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ABSTRACT 

Water exchange and circulation dynamics in shallow water ecosystems characterized 

by three selected creeks in the Kenyan coastal zone are analyzed and discussed. Two of the 

creeks (Kilifi and Tudor Creeks) have each nalTOW and relatively deep single chalmel that 

connects an inner relatively wide and shallow mangrove fringed inner basins to the ocean. The 

third is characterized by a relatively broad opening to the ocean giving it the characteristics of 

a small mangrove fringed bay (Gazi Bay). Several river streams drain in each of the creeks; 

hence they are essentially estuarine creek systems. Morphological configuration, dimensions, 

sizes, depth and orientations of each system are some of the factors influencing water exchange 

and circulation dynamics. The driving forces come from sea surface buoyancy flu.\es 

influenced by climatic factors, rainfall, freshwater, evaporation and heat flux which cause 

changes in salinity temperature, and density structure. Tide or sea le\el fluctuations are 

e\erywhere of importance both as a driving force generating barotropic flO\\ and mixing. The 

wind also affects the sea level and hence is sometimes the primary mixing source and 

occasionally drives circulation and water exchange. 

Measurements of hydrographic parameters (temperature and salinity), sea levels and 

velocities are used to study water exchange and heat flux in three selected sites within the 

context of four monsoon climatic conditions: The inter-monsoon long-rain IMLR season 

(May), occasionally overlapping April, the southeast monsoon (S E\'1) season (J 1I ne

September), (the inter-monsoon-short rain (IMSR) season (OclOber-i',c)\ember) and the 

northeast monsoon (NEM) season (December-March). Each of the stud\' sites IS basically 

divided into three almost distinct ecological regimes-the inner shallo\\ estuarine proper basins 

close to the river mouths, the inlet channel, the entrance and the immediate shelf slope 

environment. During IMLR and the IMSR-seasons as well as during SEM season, 

longitudinally averaged salinity re\ealed that salinity is lower inside the creeks but highet" in 

the ocean water. This longitudinal salinity gradient is the result of interaction between fresh 

water discharge, sea water brought by the tide, gravitation circulation and tidal dispersion. 
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Thus the IMLR and IMSR seasons suggest near classical estuarine condition and stratific~':on 

particularly in May, and net-out flow-exchange consistent with densIty induced gra\it~:':on 

(baroclinic) circulation. The relatively higher salinity in the inner parts of the creek than in lhe 

ambient water during NEM season suggest negative estuarine condition driven by e\:(ess 

evaporation over precipitation and imply net-inflow-exchange of water or trapping tendency. 

Salinity and temperature vary form maximum (35.5, 30DC) in NEM particularly in FebnLlry

early March to minimum values (28, 25 D C) in IMLR and SEM (panicularly Au~~:st) 

respectively. 

Following the rain and diminished freshwater input, both the basin and the chJ:~:lel 

water display partial stratification characterized by the decrease in salinit~ gradient as S i.:..'v1 

and NEM seasons progress. The channels deep water retains more stratification than the L'~,sin 

water, which becomes almost homogeneous due to intense mixing. The results indlcate th:::. in 

addition to local rainfall influences, the shifting of the offshore major currents bnng wate:- of 

low salinity in the SEM season and temperatures and vice versa in NEM season. 

On shorter (daily and fortnightly time scales) salinity increases \\i thin the creeks ~lnd 

reach highest fluctuations during flood and spring tides, whereas during neap tide lhe 

conditions are reversed. The creeks reveal low salinity during ebb and neap tides. Stratification 

is found to be maximum near low water spring (LWS) and minimum around high water spring 

(HWS). Temperature show variation with solar radiation, maximum daily temperatures O(cur 

at IS hours and. minimum temperature at around 5 a.m. Temperature is 10\\ the creeks dw!ng 

spring tide. but high during the neap tides. The variation of salinity and lemperature dl:::ng 

flood and spring tides is attributed to large tidal prism during flood and spri :1g tides that r;:sult 

in cooling of the creeks by ocean water, whereas during ebb and neap tides \'ariatiOl~s in 

salinity and temperature is caused by smaller tidal prism with low salinity \\ater from l::'per 

reaches in the creeks and solar heating. 

Tidal characteristics, haml0nics, range, asymmetries and phase la~ s are 'so 

detem1ined. At the entrance to each study site a tidal asymmetry with a combination of :'11g 

ebb periods and high flood velocities is observed. The water and heal e\:changels calcu.",ed 
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from simultaneous sea level and temperature data. The seas level results show that tide in the 

creeks is predominantly semi-diul11al M: tide, with a form number less than 0.21 for the three 

creeks. The M:, tide and other two main tidal constituents (S:, and \I,) account for more than 

90% of the variation in tidal amplitude in Tudor Creek, \\'hereas in Kilifi Creek they contribute 

64%. Shallo\v water tides are also obtained for the three creeks; however, their amplitudes 

contribute 25% of M 2. M4 is suggested as the cause of distortion observed in the tidal curves in 

Gazi Bay and Tudor Creek. Tidal ranges are found to show very slight variation fonn one 

study area to the other. The spring tidal ranges from the entrance areas were 4m, 3m, 3.2m 

mean tidal range 3m, 2.3m, 2.3m and neap range of l.4m. 1.0m, and 1.2m for Gazi Bay, Tudor 

and Kilifi Creeks respectively, and are of the same order of magnitude within the creeks. In 

Tudor M: and S:, do not show any reduction in amplitude: however N:, decreases in amplitude 

by 16%, while K: increases by 50° u of TV1:, amplitude. It is found th'lt the awrage temperature 

within the creeks is higher than the oceanic temperature: despite this, ho\\ever, there is an 

apparent import of the heat from the ocean falling within 40-60Wm·2
. Thus the sum of the long 

wave back radiation, evaporation and sensible heat flux exceeds the net incoming solar 

radiation. A set of figures featuring, variation in the temperature, salinity, and sea level as a 

function of time are used to support the results. 

Seasonal changes hydrographic parameters in each of the four seasons are presented as 

longitudinal sections that allow along-the-creek and vertical variation of water stmcture to be 

observed. Taking Tudor Creek as a typically representation of the three creeks, the results 

distinctly show how salinity and temperature vary within the creek in the three ecological 

regimes and also with the seasons. The channeL the entrance and the immediate slope area are 

together considered as frontal lone. The zone constitutes the most critical are of the creeks that 

govern the physical processes. the net spring-neap exchange dynamics as \\ell as the long-term 

ventilation processes. Its position is a result of a shear-production as the tidal current responds 

to rapid change in depth at the entrance and in the creek channel. as well as in the morphology 

of each channel. During the flooding phase water of oceanic origin is pumped into the shallow 

basins. Part of the increasing tidal ClllTent energy is expended in mixing: the \\,Her in the basin 

area, first due to stratification from the freshwater input during the Il\ILR and IMSR seasons 

period and latter due to added buoyancy resulting from heat input in the NE\1 input. During 
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the ebbing phase (and even long-ternl low tidal level in SEM season). the tidal ml\ll1g 

(seasonal changes) occurs in the channel as the part of the potential energ\ as the well-mixed 

water in the basin mixes with the deep stratified water in the channel. 

Thus the mechanism of mixing is viewed as controlled by the dynamics in the zone 

which change with the local and non-local (monsoonal) influences. Almost throughout the 

year the front acts as a physical boundary in trapping water in the shallow inner basins and the 

net exchange between the basins and the ocean is small. However. in peak l\·ILR season the 

dynamics are changed as the gravitation circulation enhances the exchange. the position of the 

front 010\ es into and is aligned with the channel resulting increased water exchange. 

Simi larly as the evaporation exceeds precipitation particularly during '\EM, the creeks 

basll1s tend to develop reverse estuarine circulation, whereas in the oceanic side, due to 

pre\ailing wind and meeting of the Somali Current and EACC enhanced offshore Eckman 

circulation occurs. It is suggested that the gravitation circulation arising from the hypersaline 

conditions induce shoreward and creek-ward movements of material from the ocean. The 

differences in exchange dynamics imply ecological differences in terms of biological 

productivity and suitability of the three creeks as nursery grounds for fish. The seasonal change 

in the \\ ater structure is supported by vertical profiles of the offshore water featuring 

temperature, salinity, density, oxygen and nutrients profiles, time depended progression of 

oceanographic parameters and fish-landing plot, as well as schematics depicting various 

processes. The thennocline fluctuates and shoals during NEM season but deepens in SEM 

season. leading to the speculation whether the mechanisms that affect water structure and the 

thell110cline position may relate to enhanced biological productivity and changes in fish

landing. Although the findings do not allow finn conclusion on 'fish-thermocline' relation. the 

seasonali l~ in the oceanographic and meteorological parameters suggest that opposed 

gra\itation circulation pattems in the creeks and in the offshore, may be crucial to biological 

enrichment and impro\'ed artisanal fishery. 

Hence it is hypothesized that during NEM season the sea le\'el rises as the Somali 

Current (SC) water 'backs-up' the East African Coastal CUITent (EACC), and the near 

Xl 



hypersaline conditions within the creeks induce intemal anti-clockwise circulation with a 

vertical sense similar to an offshore 'upwelling-favorable-conditions' circulation generated by 

non-local forcing (Kelvin wa\'e) mechanism which is probably linked to Findlater Jet. 

Conversely, during SEM season the sea level is low probably due to the relaxation of the 

'back-up' as water is swiftly removed from the East African Bight by enhanced northerly 

transport in the EACC, mixing is intensified by relatively strong winds, the water in the creeks 

is less saline with a positive salinity gradient, hence an intemal clock-wise circulation is 

postulated with downward sense of flow as that of the offshore 'down-welling favor~lhle 

conditions', Net outward water exchange (creek-ventilation) begins in the IMLR season when 

high salinity water at the end of NEM is replaced by fresh water which causes salinity to 

plummet from high values just before the onset of the NEM season to the low salimty in rvlay, 

The swift coastal current rapidly removes from the entrance any oLlt-\\elled plume from the 

creeks and replaces it with different water masses. The implication of the intemal circulation 

is that upwelling frontal features are set up inside the creek during SEM season, but near the 

entrance and shelf edge during the NEM season, However. the apparent trapping mechanism 

due to net creek-ward gravitation flow during NEM season make it more favorable as nursery 

and recruiting period for fish and crustaceans, whereas the circulation during the SEM season 

may suggest outward migration or loss of material from the creeks. 
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CHAPTER ONE 

GENER;\L INTRODUCTION, RESEARCH QUESTIONS, OBJECTI'"ES AND 

SIG!\'IFICA:\'CE OF STUDY 

1.1 GE:\'ERAL INTRODUCTIO:\ 

"'hik most cOJstal ar(:JS of the ""arid Ocean feature more l,r ks:-o II ide :;hclr 

areas, the Kenyan shelf is virtually non-existent. It means from oceanographic point of 

"iew, that the stronger CUlTents flowing along the coast will ha"e a strong impact 011 the 

coastal water exchange including that of the tidal creeks of Kenya, which is the main 

subject of this study. The exchange will also, probably, be affected by the changing 

monsoon climate also a main factor influencing the hydrography of East Afnca: at least it 

is a hypothesis of this thesis. 

Kenyan tidal creeks are inlets usually formed at present (or fonner) river mouths 

that start inland, usually with mangrove swamps and mudflats, drained by smaller tidal 

creeks to shallo\\' wide basins, which in tum are connected by one or several channels to 

the ocean, If receiving freshwater the creeks may be classified as estuaries, 

They were fom1ed as a result of rivers cutting through the reefs during periods of lower 

eustatic sea level. About 18000 yrs ago the mean sea level was at 120m beloll the present 

level (see e,g, Kjerve, 1991), which coincided with the period of maximum ice cover. 

The sea level reached its present elevation about 5000 years ago. but has undergone 

tluctuations of a fell meters since then (Fairbridge, 1980) as a result of coastal processes 

dUl"lng the period or I"lse, but also thereafter barriers such as coral reefs. f0ll11ed. Such 

balTiers now constitute the margins of the creeks (Lankford, 1976). All creeks are also 



cum::ntly on transition. They are being filled with both t1u\ial matellal ~ll1d marine ll1put 

reshaping their boundaries (Meade. 1969). At the same time tidal tlO\\ re-suspend settled 

material and tends to keep the creeks open. 

Some particular features of today may be pointed ou!. The entrance is often 

relati\ely long and deep and cuts through old coral rocKs Inside the inlets the creeks 

\\ idcn and may ha\'e far reaching tidal channels. \\here~!s others arc [·cbti\cl\ shor. and 

naITO\\·. The areas inside the entrance are generally shallo\\. Our goal here is to ~tudy 

some of the Kenyan creeks from oceanographic point of \ie\\ 

An important factor, particularly, from the point of vie\\ of biological processes 

and water quality is that of exchange of water \\ith the ocean. The exchange of water is 

important not only to maintain water quality, but also for importing and exporting 

nutrients and plankton. Within the creeks, mangroves and sea grass have colonized the 

sediments. l\'zioka (1985) pointed out that the Kenyan creeks act as nursery areas for 

commercially important fish species. Similar observations have been made elsewhere 

(Wolanski et a1.. 1980; Robertson et aI., 1987: Ridd et al.. 1988: BOlO and Bunt. 1981). 

Hence the creeks are both ecologically and economically important el1\·ironments. 

The water exchange and thus the mass transport between the creeh:s and the mner 

continental shelf occur for example due to river discharge. This fresh water (mass flux or 

buoyancy input) tends to flow on top of the denser ocean \\ateL 
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HO\\l;ver. in most creek areas, the fresh water is rapidly mixed \\itll tile oceanic \\ater 

due to high tides along the Kenyan coast of with spring tide rage is 3-4m (Pugh. 1CJ79). 

Tides together \\ith fresh water mutually force water exchange, ho\\ever, there are other 

factors such as \\ind, oceanic variation of sea level and density and even heat flux th,lt 

may influence the exchange between the creek systems and the ocean. The exchJI1:se is 

also aflcctcd b~ the \ariability in CUITents along and across the shelf. \\hich transpOlt the 

creek \\,!ler a\\ay from the primary influenced area. Strong \vinds gi\ e rise 10 stoml surge 

and cause wave set up along the coastline there by affecting the mixing and flushing of 

the coastal waters. Although the time scales associated with these processes may range 

from days to years and this relati\'e importance varies with location. it is appropriate to 

relate the \\ater exchange to the strong monsoon signal which in various ways influences 

the hydrography and climate of this area. At least both the related CUITents and 

hydrography play direct or indirect roles in changing the efficiency of the water 

exchange, 

Both for management and secure future of the tidal creeks, it is necessary to 

quantify and describe the importance of the various physical processes driving creek

shelf exchange. An appropriate management requires understanding the individual 

processes including also the coastal currents, wind, precipitation, and radiation fluxes 

through sea surface. Most knowledge on the various physical processes occurring in 

inlets and river mouths is based on research in North America and Nonhem Europe 

where fjord-type estuaries similar to the Kenyan creeks exist. In the Scandinavia studies 

were carried out (see e.g. Stigebrandt, 1980, 1983, 1985, 1990; Andersson and Rydberg, 

1993; Pejrup et al. 1993). 
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Tropical estuarine systems, on the other haneL Jre olten shJ 110\\ and therefore 

tidally dominated. Such systems have been studied e.g:. by KJef\c and \lJgill (1989) and 

by Oliviera and Kjerve (1993), in Australia and Southeast Asia by Wolanski ('[ al. (1980); 

Ridd ('/ a/. (1990); Wattayakom et al. (1990) and by \\'olanski (1986). From the coast of 

KenyJ (and Tanzania), except for some tidal stuJies by Pugh (1979). Lwiza and 

Bigendako (1988), and also by l\guli ( 1994). Odido ( 1994) and :\orconsult ( 1995) e.g. in 

Tudor Creek, there is very little done in tenns of tides. cunents and e\en hydrography. 

The investigations in Tudor Creek (north of Mombasa Island) included some currents and 

salinity observations, and some rudimentary model of creek exchange. However, these 

studies were insufficient for any detailed description of the processes occuning in the 

creeks. 

The purpose of this work, therefore, is to investigate the physical processes, 

\vhich influence circulation, mixing and waters exchange, from obsenations inside the 

creek as well as in the adjoining shelf water. The creeks systems under consideration are 

Gazi Bay, Tudor Creek and Kilifi Creek. A typical example of the creek is shown in 

Figure 1.1a. The three systems are shown in Figure 1.1 b, which also shows the shelf 

topographic features of the Kenya continental shelf including the relatively wider part 

between Malindi and Lamu i.e. the vicinity of Ung\\ana Bay at the location the North 

- . 

Kenyan Banks. Each of the study areas is described separately iater in the section. 

Supply of fresh water is nomlally small but input dL:ring the monsoon periods may be 

considerable and a strongly eroding landscape gives a large supply of suspended matter. 

The continental shelf off Kenya is othef\vise very nanow and the main coastal cunent 
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comes close (Newell, 1959, Johnson et aI., 1982) to each of the creek's el1lrancc 

implying. presumably, seasonal variations in the creek circulation.
 

Oceanographic characteristics of the Kenyan outer-shelf waters were studied dunn~ thc
 

International Indian Ocean expeditions of 1965 and the Monsoon Experiment (:YI0:-\EX )
 

of late 1970'ies. In addition studies were carried out in between 1992 and 1993 during the
 

Kenya-Dutch Tyro expedition.
 

1.1.2 Statement of the research problem 

Despite se\eral offshore cruises in the equatorial western Indizll1 Ocean (see 

Ch.3.2.1) and the knowledge of the main coastal currents that occur offshore, there is 

practically no information on the effects in the shallow near shore waters. Not even up

welling and down-welling conditions associated with the main offshore coastal cunent 

have been studied. Such conditions variability would result in enhanced \entilation of the 

creeks (see e.g. Stigebrandt, 1990). Obviously the type of creeks with deep and long 

inlets (which are not restricted), an outside bar reef topography and extremely nano\\ 

shelf are uncommon, comparable sites are hardly found elsewhere in the world. Therefore 

a main objective of this thesis is to present, in some detail, the hydrography between the 

creeks and the open ocean. This also includes some deeper studies of \'arious 

oceanographic processes that appear. For this we have carried out obsenations of tide 

levels. currents, salinity, and temperature and to a limited extent nutrient in the creeks 

and at the bordering ocean, We hope to throw some light on the physical mechanisms 

governing circulation patterns and their variations with the monsoon seasons. Particular 

attel1lion IS given to climatic characteristics. heat flux, hydrography. currents. tides. salt 



and water balance, friction and to bottom layer profiles charactcrIstlcs \\Ithlll the Inlet 

channel of Tudor Creek. In order to ha\"(~ a holistic understanding of the oceanic 

influences, Vie also include analysis of unpublished oceanographic cruise data sets from 

selected stations in the ambient (adjacent coastal) \\·aters. The data sets arc from Kenya 

Marine and Fishery Institute (KMFRI) Data Center. The author of this thesis pal1icipated 

in almost all the of the cruises from which the data sets obtained 

1.1.3 Research questions 

Strictly water exchange and circulation in Gazi Bay, Tudor and Kilifi Creeks are 

expected to be unique in each creek due to variability in the magnitudes of the forcing 

parameters. Such parameters are the meteorological factors e.g. solar radiation, cloud 

cover, wind direction and intensity, precipitation that may gl\C rIse to variable 

precipitation, and hydrographic factors such as variability in tcmperature. salinity and 

water density and tidal characteristics of each study site. These forcing parameters 

together with morphological features, considered at short time scales of daily and 

fortnightly fluctuations or seasonal and inter-seasonal monsoon time scales are important 

for circulation and water exchange between the creeks and the ocean. For these particular 

study sites, some key research question can be raised: 

I.	 How do the meteorological parameters vary with time, for the years under 

investigation, what parameters can be use to defIne climatic seasons and distinguish 

one from the other? What are the merits of such di\·isions·) Still further how do the 

local parameter~ variability compare to the general climatic characterIStics of the 

coastal region? 



