala Bay. For a river discharge of 400 m3 s-', the 

freshwater effect reaches beyond the Nasese Channel in the presence of the sandbank but 

only up to the middle of Laucala Bay in the absence of the sandbank (Fig. 5.6e, f). 

The transport of fine suspended sediments in the Suva Lagoon is influenced by three main 

factors: 

the tide, which resuspends the bottom sediments due to the shear stresses acting at the 

bottom; 

the wind, which transports the suspended sediments introduced through river 

discharges and the resuspended sediments along the surface; and 
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the large river currents during high river discharges, which carry the suspended and 

resuspended sediments further into Laucala Bay. 

The tides are an important component in the resuspension of bottom sediments. The tidal 

range during the sampling period at Suva (Cruise 1 on 15" March 2006, which was during 

the spring tide) was 1.2 m. This is the period that was used in the model simulations as an 

example. Although the sampling period is close to equinox (21St March, which falls during 

the neap tide), the tidal range is not very large since the solar influence on tides is only 47% 

of the lunar effect. The maximum tidal range during the month of March 2006 was 1.7 m and 

the minimum tidal range was 0.8 m. Therefore, the tidal range during the sampling period 

was close to the average value for March 2006. If the model was run for the period of higher 

tidal range, the tidal currents would be stronger and this would generate stronger shear 

stresses at the bottom causing erosion of the underlying sediments. Therefore, the suspended 

sediment concentration in the water column would be high. For a lower tidal range, the tidal 

currents would be smaller and the smaller shear stress generated would cause less erosion and 

the concentration of suspended sediments in the water column would be low. 

The wind effect at the surface also causes resuspension of bottom sediments, especially in the 

shallow areas. The wind speed during the sampling period (Cruise 1 on 15" March 2006) 

averaged 3.8 m s-'. The mean monthly wind speed during the 2005 - 2006 wet-warm season 

was in the range of 3.3 - 4.5 m s-' (discussed earlier in Section 3.2 in Chapter 2). Therefore, 

the average wind speed during the sampling period was close to the mean value for the wet- 

warm season. In the model simulations, realistic wind data was used from the weather station 

at the School of Marine Studies. If the model was run for the period of higher wind speeds (> 

3.8 m s-I), there would be increased erosion of the bottom sediments as the wind effect at the 

bottom would be more due to the strong currents generated at the surface. This can be seen 

clearly in Tables 1 - 8 in the Appendix for a wind of 8 m s-'. The erosion fluxes are very big 

compared to that for a wind of 6 m s-'. Consequently, lower wind speeds used in the model 

(< 3.8 m s-') would cause less erosion. 

It is to be noted that when the tidal range and the wind speed are higher in the modelling 

period, there is also more deposition of the suspended sediments. This is because an increase 

in the erosion flux jesults in an increase in the amount of suspended sediments in the water 
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column. The deposition flux is proportional to the settling velocity and the concentration of 

fine sediments in the water column [refer to equation (4.27) in Chapter 41. Therefore, where 

there is increased erosion, there is also increased deposition. This can be seen in Tables 1 - 8 

in the Appendix. 

The discharge from the Rewa River is the major source of sediments in the Suva Lagoon. 

Sediments are carried into the lagoon by the river currents. The transport of these sediments 

from the Rewa River into the Suva Lagoon is highly dependent on the discharge rate of the 

Rewa River. During low river discharge (for example 80 m3 s-I), river currents will be slower 

since discharge and current velocity obey the relationship given by equation (5.1). 

R, = A x v, (5.1) 

where RD is the river discharge in m3 s-I, A is the cross-sectional area of the river mouth or 

any cross-section considered in m2 and v, is the average current velocity in the cross- 

sectional area A in m s-'. Therefore, the sediments.that are introduced into the river system 

at the source are deposited in the river channel. The suspended sediments barely make their 

way downstream and into the Suva Lagoon. However, during much higher discharges during 

the wet-warm season (approximately 200 m3 s"), the suspended sediments in the Rewa River 

make their way further downstream, than for a lower discharge rate (for example, 80 m3 s'l). 