\\'hich arc the \'arious forcing factors that drive circulation and \\ater e:\change 

bet\\cen the creeks and the ocean') 

.' Is the monsoon climatic signal identifiable in the local meteorolo~lcal pardll1eters and 

ho\\ ~lre the monsoon seasons related to hydrographic structure (temperature and 

salinity) and the \\ater e:\change? 

-+ The tide is commonly a dominating factor for water exchange. but w \\hat eAtent 

arc other driving forces such as freshwater, winds and shel r processes important 

in this case') Also how does the tidal amplitude and range vary and are the creeks 

floods or ebb dominant? 

5. The now of the East African Coastal Current (EACC) is nOl1hward but strongly 

variable, During the NE monsoon the Somali Current (SC) meets the EACC in 

the general vicinity of the study site and the strength of the EACC IS reduced, but 

it is strengthened during SE monsoon, how do these variable nO\\ conditioris 

affect the inshore-offshore exchange? 

6. The deep and narrow but rather long inlet charmels that connect Tudor and Kilifi 

Creeks with the ocean are topographically different from most other coastal v,ater 

bodies in the world. In a nonnal fjord like estuary, the inlet channel is narrow and 

the basin is deep. Here it is the other way round. Thus, to what extent is the 

mixing that takes place within the channel important in relation to mixing and 

circulation within the creek inside the channel? 

Still further ho\\ do the hydrographic and nutrient structures look like in the 

ambient \\ater. is the themlOcline position and intensity inllu('nced b\ monsoon 

seasons') 
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S. The creek water is part of the surface \\ :.l.lcr of the East Afril'an Coastal Current. 

To what extent do the water masses brought b\ thiS currelll and II::; tluctuating 

speed affect the \\ater exchange in the creeks') 

9.	 More interestingly \\hat, circulation pattems. \\ater condition or mechanisms can 

be postulated to explain biological enklI1CCmClll \\ithin the creek:' ~IS \\Tl1 as in 

the ambient shelf\\'ater') 

1.1.4 Objectives of the study 

The specific objectives are: 

1.	 To quantify meteorological parameters and describe their \'ariability in the context of 

regional climate. 

.., To determine tidal characteristics of the creeks 

3.	 To estimate river discharge into the creeks. including e\aporation and local 

precipitation cross-sections flows and mean velocities with a \iew to establishing 

seasonal water budget and flushing rates. 

4.	 To determine radiation and heat budget from Weather Mast data and from also local 

meteorological stations. 

5.	 To investigated nutrient concentrations in the creeks and the ocean. 

6.	 Investigate and describe the oceanography of the offshore in the context of monsoon 

seasons, and identify water masses. 

7. To describe the circulation mechanisms related sea level. \enica\ structurc changes in 

the EACe. seas !e\'el and link this to biLl logical enrichmcnt in thL creeks and ct)astal 
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1.1.5 Significance of the study 

The creek \\aters of Kenya are likely to be an important ecological !)latfonn in 

providing a sheltered. nutrient rich and productive enVironment, conducive to spa\\'ning 

and breeding of fish as well as for other resources such as mangroves. Therefore it is 

important to understand the physics of the creek waters. Knowledge of the exchange and 

flushing rates are particularly important for pollution problems and thus for resource 

management of the creeks. Such knowledge is needed in handling of the wastewater from 

hotels and tourist industry in these already densely populated areas along the coastline. 

The organization of this thesis is as follows: In the second chapter we look into 

the settings of the region and the study area giving meteorology and oceanographic 

background. In Chapter 3-literature review is considered, followed in Chapter 4 by 

material and methods. in which the various instruments used in the study, the stations, the 

measurements and treatment of raw data are presented. In addition, in Chapter 4 we have 

a section on theories and analysis where we have considered various useful theoretical 

techniques. Chapter 5 takes up results on meteorology; in each study site results are given 

for hydrography, currents, tide and water exchange and other calculations. In Chapter 6 

some aspects of the oceanography of ambient (adjoining shelf) water are considered. 

Chapter 7 takes up discussion beginning with climate, hydrography, tides and mechanism 

that cause the thermocline to up-well and down-well, ocean sea level change and seasonal 

\vater exchange or \"entilation. As the mechanisms are important for fisheries their 

bio logical implication IS also discussed. Under Chapter 8, conclusions and 

recol11mendations are presented. 
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CHAPTER TWO 

GENERAL BACKGROUND SETTING TO THE STUDY AREA 

2.1 GEOMORPHOLOGY AND CONTINENTAL SHELF 

2.1.1 The Kenya continental shelf 

The Kenya continental shelf is part of the larger East Africa Bight (EAB), which 

is basically the Kenya-Tanzania shelf. EAB can be taken as the indented East African 

coastline, eastward of a straight line drawn northwards from Mafia Island to Kiunga off 

Tanzania and Kenya respectively. The continental shelf is characterised h: a relali\'ely 

narrow continental shelf (Figure 1.1 b). This is particularly true of the Kenya continental 

shelf, which has a narrow width of only 4-15km only. The length of the Kenya coast is 

approximately 600-km stretching from 1° 42'S IO 4 0 40'S bordering Somali in the north 

and Tanzania in the south. Well-developed fringing reef systems are present all along the 

coastline except where the major rivers discharge into the ocean. 

While old bathymetric charts are available existing scanty literature give only general 

description (e.g. Johnson et al., 1982). The width of the Kenyan shelf yaries considerably 

(Figure 1.1 b). In the south coast it varies between 3 and 5krn. In the coastal area from 

Kilifi Creek to Wasin Island, the bottom contours are roughly parallel to the coast and 

border a narrow shelf. This is shown particularly by the 200 and 5UUm depth contour 

range, which indicates that this area has width of 2 km only. 

Off Malindi Bay the width is 10-15km attaining a maximum width of 60klll in Ungwana 

Bay area before tapering to 5km off Lamu and Kiwayu. The location of the maximum 

width, just 2°S of the equator, is also where the two larger ri \·ers. Tana and Sabaki. enter 
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the ocean and the submarine banks kno\\n as the North Kenya Banks f01l11. The banks 

and their sU1Tounding area constitute the Kenya's largest marine fishing ground. 

The Ungwana Bay is an interesting region where the Somali Current during. the 

NOJ1heast Monsoon is said to meet with the East African Coastal Current. ~F discussed in 

Chapter 2.3. The shelf covers an estimated area of about 20,000 km" most within is in 

this region. The study areas, Gazi Bay, Tudor Creek and Kilifi Creek appear as relatively 

small embayments of estuarine type, at least in their upper reaches. They occur at equal 

distances of 50 km from each other in the coastal districts of Kilifi. Mombasa and Kwale 

(Figure 1.1 b). Tudor Creek is a name given to the entire creek from Mombasa Old Port to 

Tudor Harbor including the Kombeni and Tsivu River mouths. Tudor Creek is the old 

harbor of Mombasa the site of Fort Jesus. Gazi Bay, located further south near the 

Pemba channel, is situated in a rural area of Kenya and has a small village located near it. 

Kilifi Creek is much like Tudor Creek but with no major harbor. Kilifi town. which has a 

large population, and the districts fish landing market is located near the creek. Both the 

entrance and the inner part of the creek are used as fishing grounds. The inner areas are 

important for shrimp fishery, which occurs between July and August (Fishery Dept. 

comm.). 

2.1.2 Geomorphologic settings 

According to Inman and Nordstrom (1971), the East African coaSl is an Afro

trailing edge type coast, which has experienced eustatic sea level osci Ilation and/or 

isostatic and differential tectonic movements. These have considerably intluenced the 

coastal geomorphologic configuration. In the Kenya coast, the pertinent geological and 
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geomorphologic fealures are discussed by C1S\\ ell (1953). Thompson ~ 195(»). Ase (1978, 

1981), Ojany (1984), Oosterom (1988), Abuodha ( 1989, 1992) Allhough lile coast may 

look like unifom1 it is established that the Kenya coast sho\\s great di\ersily In terms the 

shoreline configuration; sandy beaches, dunes. mangro\T creek S\ Slems. muddy tidal 

flats and rocky shores bordered by cliffs. Thomson (1956) and Abuodha (1989) noted 

that the coastal plain rises from sea to 140 m and is 3-6km wide in the south but attams a 

\\ldth of more than 50km towards the Tana delta. In his earlier work Caswell (1953), had 

distinguished three zones in the coast. The Nyika lies at 600 m above sea level and 

represents the higher ground covered by the Duruma sand stone series and older rocks to 

the west. The Foot Plateau occurs between 140 and 600 m above sea level and coincides 

well with the relatively young Jurassic rocks. The geomorphology of the coastal plain is 

dominated by a series of raised old sea terraces. Most of the coastal environment and the 

recently fom1ed shore configuration follo\\ the 0-5 m and 5-15 m sea level terrace 

complexes. 

Due to its evolutionary history, the principal rocks observed along the coastal 

margin are of sedimentary origins ranging from Triassic to recent. Raise-Assa (1988) has 

pointed out that the Duruma Sandstone series, the oldest formation, is represented by the 

Mariakani and Mazeras sand stone which were deposited during periods of sub-aqueous, 

dehaic. lacustrine or possibly neritic conditions that prevailed during the opening of the 

Indian Ocean. Marine limestone with occasional horizons of sandstone and earlier 

limestone represent the upper Mesozoic. Cainozoic to recent rocks comprise mostly of 

marls and limestone, and is represented by the sandstone, clays. conglomerates and 

gra\'el such as the Marafa beds. Quatemary representatives include "'indblo\\n magarine 
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sands. limestone. cemented sands and coral sands. Recent unconsolidated \\indblown 

sands. beach sands and clay o\erlie the older units, in the north KenY~lI1 Coast oil 

Mambrui, In the coastal plains within Gazi Bay to the south and in Tudor and Kilifi 

Creeks the Cai nozoic rock is generally low lying and characterised bye\: tensl \'e fossi I 

reef. which lies a few meters above present sea level (e.g. see Abuodha. 1989) 

The most \\esterly, the middle to upper Jurassic marine shale. sandstone and 

conglomerates of the Kambe Formation, are resistant to incision and fonns a broad ndge 

northwest of the creek systems. Tudor and Kilifi Creek occur within the outcrop of Upper 

Jurassic marine shale, sandstone and limestone of the Mto Mkuu fOllllation (Raise-Assa, 

1988). Marine shale of this formation is extensively exposed around the edge of the 

peripheral lagoons in the backwaters. Gazi Bay occurs over wave-cut Pleistocene 

limestone reef and back-reef deposits (Caswell, 1953; 1956), which separate the 

backwater areas of the creek systems from the coast. The rocks also fonn the cliff-terrain 

along and on either side of the entrances to the two creeks. The Pleistocene fOllllS the 

fringing barrier reef system that traverses Tudor and Kilifi Creeks protecting them from 

the pounding waves (Abuodha, 1989). 

2.2 CLIMATIC SETTINGS 

2.2.1 Air pressure variability and Inter-tropical Convergence Zone 

The Kenya coast lies in the equatorial region. Its climate and weather that is 

dominated by the large-scale pressure systems of the western Indian Ocean that affects 

the ocean indirectly through the association with the monsoon wind systems, The key 

features that further affect the climate are the Inter-tropical Convergence Zone ([TeZ), 
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and the equatorial trough of low pressure and also the dIstribution of land and water that 

largely affect basic air pressure seasonal patlem. Lo\\ and high pressurc altcrnates oyer 

the land and the ocean respectively. By July the pressure a low-pressure system of 1000 

mb is well established over the northem Pakistan, as pa11 of ]O\\·-pressure trough along 

200 N latitude. A corresponding high-pressure ridge occurs south of 20"S latitude. Wind 

blo\\" clockwise around a high and give rise to the southeast winds. which blo\\' form mid

March to August, characterizing the southeast monsoon (SEM). From December to 

March the low over the Pakistan is replaced by high pressure, which reaches a value of 

1020 mb by January. The low pressure moves southward and by January the low-pressure 

trough occurs over Madagascar and the African mainland and o\·er the \\estern Indian 

Ocean. During this time the anti-clockwise wind system give rise to northeasterly \vinds, 

and thus characterize the northeast monsoon (NEM). The monsoons periods are 

illustrated in Figure 2.2.1, for January, which is representative for the NOl1heast monsoon 

(NEM) season dry period, and for July/August, which is a representative of the dry 

Southeast Monsoon (SEM) season. The seasons are described later in details. 

The ITCZ is found where the northeast and southeast winds meet as they blow towards 

the low pressure in the trough. This zone basically follows the sun's movement with a lag 

of about one month. It is a region of confluence of air and is thus likely to give rise to 

rain. In Kenya, however the local variation, due the presence of highianus and lakes. 

introduce significant modifications such that the ITCZ pattern is not quite predictable. 
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Figure 2.2.1 Atmospheric circulation showing winds, air pressure and vertical 

motion in the study area. Note the movement of the ITCZ - dotted line and dashed 

lines convergence as winds from southeast and Congo region basin respectiYely 

(Source, Wallace and Hobbs, 1997). 

17 



rhe ITCZ movement indirectly relates to the monsoon \\inds. which also drive 

the surface ocean currents in the western Indian Ocean Broadly speaking. SEM and 

NEM are two distinct monsoon seasons that occur in the study area. although, later for 

the purpose of more detailed treatment in this document the four mOnSOCll1-SeaSons are 

introduced. 

Hence, the movement of the ITCZ controls the rainfall in Kenya There is a strong 

seasonal cycle in rainfall with pronounced dry seasons in between. The NEM rains 

appear in October-November, whereas the SEM rains peak from April to June (see 

further below). The changes from dry to wet seasons (inter-monsoons) occur as the 

dominant influence at the coast shifts from the subtropical high with descending air to 

ascending air connected to the low pressure system of the Westerlies (Figure 2.2.1). 

2.2.2 Cloud cover and evaporation 

Just before the onset of SEM and the long rains, in March, both the sea surface 

temperatures and humidity are high and there is an upward movement of the air 

dominated by an approaching low pressure. Thus the passage of the ITCZ, which occurs 

about this time, brings extensive cumulonimbus clouds along the coast. The cloud cover 

over the ocean is high, 55 % between 0-10 oS (Orville, 1996). The upward movement of 

the air is forced by the convergence of the trade winds of the i'.'orthern Hemisphere, 

which blow in the southwestern direction and those of the Southern Hemisphere, which 

blow towards Northwest as shown in Figure 2.2.1. The clouds appearing from April to 

August and have a high concentration of raindrops and ice crystals \\hich grow to large 

sizes. Consequently. these clouds have high reflecti\it\. Jnd sincc lh~'\ Icach high 
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altitudes. they also ha\e strong effects on the amount of infrared radiation emitted t,) the 

space An increase in cloud reduces the amount of sunlight during this period and cOt)ling 

results. Evaporation occurs when relatively dry air comes into contact with relall\elv wet 

surface. particularly 111 relation to strong winds (see e.g. Gill. 1982). FIgmc ~ ~ ~ I SI10\\ S 

monthly (a) mean temperatures and (b) evaporation of the study area. Thc e\aporation 

along the coast is bet\\een 2000 and 2100 mm (Michieka et aI., 1978). Within about 25 

km from the coast and even at the upper reaches of Tudor and Kilifi Creek the 

evaporation is somewhat higher, 2100-2200 mm. The monthly average e\·aporation varies 

between 140 mm in JuneIJuly to 200 mm in December/January. The teml e\apo

transpiration represents the aggregate of moisture transfer into the atmosphere by the 

process of evaporation and the transpiration by green plants. 

2.2.2.2 The regimes of the monsoon and the winds 

Since much of our results will be based on the context of seasonality, it is 

important to clearly identify the monsoon regimes. As already mentioned there are 

seasonal patterns whereas the year is divided into four seasons based on wind direction 

and rainfall. The inter-monsoon long-rain season (IMLR season) is from April to June. 

To the north of the Equator this is referred to as Southwest Monsoon, since the general 

wind system (Figure 2.3.1) tends eastward instead of north due to coriolis effect. Viewed 

from Kenya the winds come generally from the Southeast, hence the Southeast monsoon. 

The proper Southeast monsoon (SEM) is from July to September/October. This period is 

usually referred to as the summer although the area is south of the equator. 
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.Figure 2.2.2.1a-b Typical (a) annual temperature and (b) evaporation changes for 

the study area (Source, Michieka et aI., 1978). 
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Figure 2.2.2.1c-e Example of (c) Sea level anomaly (SLA), (d) wind stress in stick 

diagram and (e) magnitude of wind stress in relation to the four monsoon seasons in 

the western Indian Ocean (Source, KMFRI Oceanography series Ngnli. 11)96). 
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The shon-raln occurs during the next Inter-monsoon Irom October to November 

coinciding with the fall season; it is refelTed to as the 1\ISR season. The Nonheast 

Monsoon season (NEM) finally is from JarllaI:! to \ larch ~ll1d conesponds to the wlI1ter 

period. Figure 2.2.2.1 c-e illustrates the concept of the four monsoon seasons. The figure 

also shows the magnitude and direction of wind to be found in the monsoon pans of the 

Indian Ocean. Additional wind speed and direction IS shu\\n Cor the equatorial Indian 

Ocean in Figures 2.2.2.1 f-i from NCEP. 

2.2.3 Rainfall and temperature 

In general, maximum rainfall should occur around equinox in :'v1arch and 

September, when the ITCZ traverses the equator, \vhile the dry seasons occur after the 

solstices in December and June respectively. In the coastal region, where the rainfall is 

modified due to maritime effects, the long rains (IMLR) season peak from April to May. 

The short rain (IMSR) is from October to November (and sometimes in December), thus 

there is a delay of 1-2 months. 

In Kwale district, and thus in Gazi Bay. Rainfall varies from 1500 mm along the 

coast and decreases gradually less than 500 mm in the hinterland (Jaetzold and Schmidt, 

1983). The annual rainfall ranges from 1300-1400 mm in Kwale south, towards Kwale 

north 1100-1200 mm. The isolines run basically parallel to the coast. Higher rainfall in 

the southeastern part seems to be caused by the configuration or the coast and the 

presence of the Shimba Hills (Michieka et a!., 1978). 
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Figure 2.2.2.1f-g NCEP, mean wind speed and direction, panel (1) IMLR season 

( lay), panel (g) SEM season (August). 
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The mean annual rainfall ranges from about 500 mm in the drier hi:-~clland ill the 

nonh to 1.150 mm in the more \\'et area south of 1\lalindi \\'hC/1 ~:, lonC!-tci'11l 

meteorological data (1957-1987), from Kikoneni near Gazi is examined. !he recorded 

maximum rainfall is 600 mm; the lowest is 50mm while the mean is about :-;'ll)mm fOJ the 

I:VILR. During the E'vlSR the same station shows a maximum 200mm and l:~cre are Sl)me 

years \\hen there \\as no rain. The mean precipitation is about 30mm. The ~.';Jlfall \'aies 

considerably from one station to another, depending on their location. particularlv in 

relation to the distance from the coast ( Michieka et aI., 1978). 

The air temperatures are relatively constant through out the year. \\ith a mean 

monthly maximum of about 30°C and a monthly minimum of around ~2 "c (Figure 

2.2.2.1 b). The \\am1est period is between November and April \\itb daily mean 

temperatures of 26 "c to 28 °C.The rest of the year, from May to October. is cooler with 

temperatures between 24 and 26°C. The coldest month is August, while the Wam1est is 

March. The "summer" corresponds to the high rai~ season while the "winter" matches t~e 

long dry season (Jaetzold and Schmidt, 1983). Average maximum temperature in 

Mombasa ranges from 28-32°C, highest from January to March and lo\\est in July and 

August. Average minimum temperatures in Mombasa range from 21 "c in July and 

August to 24°C from February to April. 
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2.3 OCEANOGRI\.PHIC SETTINGS 

2.3.1 \Vind regime and their related oceanic currents 

The wind direction over the ocean shows a pattem following the monsoon 

seasons. Northeast winds are predominant from December to March. In ......pril, the wind 

gradually changes direction whereas southerly winds dominate, at the onset of the IMLR 

season and SEM inclusive. From September to December again the ,\ ind direction 

changes to northerly. The stick plots of Figure :2.2.:2.1 band :22.:2.c illuSlr~lIe wind stress 

and wind direction illustrates the succession. Figure 2 3.l a-b and 2.3. I c-d also illustrate 

the character of the monsoon system but also the corresponding surface currents of the 

Indian Ocean for the months of May, August, October and February. 

Four major oceanic currents show in Figure 2.3.1 a-b and 2.3.1 c-d. influence the 

Kenyan coastal waters. These are the South Equatorial Current (SEC), the East African 

Coastal Current (EACC) the Equatorial Counter Current (ECC) and the Somali Current 

(SC). The westward flowing SEC is divided into two currents north of Madagascar One 

is the Mozambique Current, which flows southward into the Mozambique Channel and 

while the other is the EACC. The EACC flows northward from latitudes I I oS and 3 oS, 

almost throughout the year with a surface speeds exceeding I ms- I in Southeast Monsoon 

(Swallow et al.. 1991). It continues' north across the equator. where it changes name to

Somali Current. During this period and with the strengthening of the SE\1 ,,·inds the SC 

continues northward (Figure 2.3.lc-d) right to the Hom of Africa. and also causes 

upwelling off the Somali coast in June. Under the influence of the NE\1 1110nsoon winds, 

the SC reverses direction to southwest and flows at a speed of about 1..5-2 ms· 1 (Duing 

and Schott (1978). It meets the northward moving EACC, somewhere bet\\een 
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\lalindl and Lamu on the Kenyan Coast [0 form the east\\arcl mo\ing ECC. \\ L;ch IS llOn

ex istent during SEM season when the flow is continuous along the Eastcll1 Africa coast. 

The convergence slows the speed of the EACC to about half its speed Juring the 

Southeast Monsoon (Figure 2.3.1 a). There has been very few analysed oceanographic 

data in the region north of Zanzibar. The surface current pattems which represelll the 

tlo\\' condition during NEM season and the IMLR season shown in Figure '::.3.1 a and 

2 3.1 b respectively, while those of the SEM and the IMLR season are also ShO\\l1 in 

Figure 2.3.lc and 2.3.ld. Note that during the IMSR season there is a \\cak '\ol1h 

Equatorial Current (NEC) flowing in an anti-clockwise direction, ho\\ever. during the 

IMLR season the is a tendency for the water off Somali and Arabian sea to rotated in a 

clockwise sense. 
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Figure 2.3.1a-b Surface currents in Eastern African region. Current (a) during 

NEM season are depicted for January. EACC and SC converge off Kenya Coast and 

move oceanward as the ECC. Circulation during (a) the IMLR season shows EACC 

along the entire EA coast and an Equatorial Jet (The Figure is redrawn from 

Tomczak and Godfrey, 1994). 
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Figure 2.3.1c-d Surface currents in East Africa during (c) SEM-season depicted for 

July, Strong EACC flows along the coast to the Arabian Sea. Currents during (d) 

IMSR season are depicted for November Note, weakened EACC. the Southwest 

Monsoon Current (SWMC) and the Equatorial Jet (The Figure redrawn from 

Tomczak and Godfrey, 1994). 
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An eastward flowing jet first noted by Findlater (1971) characterises both inter-monsoon 

periods. Water masses, although were preliminarily discussed by Newell (1959), are 

those found generally in the Indian Ocean and have been discussed by Tomczak and 

Godfrey (1994). However, during the time of Newell (1959) \ery fe\\· temperature and 

salinity data existed and so the precise identity of \\,lIer masses on the Kenyan shelf was 

not clearly defined. Understanding the seasonal characteristics of the \\ater types fonned 

in then inshore areas (see Chapter 5) and of the oceanic water masses and their 

distribution is important for understanding fishery resources and the dynamics of the 

surface layer of the ocean. In the next section we look briefly at the \\ater chJractenstics 

in terms of the offshore water and the inshore (creeks and bays) in the region. We return 

to water masses later in the thesis. 

2.3.2 Water characteristics 

2.3.2.1 Offshore water 

See surface temperature and to a lesser extent salinity are influenced by the 

monsoons and tides. During the SEM the shifting of the ocean currents brings water of 

lower salinity into the SEC, while during the NEM the SEC draws water of higher 

salinity. Rain and discharges of all major rivers during the heavy rains of April -May may 

further decrease the salinity on the coast. This is clearly seen from Levitus Atlas (Levitus, 

1994) where also temperature is shown to vary in to high values in March and minimum 

in August and September. From the Levitus (1994), we find that the oceanic salinity 

increases towards the west from 10\\ salinity areas in the East. 
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Ofr the East Africa coast the salinity increases gradually ill the surracc l\-'~ Oil Higher 

sJlinit\· occurs off the Red Sea and Arabian Sea. 

The \\ater masses of the ocean are important as they are usually rOnlled III one 

part of the ocean and advected by the currents to different parts of the ocean. Ob\iously. 

the character may change considerably during the year along the East Africar; Coast, but 

it is not clear what role they play in the structure of the creek and bay water. Salinity and 

temperature mainly detemline the oceanic structure. Thus more interesting iIlfonnation 

can be obtained by analyzing past oceanographic data collected off Gazi Bay. Tudor 

Creek and Kilift Creek (see Chapter 6), and attempt to describe the oCc'anographic 

variability that influence the water structure in the selected creeks. 

2.3.2.2 Inshore waters of creeks and bays 

Even less is known about the inshore waters. Tudor and Kilifi Creek and Gazi Bay 

have not been studied much from the oceanographic point of view. Some research work has 

been carried out in relation to biological work. Those studies are described in Section 3.2.3 

of Chapter 3, on literature review and after each study sites is considered in more details 

(see, Chapter 4). 
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CHAPTER THREE
 

LITERATURE REVIEW 

3.1 INTRODUCTION 

The creeks considered In this study are essentially paI1iaily like fjords or tidal 

inlets but partially typical coastal plain tidal embayments. through which a moderate 

discharge finds its way to the ocean. Water circulation and water exchange between any 

such natural water body and the ocean is of complex nature affected by a variety of 

factors. In general the pertinent factors are inlet and estuarine geometry, net freshwater 

input (precipitation, evaporation, runoff), and currept velocities, wave action, tides and 

bottom shear (on longer scales also sediment load and littoral drift). Inlet configuration 

and dimensions, bay and creek sizes, depth and orientation with respect to the prevailing 

winds are all hydrographic factors influencing water .exchange in coastal water bodies. 

The driving forces comes from sea surface buoyancy fluxes influenced by rainfall, 

evaporation and plus heat flux. Tides are almost everywhere of importance both as 

driving force and for mixing. Winds are sometimes the primary mixing sources and 

occasionally drive water exchange. Our aim is to later estimate the magnitude~ of forcing 

functions that drive water exchange between the creeks (bay) and the ocean in terms of 

volume flux (mass transport through transverse cross-section at the entrance of each 

study site), but also how water balance is affected by seasonal (monsoon) changes. 

Therefore, we begin this Section by reviewing these types of coastal water bodies or 

estuarine systems after which follows a general review of the various processes that 

might appear. 
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3.1.1 Background 

3.1.1.1 Creeks and bays as an estuarine environment 

The two creeks and a bay to be investigated in this study. and discussed in some 

detail in Section 4.1.1 to 4.1.3 have seasonal rivers draining into them in their upper 

secondary creek channels. They are areas of interaction between fresh ami salt \\ater. and 

t<)I" most of oceanographers, engineers and natural scientist they are estuaries. Ho\\'ever. 

Perillo (1995) pointed out that there over 40 different definitions of estuaries, based on 

one's immediate view point and in most of the definitions some key intluences are 

omitted Cameron and Pritchard (1963) defined estuaries as semi-enclosed bod)' of 

water. having a more or less free connection with the ocean and within which seawater is 

measurably diluted by fresh water and does not include tidalintluence. Dione (1993) 

used tide in the definition. He stated that' an estuary is an inlet of the sea. reaching into 

the river valley as far as the upper limit of the tidal rise. Usually it is di\'ided into three 

sectors: a) a marine or lower estuary, in free connection with the open ocean: a middle 

estuary subject to strong salt and fresh water mixing; and c) an upper or fluvial estuary, 

characterised by fresh water but subject to daily tidal action'. 

Most recent there has been attempt to include sediments and wave processes, and 

biological species in the definition. Dalrymple et aL (1992) have defined an estuary as: 

'the seaward portion of a drowned valley system which receives sediment from both 

fluvial and marine resources and which contains facies influenced by tide. wa\'e and 

fl uvial processes. The estuary is considered to extend from the Iand\\'ard in fl uence of 

marine facies at its head to the ocean-ward limit of coastal facies at its mouth'. Perillo 

(1995) definition is: 'An estuary is a semi-enclosed coastal body of \\'ater that extends to 
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the effective limit of tidal inlluence. Within this body. sea \\ater entering from one or 

more free connections with the open sea, or any other saline coastal boJ\ of water, is 

significantly diluted with fresh water derived from land drainage. and can sustain 

euryhaline biological species for either part or the whole of their life cyc Ie'. 

Possibly a most satisfactory definition over all definition for creeks and bays 

considered in this study would be an adaptation of Dionne's definition. It allows for three 

sectors or regimes, a) a marine or lower estuary, referred to as 'the entrance' with free 

connection to the ocean. b) middle estuary; 'the inlet channel' \\'ith its immediate 

opening to the shallow mangrove -fringed-basin; and c) an upper or fluvial estuary in our 

case the secondary creek channel with their mangrove -fringed peripheral lagoons. 

In addition to the definition of an estuary a classification is required within which to 

predict the characteristics of estuaries. Many classifications have been put forward. Some 

of the classifications are based on combinations of geomorphology and physical 

processes and topographic dimensions (Hansen and Rattray, 1966; Dyer, 1973 and 

Officer, 1976; and Kjerve and Magill, 1989). These workers have each used different 

classification schemes; however they found that topography, and river flow and tidal 

action are important factors that influence the rate of mixing of salt and fresh water. 

Locally, and depending on the season, wind and heat flux may also be important. The 

resultant mixing will be reflected in density structure (see water structure later) and the 

presence of stratification may cause modification in the circulation and water exchange. 

We consider a few of the classification schemes. Pritchard (J 952a) c lassi fied estuanes as 

positive and negative. A positive estuary is one where the fresh water inflow derived from 

river discharge and precipitation exceeds the output from evaporation. Salinity is 
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consequently lo\\er than within the estuary than in the sea. In the negative estuaries 

e\aporation exceeds river flow and precipitation, and hypersaline conJitlL)11S nisI. Davis 

(1994) classification was as Microtidal <2111 range, Mesotidal <4111> }/II. Macrotidal 

<6111> 4111 and Hlpertidal> 6111. Depending on the morphology and friction influence on 

a tidal wave propagating into an estuary Nichols and Biggs (1995) have introduced three 

terms. These tenl1S are, Hypersynchronolls estllaries for funnel shaped estuaries: 

synchronous estuaries where the rage is constant except in the nverine section; and 

h)persynchronolls estuaries where friction exceeds the effect of cOI1\ergence and the 

velocities are highest in the mouth. 

There are also classification by topography, morphology or physiographic features and 

salinity structure. In the topographic classification the estuaries are divided into coastal 

plain estuaries or drowned river valleys, jjords and bar-built eSlllurzes (Pritchard 

(1952b). In morphological classification, Fairbridge (1980) and Dalrymple et al. (1992) 

have provided comprehensive classification by coming up wave-dominated estuaries and 

tide-dominated classifications. 

Pritchard (1955) proposed a division according to the circulation and stratification 

of the estuary, where thus density stratification largely due to salinity differences rather 

than temperature differences. This way he identified three types of estuaries: high~}' 

stratified partial~l' stratified and well-mixed estuaries. Each type exhibits unique 

circulation characteristics. 

Although. as mentioned above, most work on estuaries and lagoons stem from 

non-equatorial regIons In the north, several studies from lagoons and tidal creek in 

tropical Asia, South America and Australia exist. Wolanski et at. (1980; 1990), Ridd et 
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al. (1990), Wattayakorn et al. (1990), \Volanski (1986), Oliviera and KJerfve (19931 and 

Medeiros and Kjerfve (1993) discuss how the exchange processes arc controlled by tides, 

currents and winds. Cheng et al. (1993), notes that most biochemical processes take place 

over time scales of several tidal periods and that even though tides are important for the 

mixing, water exchange bas to be considered over longer periods as well. In some cases, 

tbe zone between the river mouths and the open water has been characterised in tenns of 

salinity and temperature into three zones: turbid zone of the marsh systems which are 

predominantly inter-tidal marshes similar to the mangrove areas mentioned earlier in this 

document. The second turbid zone is the near-shore areas corresponding to the creek 

entrances where the hydraulics of the creek channel, wave climate and wind set up and 

long-shore currents are important. A third zone is the boundary zone that is the area 

between the near-shore and the relatively "clear" water above the inner continental shelf 

(see e.g. Oertel and Dunstan, 1980). 

As already mentioned, water movement, mixing and material transport occur as a 

result of tides, winds and buoyancy forcing by freshwater discharge or even heat 

radiation. Sometimes forcing is driven from outside due to seas level or thennocline 

mGtion. It is seldom possible to analyse the, instantaneous velocity field in tidal estuaries. 

Rather, the circulation is investigated through temporally averaged spatial water flow. 

Some aspects of water movement regarded in estuarine systems are those of dispersion, 

entrainment and turbulent diffusion. The movement arises as a result of the competition 

between stratification and mixing and is governed by the gradienl Richardson number Ri. 

Ri is a comparison between the stabilising forces of density stratification to the stabilising 

influence of the velocity shear, for Ri> I the stratification is stable, Ri=O it is neutral and 
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Ri<O it is unstable. Dispersion is a gradient process and refers III the: transport of 

waterborne characteristics by advection and eddy diffusion (spreading) processes over the 

same time scale for which the circulation is calculated, which are usually one or several 

complete tidal cycles. Turbulence or mixing is a fonn of water mo\ement generated by 

shear at the seabed and by shear at the halocline or the interface and depending on timing 

during the tide as \Yell as estuarine type. 

Depending on the thickness of the velocity interface and density interface internal 

mixing can occur and lead to entrainment which occurs when Ri > 1/4 as a one-way 

process where the less turbulent water mass becomes drawn into a more turbulent layer. 

Turbulelll difJzlsioll occurs Ri<l and is a two way process in which equal \ Lllul11e of water 

are exchanged between the two layers, and though no net exchange of \\ater, salt is 

transported upwards and the potential energy of the water column in enhanced (Dyer, 

1997). Advective and diffusive processes are important in tidal estuarine systems. The 

ratio between advective and diffusive fluxes depends on the time scale over which 

averaging is made. A long time scale will always increase the diffusive flux. The same is 

true for horizontal averaging. The ratio differentiation applied to lagoon systems allow 

for classification such as choked. restricted or leaky (Kjerfve, 1989). Choked lagoolls are 

characterised by long narrow entrance(s), longer residence times and. and dominant wind 

forcing. Restricted lagoons usually exhibit one or two or more channels or inlets, have a 

well-defined tidal circulation, are strongly influenced by wind and are usually vertically 

mixed. Lealc,' lagoons occupy the opposite end of the spectrum from c!lOked lagoons 

which are characterised by wide tidal passes, unimpaired water exchange \\ith the ocean 

strong tidal currents and existence of sharp salinity and turbidity fronts. 
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Tidal currents in estuarine systems. coupled to Illixing of oceJn anJ river 'vaters 

affect the vertical as well as the horizontal density stratification. With intense mixing or 

weak fresh water supply the water column becomes homogeneous. \Iore fresh water on 

the other hand is likely to induce a vertical stratification and a horizontal. gravitational 

circulation (see below). 

3.1.1.2 Mixing and stratification 

Stratification is an intrinsic aspect of stilling or mixing by tidally dri"en flows in 

estuarine systems. Bottom stress produces turbulence in the flo\\ and this turbulent 

kinetic energy mix the water column. Horizontal gradients on the other hand are set up 

e.g. by a combination of fresh water supply and consecutive mixing which causes high 

saline dense water to flow inwards underneath low saline, less dense surface water. The 

horizontal density gradient is associated with the variation of salinity along the estuarine 

system. So-called baroclinic currents or buoyancy forced currents in estuarine systems 

are a result of non-parallel isopycnal and isobaric surfaces. The baroclinic current tend to 

redistribute the density fields to equilibrium 

Fischer et al. (1979) investigated effect in estuaries of vertical and lateral shear 

influenced by tidal oscillations and how it affected the circulation. Most comprehensive 

studies on exchange mechanisms from estuaries and fjords were done (e.g. Stigebrandt, 

1983; Rattray and Hansen, 1966; Robinson, 1983; Prandle, 1985; Bjork et aI., 2000, 

Stigebrandt, 1980; Brown and Trask, 1980; Hill, 1994; Rydberg and Wickbom, 1996). 

The exchange appears over a broad range of time and length scales (Smith. 1979 and 

Sitgebrandt, 1980). 
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In many estuaries the tidal circulation is the most obvious means by which 

flushing occurs. However, significant exchange may occur over much longer time scales 

where also, buoyancy forcing, atmospheric forcing and far field effects such as shelf 

waves (Kjerve et aI., 1978) or even radiation balance may be important. Thus in tidally 

dOl11l11ated estuaries, the exchange processes reduce to the problem of polarised transport 

that of flood and ebb where the net long-tenn movement is largely a function of the fluid 

\elocity and discharge. In this case variables depend on the basin hypsometry. That is the 

distribution of the estuarine basin surface area with height (e.g. Boon and Byrne, 1981). 