But the river currents are not that strong enough and the sediments again settle, but further, 

along the river channel. It is only during very high discharge rates, for example 400 m3 s", 

that the effect of the discharge from Rewa River on SSC can be seen more clearly in the Suva 

Lagoon. The suspended sediments are carried by the strong river currents downstream where 

they enter Laucala Bay via the Vunidawa River. These sediments also make their way into 

the Rewa Delta. The suspended sediments are then either deposited or transported further 

depending on the tides and the winds. The concentration of suspended sediments in the Suva 

, Lagoon would be higher during tropical cyclones as there would be high rainfall resulting in 

high river runoff. 

d The tidal and wind effect on suspended sediments in the Suva Lagoon is always there, as the 
i 
i contribution from nature. The suspended sediment concentration near the mouth of the 
i 
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Vunidawa River is always high, even during low discharge rates. This is due to the high 

percentage of fine sediments found at the bottom. However, it is the high discharge from the 

Rewa River which is the major influence on the transportation of fine suspended sediments in 

the Suva Lagoon. As can be seen from equation (3.1) in Chapter 3, rainfall has a direct 

relationship with river discharge. This means that rainfall is the deciding influence on SSC in 

the Suva Lagoon. In general, the amount of rainfall is somehow controlled by the El Nifio/La 

Nifia period in the Pacific Region. According to the southern oscillation index (SOT) records, 

the study period (March 2006) has a positive SO1 value. Consequently, the results from the 

model simulations represent the transport of fine suspended sediments of a neutral period in 

the Suva Lagoon area. 
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Conclusions 

6.1 What has been done in the Suva Lagoon? 

Numerous studies in various fields (including physical, biological and chemical 

oceanography, geomorphology and geology) have been conducted in the Suva Lagoon since 

the establishment of the University of the South Pacific (USP) in the 1960s at the Laucala 

Bay foreshores. More recently, a symposium held at USP from 3 0 ~  March - lst April 2005 

discussed the ongoing research and its results on the science and management of the Suva 

Lagoon. Being the first of its kind on the study of the Suva Lagoon to be held at USP, this 

important event was organized by the Institute of Applied Sciences at USP and the School of 

Earth and Environmental Science of the University of Wollongong. Proceedings of this 

symposium was published in "At the Crossroads-Science and Management of the Suva 

Lagoon" and edited by Momson and Aalbersberg (2006). Subsequently, a list of pioneers in 

the study of the Suva Lagoon has been quoted in Chapter 2. 

Amongst all these research work, the field of physical oceanography at USP has grown 

rapidly within the past decade. For example, Kumar (2000) applied a 2D hydrodynamic 

model, built by the Institut de Recherche pour le DCveloppement (IRD), to the Suva Lagoon. 

Five years later, Rao (2005) used an improved version of the model used by Kumar (2000), 

and modified by IRD, to study the water circulation in the lagoon using a 3D hydrodynamic 

model. The present work uses an extension of the model used by Rao (2005) to study the 

transport of fine suspended sediments in the lagoon. The model used is a 3D hydrodynamic- 

sediment transport coupled model, which belongs to the Institut Franqais de Recherche pour 

1'Exploitation de la Mer (IFREMER). The model is able to simulate the effects of 

bathymetry, bottom friction, turbulence, river runoff, tides and wind forcing on the salinity 

and suspended sediment concentration in the Suva Lagoon for the completeness of the model. 
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done previously on the Suva Lagoon has been briefly summarized 

review. This will assist in any future studies undertaken for the 

6.2 Outcomes of this Project 

Having gathered the river discharge and rainfall data and collected wind, CTD and turbidity 

data, a thorough analysis of these data was conducted. Consequently, the present work has 

contributed the following findings in developing a further understanding of the physical 

processes taking place in the Suva Lagoon: 

The mean wind direction over the Suva Lagoon is generally from the southeast 

direction all throughout the year. Stronger winds persist in the dry-cool season than 

in the wet-warm season. The mean wind speed is between 4.4 - 5.6 m s-' in the dry- 

cool season and between 3.3 - 4.5 m s-' during the wet-warm season. The wind data 

has been collected since it was setup at the School of Marine Studies by the Institut de 

Recherche pour le Developpement (IRD) in 2003. These wind data can be used for 

many other purposes also. 

The Rewa River discharge is influenced by individual runoffs from the contributing 

tributaries and has a direct relationship with the rainfall. Higher rainfall results in 

higher river discharge and vice versa for lower rainfall. A relationship between river 

discharge and rainfall has been determined and can be used in future for further and 

other studies. The relationship is given by equation (3.1) in Chapter 3. 

The discharge from the Rewa River is the major source of variations in salinity, 

temperature and turbidity in the Suva Lagoon. The runoff from the Vunidawa River, 

one of the tributaries of the Rewa River, greatly influences the water quality in 

Laucala Bay. Suva Harbour is isolated from the effects of the discharge from the 

Rewa River, however, variations in the water properties in the harbour is due to the 

freshwater discharge from the Tamavua River. Therefore, Laucala Bay and Suva 

Harbour can be said to exist as two separate water bodies, which are separated by the 

narrow Nasese Channel. Table 6.1 summarizes the salinity, temperature and turbidity 

range at the surface at various locations in the Suva Lagoon during the different 

seasons. 

. 
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Table 6.1 Summary of the salinity, temperature and turbidity range at the surface in Suva Harbour, Nasese 
Channel, Laucala Bay and Rewa Delta during the wet-warm and dry-cool seasons. 
-- 
Water Nasese Season Suva Harbour Channel Laucala Bay Rewa Delta 
Property 
Salinitv Wet-warm 33.7 - 34.4 33.2 - 34.7 31.2 - 33.3 23.6 - 32.8 

Temperature Wet-warm 28.9 - 29.4 29.1 - 29.6 29.2 - 30.2 29.6 - 30.0 

("c) Dry-cool 24.5 - 24.8 24.5 - 25.0 24.5 - 25.4 24.8 - 25.2 

Turbidity Wet-warm 0.4 - 0.8 0.5 - 0.6 0.6 - 1.9 0.8 - 2.6 
(FTU) Dry-COO] 0.1 - 0.2 0.2 - 0.4 0.1 - 1.9 0.8 - 2.2 

The effects of the different parameters influencing the water quality in the Suva Lagoon were 

studied by using a 3D hydrodynamic-sediment transport coupled model. The following are 

the findings from the model output: 

The critical shear stress z,, and erosion rate coefficient ke, for the Suva Lagoon was 

estimated to be 0.020 N m-2 and 6.5 x g m-2 s-' respectively. Several 

combinations of z,, and ke, are possible, however, this combination gives the 

minimum percentage difference between the deposition and erosion fluxes calculated 

over the whole lagoon for one tidal cycle. The number of possibilities can only be 

reduced when at least one of these parameters is measured. 

The individual influence of the tide and wind are the main regulators in deterniining 

the deposition and erosion fluxes of sediments at the bottom. However, the combined 

effect of the tide and wind provides the best agreement with the estimated percentage 

of fine sediments that are found at the bottom of $he lagoon. 

The effect of model resolution on salinity distribution in the lagoon is significant, 

especially in the surface layer. Increasing the model resolution increases the number 

of data points and the salinity, especially at the surface, is better resolved. The middle 

and bottom layers of the salinity profile are conserved and do not show much 

difference when the model resolution is increased. More computational power is 

needed to increase the resolution for turbidity distribution. 

The sandbank in the Rewa Delta is very influential in determining the surface salinity 

distribution in the lagoon, especially during high freshwater discharges from the Rewa 

River. More freshwater is channeled into Laucala Bay, via the Vunidawa River, than 

into the Rewa Delta in the presence of the sandbank as opposed to when there is no 

sandbank present. This causes the surface salinity in Laucala Bay to drop 

significantly. 
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The suspended sediment concentration (SSC) in the Suva Lagoon is controlled by the 

combined effect of the tides, wind and river discharge. The SSC in Laucala Bay 

during low discharges from the Rewa River is less than for higher discharges. For a 
3 -1 river discharge of 80 m s , the SSC at the mouth of the Vunidawa River is about 7 

3 -1 FTU and for a discharge of 200 m s , the SSC at the river mouth is more than 12 

FTU. The high concentration of suspended sediments in Laucala Bay during low 

discharges (- 7 FTU) is due to resuspension of bottom sediments from the effect of 

the tides and winds. This means that the amount of suspended sediments in Laucala 

Bay, especially at the mouth of the Vunidawa River, is always high even during low 
3 -1 discharge rates from the Rewa River. For much higher discharges of 400 m s , the 

SSC at the Vunidawa River mouth is more than 18 FTU. This high value is attributed 

to the sediments introduced into Laucala Bay from the discharge of the Rewa River. 

The Rewa River discharge is the main source of suspended sediments in the Suva 

Lagoon. 