Results from such studies show that the circulation in inlets is profound Iy affected by the 

interaction between the water flows and inlet bathymetry, but also, that the topography is 

always of utmost importance. The hydrodynamic processes of tidal inlets have been 

investigated using various one-dimensional models from inside the lagoon out through 

the inlet (cf. Ye, 1987a; Robinson, 1983; Rydberg and Wickbom, 1996). Officer (1996) 

used the one-dimensional equations to study the estuaries with large tidal prism and low 

river runoff, which may fit with our setting. 

3.1.1.3 Heat flow 

The properties of ocean water in tidal creeks are modified not only by the fresh 

water, but also by heating or cooling. Heating is a result of solar radiation absorbed in the 

water column. The heat is retained by creek water through vertical 111lXmg. Bulk 

equations for calculation of solar radiation, sensible heat and heat loss by long wave 

radiation and evaporation, have been developed in order to establish heat budget. For 

example. Vanna and Kurup (1996) used the fonnulas in their study in the northern part of 
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the Somali Current, which is affected by the monsoon climate. Sultan and Ahmad (1993, 

1994) carried out similar studies in the Arabian Sea, while Reed (1983) and De Lisle 

(1970) also carried out similar work in the eastern Pacific Ocean and in the Tasmania Sea 

respectively. Vugts and Zimmennan (1975) demonstrated effects of interaction between 

the daily heat and tidal cycles from measurement in the Dutch Wadden Sea but failed to 

include variable tidal volume in the heat transfer equations. Heath (1977) carried out 

similar studies in a New Zealand inlet. He found that fluctuations in temperature 

produced by the tidal exchange and by the solar cycle are both important. 

In Chwaka Bay, Tanzania, a bay almost similar to Gazi Bay considered in this 

study, Mahongo (1998, 1997) investigated heat budget. He considered radiative fluxes 

and turbulent fluxes and applies several cloud correlation factors, such as used by 

Kimball (1928), Laevastu (1960), Budyko (1963), Tabata (1964) and Reed (1977) to 

arrive at reasonable fluctuations of the fluxes. He recommended the application of the 

factors given by Tabata (1964) and Reed (1977). Further Ulf Cerdelbf et al. (1995) 

carried out heat flux studies in the same bay. 

3.1.1.4 Tides in ocean and coastal waters 

One of our objectives is to detennine tidal characteristics, and see how 

astronomical tide becomes distorted during its propagation from the ocean into the 

shallow inlets/creek systems such as selected in this study. The astronomical tide 

spectrum is composed of a large number of constituents whose mutual non-linear 

interactions represent a complex physical problem (Gallagher and Munk, 1971). 

Therefore. we will focus on the predominant species and our analysis will seek to extract 
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the amplitudes and the phase of the major tidal constituents from pressure gauge records. 

In this section we review briefly tide-producing forces, 

According to Newton's law the gravitation force between the eanh and the moon, 

is proponional to their masses, and inversely proportional to the squar: ,,! the distance 

bet\\een them. Revolution of the earth/moon system introduces a centrifugal force. The 

hOrizontal component of the difference between the gravitational and centripetal force is 

what drives the tides. These horizontal tidal tractive forces are \'en small and are 

inversely proportional to the cube of the distance between earth and moon and because 

they are not balanced they cause the water movement. The paltems of these tide

producing forces produce bulges of water over the areas on the near and far side to the 

moon where the forces are directed outward from the earth's surface. but depressed 

between those areas where the forces are directed inwards. As the earth rotates about its 

polar axis, each point on the surface of the earth, pass through a whole pattem of forces 

in one day with two passes under the bulges and two under the depreSSions. This is the 

basis for the existence of semi-diurnal tides on a diurnally rotating earth. The earth/sun 

system sets up a similar pattern of forces to that for earth/moon pair but the forces 

involved are much smaller because of the much greater distance. The fact that the sun and 

the moon do not move in a synchronous fashion, their path are ellipses, the planes of 

rotational move nonh and south (with annual cycles of the sun, and the monthly circles of 

the moon) add complications to the pattern of tide producing forces Despite this 

complications the motion of the sun and the moon are kno\vn \ery precisely and are 

responsible for the tidal motion observed by sea level records in coastal stat Ions. 
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phases and amplitudes. Each constituelll can be represented by a sine cune with its own 

period and phase, whose amplitude represents its contribution to the total tide. Hallllonic 

analysis procedure extracts from the tide record the response to the spec ifi ed gravitational 

force constituents. 

Sea level changes occur due to different reasons. Wind waves: for example 

produce high frequencies, while air pressure. wind, and tidal fluctuations cause lowel 

frequencies. Tidal frequencies can be detemlined with extremely high accuracy from 

classical celestial mechanics. The extraction of their amplitudes and phases from sea

level records is known as the harmonic analysis. A longer record implies a higher 

accuracy in determination of the tidal characteristics. At least a one-month sea-level 

record is needed to obtain a reasonable resolution of the major components. Harmonic 

analysis uses the "method of least squares" to extract the tidal constituent of given 

frequencies from a sea level record (Chapter 4). 

Tidal constituents 

The distribution of the tide producing potential over the surface of the earth can 

be expressed as a series expansion in spherical harmonics. Theses functions form a 

complete set for describing distributions on the surface of a sphere (Jeffreys and Jeffreys, 

1956). The coefficient of which can be expanded as Fourier series \\ith frequencies that 

are linear combination of the basic frequencies of the solar system. 

A very detail classification of tidal constituents by Doodson invohes 390 components, 

includes the three major periods, but also longer ones such as lunar perigee (8.85 years), 
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where the estuary tide is in phase \\'ith the outside tide, If the time taken to do this is 

equal to the tidal period, the reflected wa\'e meet the next wave entering from the sea, 

thus a resonance appears. Long estuaries are also subject to rnction ami tilL' tidal \\a\'e IS 

completely dissipated before reaching the end or the estuary. The tidal \\aVe is then 

solely progressive wave in nature, Elevation and currents are in phase, Ho\vever, in most 

estuaries at least some of the tidal energy dissipates before and after retlection and the 

tidal response is a mixture of a standing wave with a progressive contribution of variable 

magnitude. Although there are some 160 known constituents, with about 60 recognized 

as significant, only 14 will be considered during the hannonic calculations using least 

square method (Chapter 4). 

3.1.1.5 Basic concepts of near bottom flow 

A most important issue in any study of the dynamics of flows in "helf seas is the 

bottom friction and the flow in the near bottom boundary layers. More over the profile 

near the bed is important not only for water mixing as much, but also for sediment 

transport and distribution. There is a considerable research on the fonn of the boundary 

flow, and the related distribution of shear stresses and turbulent eddy viscosity within the 

water column (e.g. Lesser, 1951; Weatherly, 1972; Dyer, 1970; Kundu. 1990). Many 

studies are based on the velocity profile where a logarithmic profile (assuming that 

au II. 
-a - (see later) is fitted to the near-bed velocity data to estimate variousat 

characteristics of the near bed tlO\\, In recent times first response CUITel1, meters have 

been in use (cf. Gordon and Dohne, 1973; Harvey and Vicent, 1977), 
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As the flows passes near the bed over bottom elements a \ek',cllv shear is 

produced by the friction drag. The flow is considerably slowed dO\\11 ne,l] the bed than 

higher up, and elements produce turbulence which according to Offen anli Kline (1975), 

and Robinson (1991), occurs as transverse vortices developed fr0111 strea~ of \eloclties 

near the bed. The vortices are ejected to the surface and then tra\el do\\n stream in 

'horseshoe shapes' before decaying. During high flow these vortices erupt at the surface 

as 'boils' (Jackson, 1976). The velocity profile across the bottom varies according to the 

conditions in the water column. For unstratified conditions they confollll to the vall 

KarmClIl-Pralldtl equatioll, which relates the friction velocity and the stre,l:l1 flow above 

the bottom to the roughness depth. The friction velocity u* is related to the bed shear 

stress To as u' = T; J3-i . Anwar (1983) found that the equation is valid for 
( 

homogeneous (well-mixed) flow over flat bed and can be used for detellllining the bed 

shear stress from the velocity profiles. The equation does not hold for unsteady flo\\', in 

density stratification or uneven beds (Dyer, 1986). Thus, for stratified flo\\'s the profile 

modifies to the equation shown in Section 4.4.1. Alternatively experiments have shown 

to a good approximation that the bed shear stress is proportional to the squire of the 

velocity in the bottom boundary layer according to the quadratic t;'ictioll law: 

To = pCdU" . The drag coefficient Cd can be related to the bed roughness a:ld the value of 

the roughness depth (see Dyer, 1986). 

There is need to establish the type of flow regime, estimate the drag coefficient 

and roughness length and the residual drift at different heights above the creeK-bed. 
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The relation of the tidal regimes and the drag coefficient used in calculatlllg the bottom 

stress, and hence variability in the roughness depth (see Appendix C) 

3.2.2 Previous studies ill the adjoining coastal water 

3.2.2.1 Coastal CUlTents 

Adjoining coastal water. for the purpose of this document. means the cc,asta] 

water immediately off the entrance to the creeks and bays. This is the \\ater on the shelf, 

which is likely to be exchanged with that of the creek or bay. ?\e\\"ell (1957, 1959) 

pointed out that the shelf water in this region is that of the East African Coastal Current 

(EACC) and the Somali Current (sq, which reverses direction under the influence of the 

monsoon winds for along time (Huntingfold. 1980). Only in recent times efforts have 

been made to study the currents and largely focused where the Somali Current (SC) 

meets the EACC. Leetmaa (1972, 1973) did the first observations in March-April. near 

2°S latitude off Kenya. He found that the SC current reversed direction, and starts as an 

intrusion from south triggered by 8-10ms·1 winds in the last week of March. He 

concluded that the onset of the SC occurred south of the equator one month before the 

onset of the SW monsoon over the interior of the northern Indian Ocean. He further 

concludes that the local winds and a switching action on the EACC cause the onset. This 

implies that in earlier April the current direction is \'ery sensitive to the small variations 

in wind direction. There have been several studies related to the cunent beha\'iour 111 this 

regIOn. 

Duing and Schott (1977) moored several current meters bet\\ cen \ lombasa and 

Kiwayu from mid-January to mid-July 1976 (see Figure 3.2.2.2). They come to the same 
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conclusion. Johnson et al. (1982) investigated the onset mechanism a11\.1 ,1,TI\cd also at 

the same conclusion. They suggested that the switching of the Soma Ii Cunc';n \\ as due to 

topographic control at the location of the Northern Kenya Banks (see Figure 1.1 b) and 

that the switch occurred in mid-March at the onset of SEM, just preceding the Inter

monsoon long rain (IMLR) season. The differences on the onset time Sc('1ll to confinn 

'multiple onsets' :.IS suggested by Fieux and Stoml11el (1977). Other ill\cs\Igators allived 

at the same conclusion regarding the onset (Duing and Szekielda, 19-:-1: CO\. 11r(1). -\Iso 

Anderson and Rowlands (1976) arrived at the same conclusion from theoretical studies 

which discriminated between local and remote forcing. Other contributing \\ork are (e.g. 

Swallow and Bruce, 1966; Lutjehanns, 1972; Citeau et aI., 1973: tvlagnler and Piton, 

1973; 1974, and Swallow et aI., 1991; Schott al et., 1990, and Quadfasel and Schott, 

1982). Swallow et al. (1991) has defined the EACC, as the part of the boundary current 

that flow northward through out the years. This follows the nomenclature by Newell 

(1957). Thus a summary of the current flow can be made. It is similar to that given earlier 

in Figures 2.2.1a-b, and 2.2.1c-d, and by Wyrtki (1971). 

Anonymous (1981) and R.V.Tyro (1992-93) made further current measurements along 

the coast. Both will be taken up in Chapter 6. 

The EACC was recently defined by Swallow et al. (1991) as that part of the 

boundary current system off East Africa that flow northward through out the year, in the 

climatologically mean. They saw the current as linking the boundary ClilTent north of 

Madagascar and at the equator. The source of the EACC is thus the SOccth Equatorial 

Current (SEC). The SEC flows westward along the latitude 10 -12')S. bringing low 

salinity water from the eastern Indian Ocean to the East Africa coast. 
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The SEC in the Indian Ocean split Into the southward going ~loLal11bique Current 

and the north-going EACe. During the SE1\l (northern summer) the EACC continues to 

transport water across the equator into Somali Coast. In NEM season (northern winter) 

the EACC meets the southward flowing SC at the latitude of 2-3°S and together they !low 

eastward as the ECC (Figure 2.3.lc). Duing and Schott (1972) studied the progression of 

wind in Lamu and currcnts at \·anous depths and showed that considerJbie change 

OCCUlTed off Lamu i.e. aftcr the Nonhem Kcnya Banks (Figures 3.2.2.1 a and Figure 

3.2.2.1b). 

Figure 3.2.2.2 (also see Swallow et al., 1992) shows the flow of the EACC from 

south of Malindi (3"S). The EACC monthly mean northward component of surface 

currents off Gazi Bay-Tudor Creek (4"-5°S) increased from the end of March up to the 

maximum speeds of slightly more than 1ms· 1 by in April then decreased by 40% between 

May and July (Figure 3.2.2.2, panel a). The maximum is followed by slow decrease to a 

minimum of about 0.3ms· 1 in NEM. At the latitude 3 ° -4 ° S which is off Kilifi Creek 

(i.e. Mombasa-Malindi shelf) the current has a broad maximum of l.lms-\Figure 

3.2.2.2,panel b). The current off Gazi Bay moves at greater speed than off Kilifi Creek 

during NEM (February). Swallow found that the current increases offshore reaching 

maximum speeds between 20 and 75km (Figure 3.2.2.2, panel c) agreeing with Bell 

(1972). He pointed out that the maximum speed occurs between 16 and 80m offshore and 

the width of the current to be more than 160km. The speed off G:17i Bay Jnd Kilifi is 

almost double those at 8"-9 "s and 9"-1 O,)S (Figure 3.2.2.2), which indicate thal the EACC 

accelerates considerably off our study area. The transport structure is reyie\\·ed belo\\' . 
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The possible events causing variation between 3 and 5 "S are takL'1l up 111 resulls dlld 

discussion Chapters. 

3.2.1.2 Transport structure 

The transport structure between II uS and 3uS of the E.-\CC \\ as 111\ eSligated by 

S\\ alIO\\ el al. ( 1991) who showed that a mean n011hward transport 0 f IO() III S off Ciazi 

Bay and Tudor Creek (4°-5 0 S) in the upper 500m. Duing (1977) after re\ie\\ing work by 

Swallow and Bruce (1966), Leetmaa (1973) and Duing and Schott (1977l. showed a 

transport of 14.4x 106 m3 s· 1at 2°S during IMLR season (May) in the upper 100111 and a 

current width of 120km flowing at a mean velocity of 1.2 ms· l . Howe\er. this transport 

increased to 17xl06 m 3s· 1 between ION and 2.8°N an increase of 42% per 100km. 

Swallow and Bruce (1966) report further north maximum transport of 71 x 106 111 3S· 
1 and 

15x I06 m\·1 in the upper 1000m. They also found a zone of extremely high velocities 

(>3 ms· l ) and vertical current shear in the upper 50m of the SC and revealed a strongly 

amplified baroclinic structure in the upper layer. Bruce and Volkmann (1969) indicated 

powerful subsurface anticyclonic gyres with transports of approximately 70xl0 m 3 s· 1 

during SEM and NEM respectively was located 150km offshore. The observations reveal 

that that local forcing must playa very important role along the Kenya-Somali coast from 

say 3°S to 9°N. The mechanism is complex and little understood it is taken up in the 

discussion (Chapter 7). 

49 



3.2.1.3 Salinity and temperature and the them10cl ine 

The first work on salinity and temperature is that of Newell (1959). and is based 

on data from cmise No.67 carried out by M.Y. Tchira in 1952-54 and previolls data from 

I'udivia, Dalla and John Al/1rrcn expeditions of 1898-99. 1928-30 and 19:;3-4 

respectively. In addition to the surface flO\\ Nc\\cll (1959) documented temperature, 

salinity and water mass. He discussed four water masses: (a) the Tropical Sllrface Water 

with high temperature. high salinity, and oxygen saturated. (b) Arabian Sea \\'ater with 

high salinity and high oxygen. (c) Antarctica Intem1ediate Water with low salinity and 

high oxygen and (d) the North Indian Deep Water with a Red Sea outflow of high salinity 

and low oxygen. 

Magner and Pinto (1973, 1974) gave a similar account of the water masses of the 

region down to 600m, based on data from R. V VaubalJ. Harvey (1977) carried out similar 

work off Tanzania coast and indicated characteristics similar to those observed by Newell 

(1959). Quadfasel and Schott (1982) and Duing and Schott (1978) have indicated that 

mass transport, position of the thennocline and the oceanographic characteristics of the 

coastal current change with the monsoon season. Repeated hydrographic measurement 

around 3°S (Leetmaa and Trusdale, 1972), reveal surface salinity of 35.5 in March and 

35,0 in May. They attribute the fonner to Arabian Sea Water caITied south during the 

NEM, and the latter as cOITesponding to the SEM and coastal runoff carried northward by 

the Somali Current. Unanalysed oceanographic data is available from more recent clUises 

off Kenya e.g. Dr. Fidjof Nansen (1982-83), R.Y. Kusi (1979). and in R.Y. Tyro 

expedition of 1992-93. The data is selectively considered for analysis in Chapter 6. 
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Figure 3.2.2.la Panel (a) stick diagrams for current off Kilifi Creek at position 

KI, K2 and panel (b) the mooring position for the current meters KI, K2. \II and 

1\12 (Source, Swallow et at., 1992). 
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:\'ote, the change of direction, compare to KI and K2 in Figure 3.2.2.1 a (Source, 

Swallow et aI., 1992). 
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Figure 3.2.2.2 Seasonal cycle of monthly mean component of historical ship 

drift currents at selected latitudes in the EACC, Panel (a) Off Kilifi Tudor Creek 

area, Panel (b) off Tudor creek-Gazi Bay area, panel (c) current pel'pendicular to 

the Kilifi-Gazi Bay shelf area (Source, Swallow et aI., 1992). 
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3.2.3 Scientific work in the proposed study sites. 

Several studies, although not uniquely dealing with physical oceanography, have 

been carried Ollt in Gazi Bay and Tudor Creek, which are the two of three selected study 

sites proposed for investigation (see Chapter 4). The third one is Kilifi Creek. The 

Y1orphological aspects uf the study site are taken up in Chapter 4. Ho\\C\er. the past 

work or literature on these study sites is taken up in this Section. V'-ork concemed 

hydrography where preliminary salinity and temperature were carried Ollt. Some tide 

measurements were also done including currents and nutrients (silicate. phosphate. 

nitrates, nitrites and amonia). Kilifi Creek, which is morphologically similar to Tudor 

Creek (see Chapter 4), has received not much attention and there is apparently no 

literature available. 

3.2.3.1 Previous studies on salinity and temperature in Gazi Bay and Tudor 

Creek 

In Gazi Bay Ohowa et al. (1997) used a vane for current and a refractometer for 

salinity during measurements and reported variable distribution of currents during high 

and low river discharge. They found that salinity in the bay ranged from 24 to 35 during 

the wet period but remained at 35 in the whole of the bay during the dry period. The 

discharge from river Mkurumuji caused the salinity to drop from val lies 10-25 near its 

mouth and to 0 in the Kindogweni river mouth. They indicated that the circulation in the 

bay during f100d in the wet period (Figure 3.2.3.1) was clockwise. Kithcka (1 ()96) 

reported salinity and temperature range 28 - 35 and 25-31.5°C respecti\ely. He showed 
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that salinity in the upper parts of the estuary dropped to near zero during the HvlLR 

season, but only up to 15 during the dry season. He also obsc:ned the w,lter in the bay 

was vertically well mixed (homogeneous), and attributed this to tidal mixing. He 

concluded that the variability of these parameters was seasonal. Thus 111 Gall Bay there is 

a considerable effect of the rivers entering in north and \\e5t, respectl\ ely. Hl'\\en::r. it is 

not ob\ious whether fresh water input has an intluence on the c::cuLil',,:~. 

Norconsult (1975) carried some hydrographic measurements 011 2U stations both 

in Tudor Creek, Kilindini harbour and offshore (within 5km from 5hl)re) frl)!TI Ti\\J to 

Mtwapa Creek, i.e. 20krn north of Tudor Creek. He found that Sal'lllt)' in the offshore 

water shows small variations during the year, averaging about 35. He suggested that the 

salinity of the water in the harbour and creeks is determined by the salinity of the ocean 

water entering them by the tide, evaporation and the fresh water runoff from tributaries 

catchment areas. During the dry seasons of SEM and 0:EM the enporatlon in shallow 

wide the estuarine basins exceeds the fresh water inflow, resulting in slightly higher 

salinity as compared to the offshore waters. During the IMSR and I\1LR seasons the 

fresh water inflow exceeds the evaporation, causing a slightly lower salinity in the creeks. 

His results showed that throughout the year the salinity distribution was uniform with 

depth both in the offshore and inshore waters. The highest mean monthly temperature of 

the offshore water occurs in the month of March and April of ~E\1 reaching 28-29°C. 

The lowest temperature of 24-25°C occurs during July and .-\ugust of 5E\1 He pointed 

that the cause of the temperatures of up to 2°C higher in the creeks than in the offshore 

water observed through out the year is caused by sun radiation in the shallo\\ estuarine 

basins. He concluded that the fresh-water runoff results in slightly lo\\er density of the 

55 



creek waters. Thc density distribution \\ as found close to uniform with depth both in the 

inshore and offshore \\<ller suggesting \'enically homogeneous water. 

Measurements on a series of stations similar to those of Norconsult (1975) in the 

lower pan of Tudor Creek but \\ith n:tcnded coverage to the Kombeni River mouth was 

done by Okel11\\3 (l<JSS. 19<J0). KaLlll1gu (1989). Kimaro (1987) and Nguli (1994). 

During tbe li\lLR scason they reponed longItudinal salinity gradient. \\ ltb 10\\/ salinit\· 

where the ri\'ers debauched lI1to the creeks but found salinity in the lower reaches of the 

creek were close to that reponed by ~orconsult. Nguli (1994) confi1111ed the salinity 

gradient and estimated flushing time of about 14 days of the water in the upper reaches of 

the creek. A number of other studies carried out in Tudor Creek that have focused on 

biological aspects of the creek (e.g. Okemwa and Revis, 1988 and Kimaro, 1987). They 

argued that the season?l changes observed in zooplankton concentration are related to 

different water types. Kazungu (1989) worked on chemical aspects and his studies also 

included temperature and salinity. He sho\ved salinity range of 34.8 - 35.5 with low 

values occurring during the wet period was reported. More over he found low saline 

water in the upper reaches of the creek and a salinity range of 2 - 36.2 from the shallow 

inner basin to near the entrance area of the creek. The gradient decreased considerably by 

June becoming more or less unifonn through out the creek in July. Kazungu funher 

pointed out that creek becomes an estuary during the rain season, and but after the rain 

the oceanic conditions are established. This had implied that Tudor Creek IS likely to 

have a neutral and even an inverse circulation (see e.g. Dyer, 1979). 
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Figure 3.2.3.1 Spatial distribution of salinity in both wet (a) and dry (b) seasons for 

Gazi Bay (Source, Ohowa et aI., 1997). 
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3.2.3.2 Previous studies on tide and currents in Gazi Bay and Tudor Creek 

Pugh (1979), Nguli (1994), and Odido (1994) all studied tideS of the region. Pllgh 

carried out hannonic analysis using sea level data from the tide gauge in \lombasa Jnd 

other stations of the western Indian Ocean. He found semi-diurnal (\12 ) tide domimtted 

with amplitude of 0.933m. For the S2 constituents he found ampllllldes of u,46Um. He 

estimated a tidal a spring tidal range (2(M 2TS2)) of 2.8m. Nguli ( 199-1- l. Odldo (19 1)-1- l. 

and Magori (1997) carried similar analyses but based on short period (t\\ 0 \\'eeks) sea 

level records. Elsewhere along the nearby part of the East African coast. L\\'iza and 

Bigendako (1988) at Kunduchi, north of Dar es Salaam did tidal obsen·ations. Their 

results closely agreed with those of Pugh (1979), for more representative results longer 

sea level record (at least 29 days) is necessary. 

Few current measurements have been carried in the inshore (40m) area along the 

Kenyan coast. Norconsult (1975) measured currents in Tudor Creek inlet channel using 

Pendulum Current Meters such as those used in this study and discussed by Cederlof. 

(1996). He showed that mean flood tide lasts for 6.5 hours and the mean ebb tide for 6.3 

hours, with maximum currents in the range 0.4- 0.6 ms· 1 (Figure 3.2.3.2). According to 

Norconsult (1975) slack water appears more or less exactly at high water, where as 

inflow starts some time 10-20minutes before low water. The small delay implies week 

constriction by of tidal flow by Tudor Creek. Kimaro (1987) during her plankton studies 

found a clockwise eddy near KMFRI, thus indicating transverse circulation may be 

important in lower part of the Tudor inlet channel. 
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Figure 3.2.3.2 Vertical variation of current from high water to low water. Note the 

one-direction almost through out the flood and ebb period (Source. :'\orconsult, 

1975). 
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3.2.3.3	 Pre\ious studies \Vork on nutrients in Gazi Bay and Tudor creek 

Phosphorus. nitrogen. and silicon are the most important nutrients for plant 

growth. Th~~ ar~ taken from water by the organisms and replenished through resolution 

or decomposItion Since the \\'ater in an estuarine is influenced by runoff and is in 

c\:change \\ith the ocean l1utrient cycles are interfered \\'ith by various conditions in the 

estuan. 

In Tudor Creek and Gazi Bay, it was found that nutrient (nitrate) variations were 

depended on rain (Kazungu. 1986. 1989; Hemminga et aI., 1994). In Tudor Creek 

Kazungu (1986) showed that in April the concentration was of the order 9.4 f,!g-at/I. A 

maximum (22.6 f,!g-at/l) occurred in May while after the rains (June and July) the 

concentrations were less than 1.0 f,!g-at/l. For the entire creek the nutrient range was 

below I0-40ug alii, \vhich led to the conclusion that Tudor Creek is 'low nutrient estuary'. 

To be a high nutrient range the range would be 100-350f,!g-at/l (Sharp, 1983; Bale and 

Howland, 1981). The values during the rain season were higher than those found in the 

open waters of the western Indian Ocean. According to Smith and Cordisporti (1980) 

rarely the values exceed 5f,!g-at/l. Kazungu pointed out that the nutrient range 13-20f,!g at 

/1 found by Smith and Cordisporti (1980) for the Somali upwelling region compared well 

with those of Tudor Creek. 

Much lower nutrient values were found in Gazi Bay during the rain season and 

\ery low values in dry season (Hemminga et aI., 1994; Ohowa et al.. 1998). A time series 

summarising typical \ariation of dissolve inorganic nitrogen (011\) during the wet and 

dry seasons of 1992-~. form Ohowa et al. (1998) is shown in Figure 3.2.3.3 
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Elsewhere, it has also been shown in shallow estuarine systems nutrients are 

supp Iied into the shallo\\ estuarine systems by various sources, mai nIy by ri \'er inputs 

and human influences (McCarthy et aI., 1984; Nixon and Pilson, 1993). This is different 

from the open ocean, where primary production is controlled by regeneration process 

(Gliben. 1988). while in an upwelling region the \ertical mo\ement of water assist 

primary production by al1ochthonous input of nutrients into the euphotic zOl1e from deep 

water. Of the various nutrients in the systems phosphorus is increasingly being accepted 

as the limiting factor in algal growth than phosphorus (Graneli et aI, 1986, Rydberg, 

1986). Although, there are no specific studies on nutrients as a limiting factor in the 

Kenyan creeks, there have been measurements on chemica! aspects 0 f the she! f water. As 

mentioned earlier and, on the preposition that the oceanic surface layer may enter the 

creeks, we have included results on nutrients in the ambient water in Chapter 6. 
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Figure 3.2.3.3 Summarising of 24-hour observation of dissolved inorganic nutrients 

during the rain (a) and dry (b) seasons of 1992-4, in Gazi Bay (Source. KillIeka et al. 

1996. EEC report). 
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CHAPTER FOUR
 

MATERIALS AND METHODS 

4.1 THE STUDY AREAS AND STATIONS 

4.1.1 Gazi Bay 

Gazi Bay. its position, morphological components, depth and sedimentary facies 

which are a result of the interplay of geomorphologic history, river discharge of water, 

sediment, tidal currents and waves and coastal processes are shown in Figure 4.1.1.1 

which also indicate three parts of the bay. These parts are the marine dominated entrance 

area, the mixed energy area fonning the central bay basin, and the river dominated area 

colonized largely by mangrove vegetation and (the Kinondo Creek etc). 

The bay is situated 50km south of Mombasa and oriented in a north south 

direction. It is 7 km long and has a width of 4km in the central basin with a total area of 

about 30km2
. The mean depth at sea level is 3m. Two seasonal rivers Kidogweni River 

and Mkurumuji River arise from the coastal ranges ofShimba Hills debauch fresh water into 

the bay after draining an area of 30 and 164 km2 and respectively. Kidogweni River enters 

the bay through the Kidogweni Creek while the Mkurumji River discharges directly into the 

central bay basin (mixed energy area) from the western side. During the IMSR and the 

IMLR season discharge 5.0 and 17.0m3s·1 respectively as reported by Kitheka (1997). 

Two tidal fluvial creeks, Kidogweni and Kinodo Creeks 5.0 and 2.5km long 

respectively, cut through the vegetation in the 'river dominated area' of the bay. The 

vegetations colonizing the bay are mangroves which occupying 10 km2 of inter-tidal area 

all of which is inundated by the marine waters during the extreme HH\VS tides. 
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Kidogweni tidal channel shows tidal meandering in the upper part of the creek and tidal 

sandbars where it enters the central bay basin. Sandy shores occur in the northwestern 

part of the central basin, while large parts of the inter-tidal area at the lower end of the river 

dominated area are extensive seagrass beds (see Henuniga et aI., 1999) and mud flat occur 

southwest of Kinodo tidal channel. 

The central basin area, which can also be referred to, as 'backreef lagoon' is 

sheltered from ocean waves on its eastern side by the Charle Peninsula, the Charle Island 

and an extensive coral reef platfonn. Shallow tidal openings occur between Charle Island 

and the peninsula. 

In the marine dominated part of the bay coral reef and extended coral plat forms as 

baniers. Inlet and wave cut opening area occur in the sea face coral banier, which extends in 

a north-south direction as a continuation of the elongated Eastern Africa fringing reef. 

In the literature review Chapter 3, Section 3.2.3.1 to 3.2.3.4 previous research 

work in Gazi Bay by Kruyt and van de Berg (1993) and Kitheka et al. (1997) was 

presented. It was established there that in the mangrove creek area the salinity range was 

2 and 15 in the open part of the bay area the range was 31-33 for the during the rain 

season of 1993-1994. During the dry periods, however, salinity remained at 35. Hence a 

salinity gradient is evident during the wet period and measurable buoyancy exists, the 

salinity gradient, however, diminishes greatly during the dry period. 

The temperature range for 1993-4 was found to fall in the range 25.5 -31.5 °C with the 

lowest value in August and highest value in December and the fluctuations could be as 

large as 2.5 0c. The tide was found to be mainly semi-diurnal. 
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During maximum water discharge from Mkurumuji River nutrient rates of 12 kg N dayl, 

40 kg J\I day-I, and 30 kg N dayl as ammonia, nitrate and phosphate respectively occurred
 

(Ohowa, 1996). For Kidogweni River the values were 5, 10 and 9 kg N day'\, however,
 

they were much smaller for the dry period of very low freshwater discharge.
 

These earlier studies however did not involve time series measurements of tides and
 

currents, thus more detailed infom1ation on tidal response, water exchange and fUither
 

description of Gazi Bay was necessary. Thus seven hydrographic sampling net stations (I


VI) and two transects were established as indicated (Figure 4.1.1.1) along \vith three tide
 

gauge stations (MT1-MT3) and one current meter station (ReM).
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Figure 4.1.1.1 Gazi Bay oceanographic stations net (I-VII), two transects. tide gauge 

stations, and one current meters stations (PCM and RCM). 
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4.1.2 Tudor Creek 

Tudor Creek, which lies to the north of the island and the old Mombasa port 

where Fort Jesus and the KIVIFRI are situated, is one of the two inlets surrounding the 

Mombasa Island. The other is the Kilindini Harbour. The creek has a total length of 

14km. and a surface area of 22km2
. It consists of the entrance area, the central area and 

ll1ner parts. The entrance is a marine dominated, high-energy zone, with deep single 

sinuous inlet channel. The inlet has a length of 4km and width of 300m and a mean depth 

of 20m. The depth, however, is variable and occasionally scour holes (40- 50m) occur in 

parts of the inlet bends. The surface area of the inlet varies from 1.31 km 2 at low water 

spring tide (HWS) to 1. 72 km2
. The inlet is connected to a central relatively shallow (5m

deep) basin, which has a width of 3-4km and is fringed by mangroves and mudflats. The 

central basin has an area of 6.37 km2 and 22.35 km2 at LWS and HWS respectively. 

The basin is a mixed energy zone area that gradually grades into river influenced 

peripheral lagoons and small creeks both fringed by mangroves and mudflats. The 

mangrove forest takes up 8km2 of the total area and has the two small creeks, Kombeni 

and Tsalu, which are 4.5 and 3km long respectively. The basin has an average depth of 

5m during maximum high water, with a mean of 3m at MSL. The creeks and the basin 

form 80% of the total surface area of Tudor Creek. Tudor Creek receives fresh water 

discharge during the wet seasons of 8m 3 
S·I and 5m3 

S·I from Kombeni and Tsalu Rive~s, 

which open up to the two small creeks leading to the shallow central basin. 

The six oceanographic sections (I-VI) established, together with current meters 

(RCM, PCM) and tide gauge stations (MTl-4) are all indicated in Figure 4.1.2.1. A 

weather station was also placed at KMFRl. 
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Figure 4.1.2.1 Tudor Creek oceanograpbic stations net (I-VI), two transects, tide 

gauge stations, and one current meters stations (PCM and RCM). ~ote also the 

weatber mast station at position marked KMFR!. 
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Previous hydrography, currents and sea level studies were discllssed in the 

literature review Chapter 3, Sections 3.2.3.1 to 3.2.3.4. Summarising the finding here, the 

highest mean monthly temperature (28-29°C) in the offshore water was observed in 

March and April; where as the lowest temperature of 24-25°C occurs in July-August for 

year 1975. Temperature fluctuations were as high as 2°C in the creek. The fresh-water 

runoff results in slightly lower density of the creek waters. The density distribution "'as 

found close to uniform with depth in the inshore and offshore water suggesting vertically 

well mixed. A salinity gradient was observed along the creek in wet periods, but seemed 

to disappear during the dry periods. Surface salinity was ranged between 33-34.6 during 

wet period and 35-35.7 during the dry periods. 

The creek is dominated by tidal current close to 1ms·'(Norconsult, ]975). Kimaro 

(1987) found a clockwise eddy near KMFRI. Nutrients were high during the wet penod 

(May-June) but low during the dry periods in general the creek can be classified as 'low 

nutrient estuary' of which nutrient range below 10-40jlgatil. The values during the rain 

season were higher than those found in the open waters of the western Indian Ocean 

which according to Smith and Cordisporti (1980) rarely exceed 5J.tg-at/l. The nutrient 

range 13-20J.tg at II found by Smith and Cordisporti (1980) for the Somali upwelling 

region compared well with those of Tudor. 
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4.1.3 Kilifi Creek 

Kilifi Creek is located 70 km north of Mombasa a[ 3° 35'5 and 39 c-1-0'E. The 

Morphological components of Kilifi Creek are illustrated in Figure 4.1.3.1. I[ is similar in 

shape to Tudor Creek also with two small creeks, 'Maya' and 'Vitengeni Creeks,' fringed 

with mangroves. Vitengeni Creek is IOkm long; width varies from 0.5 to 35km, and is 

three times larger than Maya Creek. Two small seasonal rivers discharge through 

Vitengeni Creek into a wide inner basin. The basin although almost circular in shape can 

be divided into upper and lower reaches. The upper reaches have more fringing 

mangroves and peripheral lagoons than the lower reaches, which ha\e high and steep 

banks. The rivers are Dzovuni and Vitengeni and have their origin in the coastal Islands. 

Sand and mud flats occur in at the mouth of each creek. There are no sea grasses in the 

upper reaches of the creek basin. 

In total mangroves and mud flats cover an area of 8km2
, whereas [he surface area 

of the basin alone is 17km2 and including the two creeks is 25km2
. The basin has mean 

depth of 7m at MSL. The basin is connected to the Indian Ocean through a 2km long and 

300m wide inlet. The mean channel depth is 15m. The channel cuts through fringing 

coral platform, which is similar to that found at Tudor creek entrance with back-reef 

lagoons on either side. Numerous sea grasses occur at the bottom and in the small tidal 

channels that open to the ocean. Waves constantly break at the entrance. 

Five sampling stations were made along the creek, and three locations selected for 

tide gauges. The stations (I-V) are shown in the Figure 4.1.3.1 as well as the location of 

the tide gauges MIl, MT2 and MT3 and the current meters PCM and RC\1. 5 lations 1-4, 

o 5-8, 9-11, and 12-15 were stations made across-the creek for salinity and temperature. 
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Letters A-G represent transects and also location where a few measurements USll1g 

surface drifters were carried out. 

No previous hydrographic studied for Kilifi Creek. 
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Figure 4.1.3.1 Kilifi Creek oceanographic stations (I-VI), sections, tide gauge and 

current meter stations (PCM and RCM) are indicated. 
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4.104 Meteorological stations 

A weather mast, from which data for complete heat and radiation may be camed 

out, was placed at the Kenya Marine and Fisheries Research Institute (KMFRI) building, 

and located as shown in Figure 4.1.2.1. 