6.3 Contributions to the study of the Suva Lagoon 

During the course of this project, two oral presentations on the results from the earlier part of 

this study were presented at international conferences and a paper was published 

internationally. These are listed as follows: 

Water quality management in the Suva Lagoon was presented at the 21'' Pacific 

Science Congress held in Okinawa, Japan from 12" - 18" June, 2007. 

Water properties in the Suva Lagoon, Fiji was presented at the 4& Annual Meeting of 

the Asia Oceania Geosciences Society held in Bangkok, Thailand from 3 0 ~  July - 4" 

August, 2007. A paper on this presentation has been submitted for publication in 

Advances in Geosciences: Collected papers from the 4~ Annual Meeting of the Asia 

Oceania Geosciences Societv, World Scientific Publishing Company, Singapore. 

Singh, A. and T. Aung, 2008. Salinity, Temperature and Turbidity Structure in the 

Suva Lagoon, Fiji. American Journal of Environmental Sciences 4 (4): 252-261. 

More papers on the results of this project are under preparation for submission. 
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6.4 Final Remarks 

Personally, I have gained tremendously by doing this research project. I have learnt about 

field data collection and analysis, considerable knowledge of coastal modelling, the pros and 

cons of numerical methods and above all, I have improved my scientific judgment in this area 

and general analytical thinking, organizational skills, endurance and perseverance for future 

work. Now a similar type of work, as the one. done in this project, can be done in other 

lagoons or on a much larger scale in other coastal areas. The training undertaken while 

conducting this project is a valuable and worthwhile experience in my life. Eventually it was 

realized that burning the midnight oil is part of daily life in doing research! 

In any kind of study, one adds something to existing knowledge, while another adds 

something else. I believe that I have contributed a little more for those who are interested in 

the study of the Suva Lagoon. An addition, however small it may be, is a lot especially since 

no work of this kind has been done in this area. I conclude by quoting the words of Buddha 

on the way of practice in life: 

"First they should have right ideas of things, ideas that are 

based on careful observation, and understand causes and 

eflects and their signzjkance correctly. '" 

In accordance with this teaching, I have exerted all my effort into the present study. 
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Appendix 

Deposition and Erosion Fluxes 

Table 1 Deposition and erosion fluxes (Df and Ef respectively) calculated by the model over the whole 
lagoon with different values of the coefficient of erosion and with r, = 0.010 N mS. Df and b a r e  expressed in 
tonnes per tidal cycle. 

kec Tide + Tide + 
m-2 s - ~  Wind 6 m s-I Wind 8 m s-I Tide W i n d 6 m i 1  W i n d 8 m i 1  

4.0 x Df = 1010.7 Df = 1988.8 Df = 1307.4 Df = 962.8 Df = 735.1 

Table 2 Deposition and erosion fluxes (Dr and Ef respectively) calculated by the model over the whole 
lagoon with different values of the coefficient of erosion and with r, = 0.015 N m-2. Df and Ef are expressed in 
tonnes per tidal cycle. 

Wind 6 m 6' Wind 8 m s-' Tide Tide + Tide + 
Wind 6 m s-' Wind 8 m 6' 
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Table 3 Deposition and erosion fluxes (Df and F& respectively) calculated by the model over the whole 
lagoon with different values of the coefficient of erosion and with r,, = 0.016 N m'2. Df and Ef are expressed in 

tonnes per tidal cycle. 

Wind 6 m s-I Wind 8 m s" Tide Tide + Tide + 
Wind 6 m s-' Wind 8 m s-' 

4.0 x lo-' Df = 1108.4 Df = 1941.0 Df = 1383.4 Df = 1087.3 Df = 873.1 
Ef = 593.1 Ef = 15824.5 Ef = 430.5 Ef = 1040.7 Ef = 1918.2 

4.5 x lo-5 Df = 1112.7 Df = 2097.0 Df = 1391.1 Df = 1097.2 Df = 884.7 
Ef = 667.3 Ef = 17802.5 Ef = 484.3 Ef = 1170.8 Ef = 2157.9 

5.0 lom5 Df = 11 16.9 Df = 2253.0 Df = 1398.8 Df = 1107.2 Df = 896.2 
Ef = 741.4 Ef = 19780.6 Ef = 538.1 Ef = 1300.9 Ef = 2397.7 

5.5 x 10" Df = 1 12 1.2 Df = 2409.0 Df = 1406.5 Df = 1 1 17.1 Df = 907.8 
Ef = 815.6 Ef =21758.6 Ef = 591.9 Ef = 1431.0 Ef = 2637.5 