4.1.5 Other stations and data sources 

Other data sources include as mentioned, available oceanographic data from 

recent cruises, R.Y.Tyro 1992-93, R.Y. Dr. FridjofNansen 1982-83, and M.Y. Kusi 1979 

(see MONEX data 1980). Some sections, each with a number of oceanographic stations, 

were taken perpendicular to the coastline off the location of the study sites. The location 

of these transects and stations are shown in Figure 4.1.5.1. 

Long-term sea level data is available from the Global Sea Le\'el (GLOSS) stations 

of Mombasa, Lamu in Kenya (Figure 4.1.5.1) and Zanzibar further below in the in 

Tanzania (actual location not shown). Some of the tide gauges are solar powered and 

record sea level data at hourly intervals. Lamu station has telemetry arrangements that 

enable data to be transmitted via satellite to the University of Hawaii. 

Nutrient stations were essentially two, one inside the creeks (bay) and the other at 

the entrance. Simultaneous series of stations for nutrient measurements were also 

available from other projects focusing especially at Gazi Bay. Other source of nutrient 

data was a\'ailable from selected stations from the mentioned cruises (see in Chapter 6). 
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Figure 4.1.5.1 Oceanographic stations occupied during various historical cruises off 

Kenya coast. 
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4.2 INSTRUMENTAno:\' 

4.2.1 Instruments for oceanographic measurement 

In this section instruments used and the parameters measured are presented and 

discussed. The basic equipment used in this study were, recording tide, recording current 

meter and temperature-salinity sensor for logging and for observations. In addition we 

used pendulum current meters for direct current measurements and a so-called \\-eather 

station, which was equipped with several sensors for the studies of heat fluxes. 

4.2.1.1 Portable tide gauge 

The instruments used for sea level observations were tide gauges of the type 

Micro Tide from Coastal Leasing. These are portable self-contained pressure-observmg 

instruments that can be programmed and deployed in water for periods up to a year if 

sampling is made once per hour. The instrument is shown in Figure 4.2.1.1. It measures 

sea level and temperature with an accuracy of ±0.015m and ±0.2 DC respectively. Data 

storage and batteries for providing power to the instrument are all inside a watertight 

metal tube (Figure 4.2.1.1). We had three instruments at hand. Instruments may have 

capacity for burst measurements where registration can be stored at intervals of 0.16 s, 

implying that ocean swells can be logged. This means that memory capacity has to be 

increased. For nom1al registration of tide. we set the storing to 10min or 5min intervals 

a\·eraging over 2 min. This means that the instrument can be deployed for a minimum of 

80 days. The tide gauges record total pressure in pounds per square inch (PSIA). 
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The pressure was converted to meters of water to sca le\C'1 by subtr:lcting the air 

pressure, and multiplying by the conversion factor of 0.689. Ho\\evcr. correction for air 

pressure was not done as the air pressure is normally observed only a few of times per 

day. Instead we just averaged the series decreasing the observed values by the period 

mean. Thus, we might expect some smaller difference between results obtained from 

pressure gauges and data obtained from instruments measuring the actual sea le\'el, where 

a full response of the air is expected. Wijeratine (200 I) indicate that strong resonance 

phenomenon in the atmospheric pressure appear mainly as 52 or 5 I components and may 

affect result from harmonic analysis. The amplitude of 52 and 5 I is or the order of I and 2 

cm respectively 
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-+.2.1.2 Self recording current meter 

The recording current meter (RCM) we used in this study \\as rotor cun'ent meter 

(506000 from Sensor data). This instrument has a memory for 6000 data sets of velocity, 

direction and temperature. It can be pre-set at time interval from 5-180 minutes. Thus, at 

an intef\ al of 10min the sampling period is 40 days. The RCM is a complete acquisition 

system with an optical read out head and computer software and is powered by lithium 

batteries that last for two full periods. It can measure currents and temperature from 0 to 

8ms· 1 and -2 to 40 DC with an accuracy of ±2 ems-I and ±0.2 DC respectively and ±5Don 

direction. With a small magnet the current meter can be switched on and off in the field. 

The computer program may be used to set sampling intervals, but also for downloading 

and basic treatment of data. The deployment is shown in Figure 4.2.1.2. A strong rope 

attached to a vinyl buoy (IOkg) is used to keep the RCM upright \\hereas it is anchored 

by 20-30kg weights. Thus it can be done by hand in shallow inshore waters. 

4.2.1.3	 Pendulum current meter 

The Pendulums Current Meter (PCM) is v-shaped vane. Several PCMs are usually 

assembled by attaching them to a rope at selected spacing in relation to required depths. 

Figure 4.2.1.3 illustrates an assembly of the PCM, deployed in a cross-section in the 

Tudor Creek inlet. Each vane is fitted with a gelatine filled casing to which is attached a 

magnet suspended on a thin cord. The gelatine casing is heated and the gelatine melted 

during deployment. The magnet indicates the north direction and is used to cktcIll1ine the 

direction of flow while the inclination of the cord gives the angle from \\hich the current 

speed can be determined. The vane is oriented in the direction of the CUITent while the 
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initially melted gelatine stiffens and the inclination of the cord and lhe magnet direction 

is 'frozen '. This takes place up to a temperature of 30-32 0 C, for a maximum solution of 

gelatine, and occurs within 15min-l hr, depending on the surrounding temperatures and 

the original temperature of the gelatine solution. 

The PCM perfomlance is described and discussed by Cederlbf et al. (1995). It has 

accuracy of 2 cms· 1 and ±5°, for CUrrent speed and direction. The PCMs \\ere used to 

obtain a simultaneous picture of the flo\\' across part of a cross-section. A deployment 

(except for the RCM) for pendulum is carried out in some few minutes. It can be 

recovered within 30 minutes once the gelatine is stiffened. Thus typical time for the 

above deployment is 1 hour, after which a new deployment can be done. 

A portable echo sounder and a GPS-navigator were used for measuring depths 

and position in the study sites. Landmarks on cliff banks were also used for determining 

the position. 
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Figure 4.2.1.2 A SD-6000 ReM from Sensor data is shown in the upper panel with 

its design (electronic unit, paddle wheel rotor, magnet and ,'aile). Lower panel 

shows a mooring arrangement. 
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Figure 4.2.1.3 Deployment arrangement for Pendulum Current Meters at a cross-

section in Station VI in Tudor Creek. 
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4.2.1.4 In situ salinity temperature sensor 

Salinity and temperature measurements were carried out \\ith a salinity

temperature (PST) sensor (Aanderaa 3210). It has an accuracy of 0.1 PUS, and 

temperature with 0.2°C. A display unit (Andrea 3515 was used for in situ observation 

(Figure 4.2.1.4). The same PST was also connected to the weather mast. \\·here it was 

used for observations in one point during longer periods. The sensor. \\hich actually 

measures conductivity and temperature, is developed for being mounted on current meter 

and for this later type of use, and not for vertical profiling. The perf0ll11anCe for obtaining 

vertical profiles is not satisfactory because of slow temperature sensor. Thus, obtaining 

good data on profiling is also a matter of experience. There is also the general tendency 

of the PST sensor to give lower values after some weeks of continuous observations. This 

might be due to alga growth, whereas current cleaning of the sensor may help. However 

this type of problem seems to occur also when the instrument is positioned far below the 

phobic layer (Rydberg per.comm.). 
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Figure 4.2.1.4 Show device for salinity profiling and temperature mea ureme t , 

\ itb a Display Unit ( anderaa 3515), and a salinity temperature en or ( T- ond 

3210). 
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4.2.2 Instrument for meteorological measurements 

4.2.2.1 Aanderaa weather mast 

A weather mast of type Aanderaa Model AA WS 2'uli \\a5 used for 

meteorological observations. particularly for radiation measuremenls A \\ cather mast 

similar to the one used in this study is shown in Figure 4.2.2.1 It can be equipped with 12 

sensors, which is the upper limit for scanning unit, described further below. Range 

accuracy and resolution is show in Table 4.2.2.I.We used the following sensors: 

Air temperature, the electrical thennostat uses the linear dependence of the 

electrical resistance on temperature. The sensing element, a film type platinum resistor is 

well insulated from other thennal influences, thus enhances the accuracy. 

Relative humidity, where the probe, protected from the direct sunshine and 

radiation uses a polymer to sense the humidity. A Millipore filter protecting the sensor 

from atmospheric pollution needs to be replaced at intervals, depending on the pollution 

at the station. 

Air pressure, where the sensor measures aIr pressure by the use of miniature 

monolithic silicon pressure transducers. 

Sunshine duration, where the probe measures presence and duration of sunshine 

thus providing indirect infonnation of the cloud cover. The sensor records the duration of 

solar radiation as long as there is a well-defined shadow from the 'shae/oll' POS!' at the top 

of the probe. Radiation intensity contrast created between the photodiodes, one under the 

shadow and other not under the shadow is a measure of sunshine duration. The sensor is 

reading once each pre-set sampling interval (giving either 0 or 1) 
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Ner radiatioll, where the sensor measures both incoming solar radiation and the 

net infrared radiation. Reflection of the sunlight is not included, however, and therefore 

needs an extra sensor (see Mahongo. 1997). The upper surface of the radiation detector is 

exposed to radiation while the opposite surface is shielded from it. Exposed surface, 

depending on the heating or cooling, will emit or absorb radiation, thus generating a 

temperature difference between the two surfaces of the detector, which is a measure of 

the net radiation and recorded by the instrument. 

Sun radiarioll, with an accuracy of± 1%, and a resolution of 4 W m-c was also 

used. 

Wind direction, The sensor is pivoted with a lightweight wind vane and has 

housing with a compass sensing element, which follows the magnet on the vane, thus, 

giving the wind direction. 

Wind speed, a three-cup rotor on an ann is fixed on the top of the housing by two 

ball bearings. Rotation of the magnet fixed on the lower anns end generates a magnetic 

field, which is sensed by a magneto-inductive switch and converted into an arithmetic 

mean of the wind regardless of pre-set interval (even the maximum speed (gust) can be 

logged.). 

Rainfall, The collecting funnel of the tipping bucket of the ram gauge has an 

orifice of 200 cm 2 
. Rainfall collected by the funnel is led into the bucket as equal sized 

droplets, each of which represents 0.2-mm rainfall. The number of droplets (pulses), 

within the pre-set sampling interval. gives total rainfall. In addition to the met parameters, 
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we also accordingly connected the salinity temperature sond, which \\as then equipped 

with a slightly different cable connection. 

The sensors were connected to the scanning unit, by which the frequencies of 

observation (usually 20min) were set. The housing of the mast also included a battery and 

a Data Storage Unit (DSU). The instrument was run for periods of 1 to 3 months. 

Connecting the DSU to the Readout Unit and to a computer plus soth :ll-C ga\e the read 

out. Through the software the digital data were converted to engineering units. 

Table 4.2.2.1. Sensor specification for the Aanderaa weather mast 

Sensor Range Accuracy Resolution 

Rainfall 12 mm/min (Maximum) ±2% 0.2 mm 

Air temperature -43 to 48°C ± 0.1% 0.1% 

Sun radiation ± 2000 W mOL. ± 1% 4 Wm-~ 

Relative humidity oto 100% ±2%RH 0.1% 

Sunshine duration - - 1 minute 

Wind direction > 0.3 m s < ± 5u -

Wind speed Upt079ms" ± 0.2 m S"I -

Air pressure 
I 

920 -1080 hPa ± 0.2 hPa 0.2 hPa 

~,~} " 
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FiQure 4.2.2.1 Aanderaa weather mast was used for collection of mcteorolOQical data 

at KMFRJ (Tudor Creek). 
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4.3 MEASUREMENTS AND TREATMENT OF RAW DATA 

4.3.1 Scope of measurements, available data and sampling schedules 

The measurements included continuous recording of water heights (sea level 

measurements) and current measurements using the portable tide gauges and current 

meter (ReNt) and the salinity de\'ICe mentioned in Section ...+'2. Spatial surveys included 

hydrographic measurements, salinity and temperature, nutrients, transparency and 

morpho-bathymetric surveys. In addition to the measurements data sets already available, 

and used in the thesis, include oceanographic data from recent cruises in Kenya offshore 

waters as earlier suggested and oceanic sea level data sets from three GLOSS-stations in 

the East Africa Bight. The meteorological data include continuous measurements using 

the Aanderaa weather mast described earlier and the available meteorological data sets 

from Kenya Meteorological Department. The data includes concurrent data as well as 

past data sets. These data sets are used as a supplement to those from Moi International 

Airport Meteorological Station (MIAMS). MIAMS was considered as representative 

station to the three study sites as it is central to Gazi Bay-Kilifi Creek coastal zone. 

MIAMS gives monthly mean values based on the arithmetic means of daily observations 

at 0600 and 1200hrs. Data from other relevant stations is cited as \\·ell. The 

measurements campaigns are made and data sets used in the in the context of the inter

monsoon long rain (IMLR season), the southeast monsoon (SEM se3son). the inter

monsoon short rain (IMSR season) and the northeast monsoon (NE\! season). The 

schedule and activities for the measurement campaigns from 1994-99 are shown in Table 

4.3.1.1. Measurements for each parameter are described in details in the caption. 
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Measurement from the weather mast, data from other coastal stations and the 

hydrographic surveys for each study site, the offshore oceanographic data and GLOSS 

sea level data sets are described. Some examples of raw data given are given in this 

section. 

4.3.1.1 Field campaign- schedule for measurements and data assembling 

In Table 4.3.1.1 focus has been given on the times during which observations 

\vere done. The real content of {he observations is selective and does not indicate 

schedules in which equipment failed to work or so. Caution was exercised in identifying 

the locations for RCM and tide gauges in order to enhance security or minimize 

interference from fishennen. Each of these measurements is described below in separate 

headings. 
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1996 

Table 4.3.1.1. Dates, instrument and activity schedule for field measurements 

I~-T~EM IIMLR 

I 112 4 5 

GSTN S-105 

, 
I 

I 1'STN, PCM: 12-14/1,2-4/3 KSTN:29-30 

KSTN, PCM:20-21/I,24-26/2 PCM 

ZML-TG & MO 

GSTN: 8-9/ 1- 10-1112 

TSTN:17/2-7-8/3 
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KSTN-Kilili salinlt\ lemperature and nutllent measurements. RCM-current meter. PC\I-Pendulul11 current meter. 

W\1- weather mast. G T K-Mlcro-Gazi and Tudor 'v1icro-ude deployment. ZML-TG' \1D-\1eteoro\o~ical data frol11 

coastal stations. ZanLlbJr·\lombasa -Lamu ude gauges, D-Drifters. 

4.3.1.2 Weather mast measurements 

The first \\eather mast data were obtained for a period of 80 days (14 June- 28 

August 1996, at the KMFRI station in Tudor Creek. Some of the records were not good 

for the period 9-28 August 1996. Some of the raw data records are shown for the period 

from 14 June- 8 August 1986 in Figures 4.3.1.1a-d, and include (a) \\ind speed (b) wind 

direction, (c) air pressure and (d) air temperature. Other meteorological data is taken up 

in detail from these records are presented in Section 5.2.2 together with theoretical1y 

computed radiation and turbulent fluxes. 
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Figure 4.3.1.1a Wind speed from the weather station for the period 14 June to 8 

August 1996. 
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Figure 4.3.1.1b Wind direction from the weather station for the period 14 June - 8 

August 1996. 
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14June - 8 August 1999. 
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Figure 4.3.1.1d Air temperature from the weather station for the period 14 June - 8 

August 1996. 
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4.3.1.3 Data from MIAMS and other coastal stations 

In addition to MIAMS data that include monthly means of rainfall and 

c\aporation for the duration (1994-1998). data from other relevant stations that include 

monthly means rainfall. evaporation and air-temperature is used. These include data set 

from Shimoni (41yrs). Musabweni for 19955-1998(43yrs). Ramisi for I 96(J-1998(32yrs). 

Klkon~ni for 1972-1998 (26yrs) and Shimba Hills for 1975-1998 (::!3yrs). as \\ell as for 

Malindi Airport for 1962- 1998 (36yrs). Records of measurements for] 994-1998 of the 

monthly average air pressure, wind, humidity, precipitation and air-temperature and 

evaporation; are further analysed and presented in Section 5.2.1.3 and 5.2.1.4. 

4.3.1.4 River discharge, catchment- surface areas and bathymetry 

In Gazi Bay the two main rivers are the Mkurumuji and the Kidog\\eni (Figure 

4.3.1.4a). In Tudor Creek, there are the Kombeni and Tsalu Rivers (Figure 4.3.1.4b), and 

in Kilifi Creek, the Ndzovuni and the Vitengeni Rivers (Figure 4.3.1.4c). Of the rivers 

mentioned, only Mkurumuji River is gauged and has a sufficiently long observation 

period (covering 1967-1987) to be used for establishing relationships bet\veen rainfall, 

catchment area and river discharge. The average monthly discharge of the \1kurumuji 

River is shown in Table 4.3.2a. This is the only way by which discharge into the various 

study sites can be calculated for the years 1994-1998, when the ri vers were gauged. The 

surface area of each study site was detennined fom1 resource maps and admiralty charts. 

The maps of the creeks were drawn to scale from topographic map (East Africa 1:50,000; 

Sheet 201,'1, Series Y731, Edition 5-SK, 1973) and subdivided into small squares which 

were the counted off. 
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Figure 4.3.1.4a The catchment area (dotted lines) and rivers draining into Gazi Bay. 
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4.3.2 Hydrographic data of Gazi Bay 

[n GaZi Bay ventilation of [he mangro\e area occurs through [he Kidog\\eni and 

Kinondo Creeks (see Figure 4.1.1.1). Kidog\\eni Creek was used for observations 

because it recei,·es discharge from Kidogweni Ri\er. Hydrographic obsenations and 

bathymetric surveys were carried out during HWS, in five stations along the bay (Figure 

4. [.1.1) using small boat. Stations II and I, both \\ith a depth of about Sm, were located in 

the Kidogweni Creek. Station III and IV were located in the upper pan of the bay and the 

mid- section of the bay respectively. Station V was located near the mouth of Mkurumuji 

River. The more oceanic stations VI and VII were located at the entrance and off the bay 

respectively (see Figure 4.1.1.1). 

Pendulum and position of the current meter and the tide gauges deployments are 

shown in Figure 4.1.1.1 as locations marked MTl, MT2, MT3, RCM and PCM. Dates of 

measurements are given in Table 4.3.1.1. Eaeh of these measurements is considered in 

Section 4.3.2.1. We describe the observations in some detail below. 

4.3.2.1 Temperature and salinity measurements 

Salinity and temperature were measured with the ST-sensor, at the surface, mid

depth and at the bottom three times in each monsoon season at stations I-VII. Sequential 

measurements were made at Stn IV where the cross-section was situated. We used a 

small speedboat with an outboard engine for sampling. It took us about 2 hours to cross 

the bay from the entrance of the bay to Kidog\\eni River including stops and sampling. 

These runs were carried out at spring and neap tides and during \\et and dry seasons. 

Thus run started one hour before either high or low water at the channel entrance, and 

ended one hour after in the upper reaches of the Kindogweni. 
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i'\ full 24 hours time series of salinity and temperature measurements was 

obtained during 1999. near the location of the RCM with a ST- sensor. Two examples of 

continuous temperature record obtained from tide-gauges located at r\fIT2. and the RCM 

near the mouth of MkurLlmuJi River is shown in Figures 4 ..3.2.1 a anJ .+ ..3 ..2.1 b where the 

three panels sho\v axis \\'jth (a) number of observation (b) days and (a) the actu~tl dates of 

observation. Detail results orthe temperature time series are taken up Section 5..3.1.1. 
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Figure 4.3.2.1a Example of continuous sea temperature measured at station (MT2) 

in Gazi Bay showing panel (a) temperature vs number of obsenation, panel (b) vs 

number of days panel (c) vs actual dates. 
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Figure 4.3.2.1b An example of continuous record of sea temperature measured by 

ReM near station MT2 in Gazi Bay showing panel (a) temperature \'S number of 

observation, panel (b) vs number of days panel (c) vs actual dates. 
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4.3.2.2 Recording CUtTent measurements 

CutTent measurcments were also carried out using the Recording CUITent metcr 

(RCi\1), in the mid-channel area, near station IV from 11 !\o\"Cmber to 2...\ December 

1999. A nylon rope to a 25-kg concrcte block. using a submerged buo\. secured the 

dep loyed. Earl ier longer deployments of mooring eq u1pmenl \\ere repeated Iy 

unsuccessful due to logistics problems. Interference by fishemlen with frequent loss of 

equipment but also instrument failures and seaweed in the rotor resulted in few good 

measurements in comparison with the larger efforts that were put in. An example of the 

raw data from the current meter showing the number of observations and magnitude of 

the current speed is shown (Figures 4.3.2.2). The current speed and direction are further 

analyzed in Chapter 5. 
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Figure 4.3.2.2 Current record measurements in Gazi Bay (location RCM, Figure 

4.1.1.1) for 5 days period between 25-30 November 1999; 1500 observations at 5 min 

interval. 
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4.3.2.3	 Pendulum cunent measurements 

Pendulum CU!Tl~nt meters were deployed along cross-section near K\ 1FRI before 

high \vater. For the observations with PCM's. 2-5 pendulums were deplo:'cd depending 

on the total depth. For example. in the channel where the total depth \\ ~1S 10m, the 

pendulums \\ere deployed and spaced at 1.5, 2.5,4, 6.5, 9 meters. After 4~ minutes the 

~e Iali n coagul aled and lhe d ireel ion and lhe incl ination \\as dctcrl11 ined ,:11l1 eu nenl 

\elocities read off a calibration graph. The cross-section drawn to scale usmg a 

combination of our own observation and chart data was used to obtain mean velocity 

perpendicular the section. Sub-divisions were made corresponding to the number of 

PCMs used. The expression given in Section 4.4.1.1 was then used to calculate the 

velocity perpendicular to the assigned area. 

4.3.2.4 Sea level time series measurements 

Tide gauges were deployed in Gazi Bay at stations MT1, MT2 and \1T3 (Figure 

4.1.1.1) during November 1999. The tide gauges were attached to a metal plate weighing 

about 25 kg. A diver placed them at convenient reef locations MT3 or hid them carefully 

in seaweed beds (MT1-2), to avoid thefts, which, during the earlier attempts, were a 

serious problem. The aim was to have a one-month series from all three tide gauges. 

However, the gauges worked for different duration, giving some short and some longer 

data sets. Two tide gauges were place in the Kidogweni Creek and the entrance channel 

at MT2 respectively and set to record simultaneously. MT1 had unreliable sea level data 

record. and therefore not used. MT2 worked from 11-30 November 1999. and good data 

set was available for 18 days. thus covering neap-spring period for both tidc gauges. The 
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third gauge was deployed on the reef at .\1T3. however, the gauge \vas stolen but we got 

it back. An example of sea level measurements (5min interval) is sho\\n in Figure 

4.3.2.3 in three panels. Panel (a) is the total untreated record and panel (b) and panel (c) 

are treated. Statistical analysis, as well as harmonic and spectral analysIs is presented in 

Section 5.3.1.2, 5.4.1.2 and 5.4.1.2. 
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Figure 4.3.2.3 Example of sea level measurements carried on 13-30 November 1999 

showing (panel (a» raw record of sea level uncorrected for air p,-essure for 5000 

observations at 5min interval for positions MT2 near ~'Ikurumuji River. Note the 

amplitude rage 16-21m in panel (a). Panel (b) and panel (c) are treated records (see 

Chapter 5). 
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4.::;.1.5 Nutrient measurements 

Surface \\~lter samples \\ere collected at stations I and \'. The\' \\ ere stored in 

:2 5Uml Nansen hott Ies and transpOl1ed to the K.\IFRI laboratory for nutri ent ana lysis. The 

analysis il1\oh'ed the determination of the concentrations of dissol\cd inorganic nutrients 

(nitrate-nitrite ~l11d phosphate) Jccording to the methods of Parsons et al. (1934). or by 

the SJnll: methods hut minor modi fications (Ohowa at JI.. 1907) for use \\'ith :1 Tec11l1icon 

Aut03nalyser II system The measurement coincided with another iY(\JCct measuring the 

same parameters Jlbeit more intensely. Basically', observations were carried out together 

\\ilh the ST-sensor campaigns from 1995-1997. 

4.3.3 Hydl'ographic measurements in Tudor Creek 

4.3.3.1 Spatial and temporal temperature and salinity 

Tudor Creek has two main channels that are coupled to the Kombeni and Tsalu 

rivers. The larger Kombeni Creek or (channel) was selected for the study of salinity and 

temperature variability. Six stations were established, including cross-sections at Stn III 

and IV (Figure 4.1.2.1). Profiling measurements were carried out t\\'ice, \\iih ST-sensor 

approximately t\\'ice during each monsoon stage from September 1995 to October 1999. 

Measurements \\'ere carried out using a speedboat during high and 10\\ slack water, 

lIsuallv from surface to bottom. Occasional measurements were made across the creek to 

ensure sufficient co\ering pal1icularly \\'here there were bencls \Jl1nlhh mean 

temper'alure and salinity data are presented in Section 5.4.1.1. 

Time series measurements of temperature and salinity were obt~lined concurrently 

\\ith the meteorological measurements (see Section 4.2.1.1) by conne-cting a ST-sensor to 
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th<: \\c:;alher mast. TelllperalLlre \\as also m<:asllr\..'d uSIng lhree tide g~lugL'S as shO\vn in 

the locations (Figure --1- 1.2.1 ). That is at the entrance \1T 1. mid-reaches of the crC'ek (near 

the IJld KMC) at position marked t\1T2 and in the upper re~lChes of the cre<:k (.Ion1\u Kuu, 

i\IT-l). AI1 example of the creek temperature record in the three kKalions IS shO\\11 in 

Figure --1-.3.3.1 for data collected on 2-26 October 1998. 

(Sp~ltial salinity al1d t<:lllper~lture are 5110\\11111 Table- .1.3.3 '::1. 
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Figure 4.3.3.1 Example of creek temperature record. Panel (a) ill the upper reaches 

of Tudor Creek (Jom\'u Kuu 1\11'4) panel (b) in the mind-reaches (near old Kl\lC, 

1\11'2) and at the entrance (ocean) \ITI measured 2-26 October 19lJ8. 
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4.3.3.2	 '\utn~nt measurements 

T\\o sets of three water samples for nitrate, nitrite and phosphate ,\ll~lhsIS \\cre 

collected at the surface, mid-depth and near the bottom between station [-!II. ,1I1d VI 

(Figure 41.2.1) The results were d\'craged to obtain mean values for the Inner part of the 

creek. and for the ocean near the entrance respectively. The mean \alues ~lre slw\\n In 

Table 5.4.3.2 togelher with results from the 1MLR oCKazungu, 1989 for comparison. 

4.3.3.3	 Current measurements 

Current meter measurements were carried out near KMFRI at the location 

indicated as bv RCM (see Figure 4.1.2.1) at 10m at a total water depth of 25m. The 

observation was made from 26 June to 2 August 1996. The record contained 1029 

observations, and measurements were carried out at 10minutes interval. Part of the time 

series measurements is shown in Figure 4.3.3.3. More processed records in sections 

5.3.1.3; 5.4.1.3 and 5.5.1.3. Drifters or float drogues were deployed at several locations, 

during flood and ebb to determine tidal streams and tidal excursions. At flood the drifters 

were placed at station VI and for ebb in station III. The results are presented in Sections 

5.3.1.3,5.4.1.3 and 5.5.1.3. 

lhe pendulum CUITent meters were deployed along the cross-section \'[[ shown in 

Figure 4.1.2.1. 7'vfeasurements were carried out hour before slack water i.e before the 

expected ma\imum ebb or flood \clocities 

A procedure for calculating \'olume flux is given in Section -+.+. for instantaneous 

volume !lux estimates. Worked up results from the peM are presented in Table 5.3.1.3. 
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5.4.1.3 andr 5.5.1.3 and the same m~asLlremcnls \\ere applied Iil [)OllOIll profile 10 

determination the ch3racteristics Of\CrllGll \cloclt}' profile (SCCliOns -+-+()2 ~lIld 5()). 
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Figure 4.3.3.3 An example of current meter measurements ncar the Kj\}FRI from 26
 

July to 2 August 1996. The current meter was placed at in mid-depth position at
 

10m in a total water depth of 25m.
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-1-.3.3.-1- Sea level measurements 

The first tide gauge deployment \\as done at MTI. al the entrance (oce,1I1) to thL' 

cree).; The second \112 In Tudor harbor ncar the old Ken];} i\leat C0l11ll1lssiL)11 (K\1C). 

\\hich isn i11ld~chanl1L'1 position. The third MT3 gauge was placed ,It .IL)m\L1 I<.ULl. which 

IS the inn:r end of the cree).; in January 1993. It was a disastel"; thefts implied tl1,ll the tide 

gaugL's at MT2 and t\1T3 \\erc lost. The third tide gauge at location MT 1 was recovered 

but the data \vere lost due to instrument corrosion. In November~December 1994 and 

march~April 1995 more tide gauges were moored at MTI and at MT2. The ra\\ data is 

shown in Figure 4.3.3.4a~c. Analyzed data is presented in Sections 5.3.1.2: 5.4.1.3, and 

5.5.1.3. These records were ideal for hannonic analysis i.e. extraction of amplitudes and 

phases as well as for calculation of tidal fluxes which are can'ied out in Sections 5.3.2.1 ~2 

and in 5.5.3.2. 

Later in June 1995, another two tide~gauges were successfully deployed at MTl 

and MT4 (Figure 4.4.1.) a position which was repeated in September 1995. Tn October ~ 

November 1998 three tide gauges were successively placed at positions MT 1, MT2 and 

MT3 in an effort to compare the ocean tides with those far up in the estuary they worked 

successfully. Figure 4.3.3.4 shows, unprocessed sea level measurements for the three 

successful tide gauges starting at the same time i.e. on 1/10/1998. MT2 worked for 27 

days. ;'vITI and [\1T3 for 30 days. The cOITesponding temperature record from the three 

tide ~au,-es has been referrt:d [0 In SectIOn 4.3.3.1. 
~ ~' 

110 



:5. iii i 

~VV{4~ 
a 

15' 
o 2000 

, 
.1000 

, 

6000 

, 

8000 

I 

10000 

, 

12000 

, 

~ 
.!: 
"r;. 
" S 

1/10-'" 11-1998 

25. iii i , iii 

b::; 

.!: 
~ 

~ 
VJ 

2 

o 1000 JOOO 3000 .1000 5000 6000 7000 8000 
I I I I I I10'l----..L..---::~:_-~::,;;;--_;.~O--50~;--~~70---;~I"oo:--__:;~'

25. i 

1/10-7/11-1998 

I , I I 

c 

, 

~ 
10' 

o 2000 
, 

.1000 6000 8000 
Nllmber o!Observatiolls. il/fen'a] 5mill. 

, I I 

10000 
I 

12000 
, 

!.-.: 
.!: 
"r;.. 

Figure 4.3.3.4 An example of unprocessed (UP) sea measurements carried out in (a) 

Tudor ('ntrance (1\1T1), (b) Tudor harbor (I\'IT2). (c) Jomvu Kuu (I\'IT4), showing 

unprocfssed (uP) sea le\el and the number of obsen'ations Oct-l\O\' 1998. 
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-4.3.4 Hydrographic measurements in Kilifi Creek 

-+.3...:t.l SalInity and temperature variations 

In Kilifi Creef..:, a Iengtl1\\ise section with Stations I-VI (see Fig. 4.1.~.1 ) \\ .:s selected. 

Station j is the IJ1nermost station, \\hile VI is the ocean ward station. T\\o C"c'ss-sections 

c-0 ~1I1d G-Il \\ere selected, as shown in Figure 4.1.3.1. 

Length"'ISC sal1l1ity ~ll1d temperature measurements were carried out 11'0111 : ,)l)(J-199S in 

each fou-monsoon stages defined in Section 1. Sampling was done dunn~ spring and 

neap slack \\ater. The data were averaged monthly and station wise to obuin means of 

surface and bottom salinity and temperature. Mean values were detemlined :or the inner 

basin. the mid-channel, and the entrance. Oceanic values were obtained from an oceanic 

station Ilear the stud,' site. 

112 



)0, i , , i
 

11-19/7il997
 
~-----,------,-------.------.-----;-,


a 

~ 78 
S
::: 
'" '- ; 61-'..,-- ,-._"-......~ -

, ,	 ,;.1'	 I 

o 500 LOOI) 15!)(j :! II!)!) ::50!) 
r:==:==::~====:~~;;~-----15~)-----~~:'=======


_15, iii Iii i 

~ 
11-:!:!/7'199 b 

§ 30 

t2 
25 ~ 
20' , , , , I ! I 

o 500 1000 1500 :!OOO :!500 30fJO 35M 
35,	 Number ofobsel'Q;ioll, illlerl'~l 5mill ii'i i 

11/:-2/8/19:	 c 

~_w 

! 2J,.,....#lJV"""~N1~ 
, J I I ! ,20' , , 

o	 2000 4000 6000 8000 10000 12000 l.JOOO 16000 
Number ofobserwuioll, illlen'a] 5mill 

Figure 4.3.4.1 Examples of temperature data recorded for different duration. from 

the tide gauges and current meter in Kilifi Creek at (a) tile entrance (\IT1). (b) mid-

channel (MT2) and (c) in upper reaches of the creek (1\11'3). :"ote data in panel (c) is 

most reliable. 
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43.4.2 Reclwding currents meter observations 

A currCI11 mcter deployment \\'as done in the mid-channel area in July I ')9- The aim \\3S 

tc' colke: simultJncous current 3nd tide-gauges data for a period of l\\,.' \\eel,s The 

current I1k'ler disappeared ho\\e\er and \\as 110t recO\ered until three Jno!~;i~, laIc!". ~!Cter 

lhllificatlln b\ tishermen It had \\'orked from 11 July to 17 Julv 19u - ..::~ci had 1SOO 

l)bsen,1lIliI1S ()I~UI'C -t.:i.-t.2al. :\n illustralion ofra\\ 01)1)) me~lSUrL'I11,I::'.' S:hWli for 

11-12; 99"" (Figure .+.3.4.2b) together \\ith sea Ie\'e1 data for the same period. Results 

sho\\ing record 3nd direction are taken up in Chapler 5 . 
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figure -L3.-L2a Current measurements (RC:\I) in mid-channel in h:ilifi Creek. 
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ll~ 



30. Iii i I I 

::5 

::::,., 
~ 
~ 20 
'"". 
~ 

<oJ
 
<oJ
 

~ 
~15 
~ 
~ 
{l 

.~ 10 
00;, 
..; 
'"" 

5 

0'	 , 

Sea lel'el 

Current 

I 
I I , , , 

11-12/7/1997 

o	 50 100 150 200 250 300 
Number ofobservations,300, interval 5min 
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4.3.4.3 Sea level measurements 

Three gauges were place at stations MTI-3 as in (Figure 4.1.3.1) in July-August 1997. 

MTI was placed near the entrance, MT2 in the mid-channel area and MT3 within the 

creek. The tide-gauge within the bay worked for 52 days from 11 July-2 August, while 

MTI on the oceanic side recorded from 7-22 July. Data from MT2 seemed unreliable; 

therefore they were not included in the analysis. The raw data from MT3 and MT 1 is 

shown in Figure 4.3.4.3. Statistical and harmonic analysis were performed on the data. 
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Figure 4.3.4.3 Sea level records from the tide gauge at (a) the location marked MT1, 

(b) measurements taken at MT2 (c) measurements were taken form 11-21 July 1997. 
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4.3.4.6 Nutrient measurements 

Surface water samples were taken at stations II, III, and YI during the dry and wet 

periods at the time of measuring salinity and temperature (see section 4.3.6.1). They were 

analyzed for nutrients (nitrate, nitrite and phosphate) using the methods as described 

earlier. Results are presented in Section 5. 

4.3.5 Available oceanographic data 

4.3.5.1 Temperature, salinity, and nutrients 

To gain more insight into the structure of the \vater that is e'\change between the 

creeks and the ocean, it was thought advisable to consider the properties of Gazi-Kilifi 

offshore water. The Gazi-Kilifi offshore water can be considered to extends from the 

entrance areas of each of the three study sites as far oceanward as the limits of stations 

shown in Figure 4.1.5.1. These are the stations on transects occupied by R.Y.Tyro 

(1992/1993); R.Y.Dr. Fridjof Nansen (1982-85) and MV.Kusi during the Monsoon 

Experiment (MONEX) of 1979 (see MONEX report, 1980) and bound south and north by 

a line drawn perpendicular to the coast 20 km to the north of each entrance. The stations 

and transects (Figure 4.1.5.1), are essentially those that appear south of Malindi. The 

oceanographic data include vertical salinity and temperature and nutrient (Silicate, 

phosphate, Nitrate, Nitrite and Oxygen) from surface to 2000m in some of the stations, 

particularly those occupied by R.Y.Tyro. Since no oceanographic profiles are 

documented for the shelf or ocean water in this locality, the U1.:lpublished data offers 

superb opportunity for studying the offshore water structure visa vise 'creek-inshore 

water structure' (see Chapter 5). Data from surface to 300m is considered for salinity and 
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temperature contours. Data for May-June, and November -December from R.Y. Dr. 

Fridjof Nansen, and mostly data from R.Y.Tyro was used for vertical obtaining vertical 

profiles and water mass properties, particularly for those selected stations with depth up 

to 2000m (Chapter 6). 

4.3.5.2 Oceanic current data 

Several vertical profiles glvmg alongshore and across-shore current component and 

direction of the main current were measured during cruises by the M.Y. Kusi (1979). 

R. Y. Ujuzi also carried out some buoy studies and reported as Anonymous, 1980) and 

R.Y. Tyro. (1992-3) near Tiwi south of Mombasa and close to Gazi Bay. 