6.0 x 1 oe5 Df = 1125.4 Df = 2565.0 Df = 1414.2 Df = 1127.0 Df = 919.3 
Ef = 889.7 Ef = 23736.7 Ef = 645.7 Ef = 1561 . I  Ef = 2877.3 

6.5 x Io-' Df = 1129.7 Df = 2721.0 Df = 1421.9 Df = 1136.9 Df = 930.9 
Ef = 963.8 Ef =25714.8 Ef = 699.5 Ef = 1691.2 Ef = 3117.0 

7.0 x lo4 Df = 1133.9 Df = 2877.0 Df = 1429.6 Df = 1 146.8 Df = 942.4 
Ef = 1038.0 Ef =27692.8 Ef = 753.4 Ef = 1821.3 Ef = 3356.8 

Table 4 Deposition and erosion fluxes (Df and F& respectively) calculated by the model over the whole 
lagoon with different values of the coefficient of erosion and,with r,, = 0.017 N m-'. Df and Ef are expressed in 

tonnes per tidal cycle. 

kec 
m-z s - ~  Wind 6 m s-' Wind 8 m s-' Tide 

Df = 1934.6 Df = 1392.5 
Ef = 14845.9 Ef = 389.7 
Df = 2087.4 Df = 1399.7 
Ef = 16701.7 Ef = 438.4 
Df = 2240.1 Df = * 1407.0 
Ef = 18557.4 Ef = 487.1 
Df = 2392.9 Df = 1414.2 
Er =20413.1 Ef = 535.9 

Df = 2545.6 Df = 142 1.5 
Ef = 22268.9 Ef = 584.6 

Tide + Tide + 
Wind 6 m s-' Wind 8 m s-' 
D f =  1103.1 D f =  891.5 
Ef = 951.7 Ef = 1764.7 
Df = 1 1 12.5 Df = 902.6 
Ef = 1070.7 Ef = 1985.3 
Df = 1121.9 Df = 913.8 
Ef = 1189.6 Ef = 2205.8 
D f =  1131.3 D f =  925.0 
Ef = 1308.6 Ef = 2426.4 
Df = 1140.7 Df = 936.1 
Ef = 1427.6 Ef = 2647.0 
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Table 5 Deposition and erosion fluxes (Df and Ef respectively) calculated by the model over the whole 
lagoon with different values of the coefficient of erosion and with rm = 0.018 N m-2. Df and Ef are expressed in 
tomes per tidal cycle. 

kec Wind 6 m 4' Wind 8 m s-' Tide 
Tide + Tide + 

m-2 s-l Wind 6 m s-' Wind 8 m s-' 

4.0 x Df = 1147.5 Df = 1928.7 Df = 1401.0 Df = 11 17.9 Df = 908.8 

Table 6 Deposition and erosion fluxes (Df and Ef respectively) calculated by the model over the whole 
lagoon with different values of the coefficient of erosion and. with rm = 0.0 19 N m-2. Df and Ef are expressed in 
tonnes per tidal cycle. 

kec Wind 6 m s-' Wind 8 m s" Tide + Tide + Tide m-2 <I Wind 6 m i' wind 8 m s-' 

4.0 x lo-' Df = 1165.2 Df = 1923.1 Df = 1408.9 Df = 1131.9 Df = 925.3 



I I 

'P 

Appendix 

Table 7 Deposition and erosion fluxes (Df and Ef respectively) calculated by the model over the whole 
lagoon with different values of the coefficient of erosion and with .rcr = 0.020 N m-'. Df and Ef are expressed in 
tonnes per tidal cycle. 
- 

kec Wind 6 m s" Wind 8 m s-' Tide Tide + Tide + 
(g m-2 s-') Wind 6 m s" Wind 8 m s-' 
4.0 x Df = 1182.1 Df = 1917.8 Df = 1416.4 Df = 1145.1 Df = 941.0 

Table 8 Deposition and erosion fluxes (Df and Ef respectively) calculated by the model over the whole 
lagoon with different values of the coefficient of erosion and with .rcr = 0.025 N m-2. Df and Ef are expressed in 
tonnes per tidal cycle. 

kec Wind 6 m s" Wind 8 m s-' Tide + Tide + Tide Wind 6 m s-' wind 8 m s-' 
4.0 x Df = 1223.3 Df = 1893.7 Df = 1448.5 Df = 1201.9 Df = 1009.1 