4.3.5.3 GLOSS Sea level data from Mombasa, Lamu and Zanzibar 

Permanent tide gauge stations are measuring sea levels in Kilindini Harbor on the 

opposite side of Mombasa Island in relation to Tudor Creek, at Lamu about 250km north 

of Mombasa, and at Zanzibar 350km south of Mombasa. Almost continuously records of 

sea levels are available from 1994 and onwards. Only a few months of data are missing. 

In order to detem1ine the seasonality of the sea level in the context of the monsoon 

forcing, data for the years 1995-1997 was examined. The results are presented in Section 

5.4.2.3. 
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4.4 THEORIES AND ANALYSIS 

Several different mechanisms may generate water exchange between the creeks 

and the ocean. They include, solar radiation, freshwater discharge into the creeks, salinity 

fluctuations, wind, waves, and tides as well as along shore current or coastal current 

along the entrance. For example, the tides are responsible for much of the short-term 

variability in the coastal sea level and currents variability. The variability of the 

meteorological and hydrographic parameters also affects the circulation. The sun 

radiation heat the upper layers of the ocean thereby changing the sea levels and affecting 

the currents, precipitation and evaporation add and remove water and affect both salinity 

and currents most clearly seen in estuarine circulation. 

Changes in salinity and temperature affect the density through the equation of 

state P = Po (1 + aT + j3S). While density changes in tum affects the pressure force 

through the hydrostatic equation P = Po + pgh. The pressure in tum together with the 

winds through the equation of motion drives the circulation. Interaction with the surface 

water mixing create both barotropic and baroclinic motion. Salinity and temperature may 

vary with season in the offshore waters, thus offshore dynamics may create 

oceanographic conditions that force or introduce different water types in the creeks. 

One prominent part of our data analysis will involve offshore water structure 

determination to discern its seasonal implications on the water exchange or renewal in the 

creeks. 

The outline of the analysis is as follows: In Section 4.4.1, heat budget and fluxes 

are established. 
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In Section 4.4.2, mechanisms driving water exchange such as fresh water, 

ambient circulation, and mixing are analysed and expression for volume fluxes and net 

water exchange given. In Section 4.4.3, water exchange generated by tide forcing is 

analysed and expressions given for the observed sea level, volume flux and net water 

exchange. Least square and harmonic analysis methods are also considered. One

dimension friction model for energy dissipation and a method to estimate friction 

coefficient are examined. Section 4.4.4 takes up flushing time detemlination. Two 

expressIons one based on total volume flux and another on longitudinal diffusion are 

analysed. 

4.4.1 Heat Budget and fluxes 

4.4.1.1 Radiative fluxes 

The heat that warms up the creek water usually originates in one way or the other 

from the sun and the amount of short-wave solar radiation that enters through the sea 

surface. Whereas the solar energy in the upper atmosphere that hits the surface 

perpendicular to the incident light is constant and the amount of energy that reaches the 

surface is possible to calculate if used with latitude and season (see Budyko, 1974). The 

amount that reaches the sea surface also depends on cloud cover, moistures and particles 

in the air. Various expressions have been devised (see below), with coefficients to correct 

for cloud cover. The surface albedo is another important factor, which also varies and 

influences the amount of solar energy that enters the ocean. However, the warming and 

cooling that occurs in the water column is a result of net gain or loss of heat energy 

through the air-water interface including advective gains or loss by the tidal circulation. 
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To a lesser extent gains and losses through exchanges with the bottom sediments also 

affect the heat balance of a particular (shallow) area. According to Smith (1985) 

conservation of heat equation requires: 

M! 
----;;; = A[(Qs - Qs) + (Qu - QE) + Qw + Q4)] 4.4.1 

Where the tenn M! is the temporal change in total heat (1m"3) stored in the creek water 
f"..t 

column, A is the surface area, and QS (1m"2s"I or Wm"2) is solar radiation entering through 

the sea surface. QB is the heat loss by the net outgoing long-wave radiation. QE is the net 

heat less through evaporation (the latent heat flux); QH is the sensible heat flux through 

the sea surface; QM is the conductive heat exchange with the sediment. The tenn QA 

finally represents advection or diffusive heat fluxes (i.e. the exchange of heat with the 

surrounding). The tenns are illustrated in Figure 4.4.1. Fluxes entering the water body are 

positive while those directed away from it are negative. Sensible heat fluxes may have 

either direction, whereas QM will be omitted in this case. 

The radiative fluxes Qs and QB are the ones mostly likely to be changed 

considerably between the rain and dry seasons as they both vary inversely with cloud 

cover. They also depend on the sun altitude, which in tum depends on the latitude and 

season. Gas molecules in some bands also attenuate them e.g. H20, OJ and CO2 are all-

important. There is no insolation at night. They are reflected during an overcast sky, 

insulating the creeks against radiation energy. 
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To get the net solar radiation for the insolation entering and thus heating the creek 

water several corrections need to be applies to the several expressions existing for the 

calculation of solar radiation (Miller, 1981 and Reed, 1976a, 1978). 

,,",-6/ 
<JvO'.,[> 

£'5; '7 <:'. 
; 

Cloud cover/pvercasl sky 

// 

~'-'-"\ 

~ V 
......../


Qe 
Air/nindJhwllidity ;!fQb 

/ 

QIl 

CREEK WATER 

~~:::. =~ 
'),~~-'k'¥tG"'.~" 

.. Qa = IA CpTpu dl\ 

Figure 4.4.1 Schematic of various heat fluxes in the heat balance equation; fluxes 

entering the water body are positive while those directed away from it are negative. 
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The expressions require five corrections to the solar constant to account for; seasonal 

variation In the earth sun distance and the zenith angle at the latitude of study; sun angle, 

atmospheric turbidity, clouds, and surface reflectivity at the air-sea interface. 

Estimate of the net short-wave solar radiation entering through the sea 
slllface. Q, 

The net solar or short wave radiation is measured directly by the weather mast. 

However, it can be calculated as well. The equation calculating Qs has been given several 

different expressions. Following Hill (1982), 

Qs = QoF (I-A) 4.4.2 

Here, Qo is the clear-sky mean daily insolation, F is a cloud correction factor and; A is 

the sea surfaces albedo i.e. the ratio of incident to reflected sunlight. 

For estimate of Qo formula suggested by Reed (1977) is used: 

Qo = Ao +- Alcos¢+Blsin¢+A2cos2¢+B2sin2¢ 

Where ~ = (t-21) (2n/365), t is the time in Julian days. For the latitudes 20oS-40oN the 

coefficients are: Ao = -15. 82+326. 87cosL. AI = 9.63+192.44cos (L+1d2); B1 = 

3.27+ 108. 70sinL; A2 = -0.64+ 7.80sin (L-1d4); B2 = -0.50+ 14.42cos (L-1d36). 

Reed (1977), gives F=I-O.62C+O.OOI9a, where a is the noon solar altitude and is given 

by Sill a = sillL sill6+cosL cos 6 (Mohanty et aI., (1966)), L is the latitude of a place 

(degrees) and <5 is the sun declination. <5 = 23.87sin (2(t-82)/365 (Castro, 1994), where t is 

as above. 

Qo was estimated as from the sun radiation observed from the mast the expression given 

as QoF = Qs/ (I-A), where the expression is approximately Q (I+A). 
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Estimates of Qo shown in section in section 5.2.2.1, where the weather mast data is used 

in the calculations and compared with the average annual value for insolation (Qs). 

Estimate ofnet long- wave back radiation 

The net long-wave back radiation Q s flux is calculated according to (GilL 1982): 

4 _I 2Qs = E cr Ts (0.39-0.05 \lea) (l-0.611c ) 4.4.3 

Where cr = 5.67* 10-8W-2K-4 which expresses the black body emission from the surface 

temperature T, reduced for water vapour and cloud cover. cr Is the Stefan-Boltzmann 

constant, E ::::: 0.985 is the emissivity of the sea surface. (OK) is the sea surface absolute 

temperature in degrees Kelvin. I1c is the fraction of cloud and ea is the vapour pressure of 

the air. ea = esrll 00, r is the relative humidity observed with the mast data and es (mb) is 

the saturation vapour pressure at the sea surface expressed as: 

es = 6.1 08e 1985(l_T/To), where T is the sea surface temperature in oK and To =273°K. 

Castro et al. (1994) used the following expression to calculate the saturation \apour 

pressure: es =0.98 [1+1O-6P (4.5+0.006Ts2)10 Y, P is the air pressure in (mb) and y = 

(0.7859+0.03477Ts)/(1 +0.004l2Ts) of Qs are shown in Section 5.2.2.1. Data are 

compared to observed values of the net radiation and sun radiation as observed from the 

most data. Qnet =Qs (1 +A)-Qs, so Qnet must be reduced by Qsunrad. 

4.4.1.2 Turbulent heat fluxes 

The expression for sensible heat fluxes used here is the one gi ven (see Gill 1982) 

by: 

4.4.4QH=P Cpa Ch Va (Ts-ToJ 
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P a is the air density, Cpa Z 1000Jkg-' K' is the heat capacity of air. Gill (1982) suggested 

C" =0.83x10·3 is the heat transfer coefficient. Va (1115·') is wind \'elocity, Ts rC) is the sea 

surface temperature and Ta rC) is the air temperature. The air and the sea surface 

temperature are those from the met mast and the ST-sensor. The results of these estimates 

are given in Section 5.2.2.2 of the result Chapter. 

Estimate ofnet heat lost through evaporation 

Estimates of net heat loss through evaporation (E) \vere done from wind and 

humidity measurements according to the expression: 

El v = QE 

Where,
 

QE=Lvp a CeVa (qs - qa) 4.4.5
 

Pa = (3.4838xIO-3)P/T,+273.16)
 

Where P is the air pressure in (mb) and Tv is the virtual air temperature, given by:
 

T,={(Ta+273.16)[1 +0.608 qa ]}-273.16, Ce is the exchange coefficient for water vapor
 

(Stanton number S), and together with Ch, (Dalton number) is not known. We used
 

Ce = Ch (=0.83x 10-3
). Here qa is the specific humidity of air (mass of water per unit mass
 

of air) at the standard level and qs is the saturation specific humidity at the sea surface
 

temperature. Gill (1982) has given this as:
 

qa =(0.62197) ea /(P-0.378ea), qs=(0.6219 ) es /(P-0.378es). L is the latent heat of
 

evaporation, and Cpa is the specific heat of air at constant pressure they are both given by
 

Blanc (1985). Lv=4.1868 (597.31-0.56525 Ta ).
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Cpa =1004.6(1+0.8375 qa). The evaporation also is the term in the net fresh water supply 

to an estuary (see Section 5.2.1.3). Thus the calculation of E is used there as well. 

Estimates of QE are given in Section 5.2.2.2. 

4.4.1.3	 Heat flux 

CederlOf et al. (1995) in estimating the instantaneous heat flux Q~ through a cross 

section in Chwaka Bay they used the expression 

Q = pC d{AJ1J;) 4.4.6A	 p 
dr 

Ah is the change of bay area with sea level height, detennined from hypsographic curve 

of individual study area, which gives the change of area of the creek with tidal amplitude, 

h'l h' hI' . d Th . d(AJlr )W let IS t e sea leve tIme senes ata. e expressIOn , which is easily 
dt 

recognisable in the right hard terms of the expression 4.4.6, is volume flux across a 

transverse section at the entrance station (e.g. Section 5.3.3.3), P is the sea water density 

3(p =1026 kg m- ), Cp is the specific heat (i.e. the amount of heat required to raise the 

temperature of 1kg of water by 1°C) which is 4.186 kg- l °C'). The results are given in 

Section 5.3.4, 5.4.4 and 5.5.4. 

In addition, the calculation of heat balances (say on the monsoon scale) (Qmax) is 

Qmax = As'7Jt )I'1T 4.4.7 

Where As is the mean surface area of the creek (bay), '70 is the mean oceanic sea level 

from long-term data series. L1T is the change in mean spatial temperature in the creek 

from one monsoon season to the next. Methods for the estimate of long tenn exchange 

126 



rates are rare because of the difficulties of evaluating all the right had temlS in the heat 

equation. Since the increase and decrease of the observed temperature is proportional to 

the amount of heat generated in the water column by solar radiation absorbed in it, the 

increase in temperature in a given column of water calculated by rewriting the above 

expressIOn; 

t:.T= t:.Q 4.4.8 
mC p 

Where, LIT is the temperature increase, LlQ is the energy absorbed in kJ, 111 is the mass of 

the water, Cp is the specific heat. An empirical absorption profile (Woods and Barkman, 

1986) for shallow water for shallow mixed layers can be employed in this calculation to 

find the proportion of incoming solar radiation absorbed in each creek. 

4.4.2 Water exchange due to fresh water, current and wind 

4.4.2.1 Fresh water induced exchange and volume flux 

Water and salt balance in the study are will be used to detennine the water 

exchange. A more detailed theoretical derivation of salt balance by integration along the 

length (L) of the creek, indicating that in a steady state advection equals turbulent 

diffusion is given by Prichard (1954, 1956). A brief summary is, however given below, 

where theoretical analyses on salt balance for a typical creek using the Knudsen 

equations, which take into, account the equation of continuity and conservation of 

volume are considered (Chapter 5). 

Figure 4.4.2 is a sketch to of a vertical longitudinal section on water exchange. The 

continuity equation for salt within the creek basin can be written as: 
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d 
-(VSJ = QoSo - QS, 4.4.1 I) 
dt 

Where Qo is inflow of oceanic water within the creek with salinity SUo 

QI is the outflow of the creek water with salinity Sj. 

V is the volume of water with salinity SI' 

Assuming that the volume, V, is constant, which holds when averaged O'er long periods. 

QL "\ 
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'!;. 

• QoSo"l "---------

Figure 4.4.2 Schematic showing water balance in a typical creek. 

Equation 4.4.1 I) can be written as 

dS
V-'=QS-QS 4.4.11 o 0 i i

dt 

Conservation of volume gives,
 

Q = Qo +Q[ 4.4.12
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Where, Q[ = Qr + (Qp - Qe) is the net fresh water supply to the creek, and 

Qr is the fresh water discharge into the creek. 

Qp is the precipitation O\'er the lagoon. 

Qe is the evaporation (and evapo-transpiration) from the creek surface. 

Thus, 

dS 
V dt' = QoSo - (Qo + Q[ )S, 4.4.13 

Equation (4.4.13) can be written as 

V _
dS

I +Q
Q = dt [S, 

o 4.4.14 
S o -, 

From equation 4.4.13 water exchange generated by fresh water in the creek and salinity 

difference can be calculated. (Note the calculation requires knowledge of evaporation and 

precipitation and river input as well as salinity differences). 

Further, the expression gi ven by Eq. 4.4.13 can be cast into tidal range by 

Qr= Qe*AclTp(= 1000), Qr=As*YF where YF=(4/3)(n/2)(As/Ac)(211)· 4.4.15 

4.4.2.2 Observed current expressjon for volume flux 

From theoretical point of view current meter measurements give a record of the 

tidally varying current, with sinusoidal signature. The signal obtained is a composite of 

different flows and can theoretically be decomposed. This is expressed into the steady 

flow and the time varying motion and into turbulent part as 

ll=(U)+U+U' 4.4.16 
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where (u) is the mean over the time period of study. U is the sinusoidal ebb and flood 

tide and 11 is the non-steady, non-periodic residual. 

v =L Ai sin((u,f + ¢i) 4.4.17 

Where A is the amplitude of the ilh constituent, OJ the angular frequency and ¢ is the 

phase angle. 

Expressions and results arising from decomposition of Eq. 4.4.17 are given in Sections 

5.3.2.2,5.4.2.2 and 5.5.2.2. 

To analyze PCM measurements the cross-sections are divided into e.g.S sub

sections, i.e. one for each PCM observation. The mean velocity (Ui) perpendicular to the 

cross-section (i.e. the velocity along the channel) the magnitude of the observed velocity 

(Vi) and its direction (8) and the direction W) of the cross-section from the E-W is 

expressed as 

/.i; = Vi cos(O + /3) 

The mean velocity is obtained from cross-sections using the expression: 

Vi =Va cos(a + /3) 4.4.1S 

Where Vi = the velocity perpendicular to the assigned area; Va = the observed current 

speed; a is the direction of observed velocity; ~ is deviation of the cross-section from 

eas~-west direction. The mean velocity is determined from the measurement according to 

V =~ /I V 4.4.19'" SL;=I ; 

130 



4.4.2.3 Theoretical current, given by area and tidal range 

Sverdup et al. (1942) expressed the average CUlTent in relation to some of the tidal 

wave characteristics, tidal range and tidal period as 

AhxT,. Jx(_l) 4.4.20u
~\ = I A 0.5T 

c 

Where UAv is the average velocity, Ac is the cross-section area, Ab is the basin area
 

upstream of the cross-section, Tr is the tidal range and T is the tidal period in seconds.
 

The tidal prism (P) or the inter-tidal volume is given by (AbxTr) in this expression.
 

The maximum velocity during the flood tide would be nl2 times the average velocity and
 

would be 4/3 times greater at the center of the channel than at the periphery.
 

Consequently, the maximum velocities on the flood tide would be
 

U =~xJrxAhxJ;.x_l 4.4.21 
Ifa.\ 3 2 A (0.5T) 

c 

where Umax ms- I is the maximum velocities and the variables are as in Eq.4.4.19. The 

above are referred to as barotropic currents and they represent the lowest order of 

response of the bay to remote (coastal sea level) forcing, with inflow corresponding to a 

rise in sea level and vice versa. 

4.4.2.4 Water exchange related to ambient circulation mode 

In the sketch (Figure 4.4.3a-b) which illustrates a typical creek (a) plan view and 

(b) longitudinal section, U denoted the current along the entrance of the creek. A current 

flowing along the entrance as shown may spread its motion into the creeks and generate 
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circulation in the creek. Assuming water flows into the creek on one side and out on the 

other as illustrated in Figure 4.4.3a, water exchange is given by the expression 

B
Q = ah-U 

2 -+.-+.22 

where Q is the volume flux induced by the current and a is a constant describing the 

topography, O<a <l(cf. Soderkvist 1997), a can be taken as equal to 1. With fixed 

topography and the close proximity of the coastal flow at the entrance the flow into the 

creeks changes linearly with the along shore velocity. This is probably more applicable in 

Gazi Bay where the channel entrance channel is aligned almost North-south direction and 

considerable flow may get into the bay over the fringing reef (Section 5.3.2-3). 

Another approach is to consider the net onshore-offshore component of the 

particle motion off the entrance, computed from tidal prism, assuming that the flow of 

unit width perpendicular to the entrance with a period T and the height H enters a tidal 

prism of volume (DH) in time O.5T. 

The average onshore-offshore velocity may be expressed as: 

U _2DH 
r- - 4.4.23 

Td 

Where D is the distance from the shoreline to the shelf slope; H is the mean tidal range d 

is the mixing layer thickness. This is considered in Sections 5.4.2-3, and 5.5.2-3). 
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4.4.2.5 Water exchange due to wind and mixing processes 

The type of horizontal circulation expected due to wind forcing in is also shown 

in Figure 4.4.3a. 

1 // /1\ 
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 \\ Ocean 
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b) 

f'-----

~ ~ 

Th fl.;,
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m'I~I.o ---:r
... rlrtr.. .; N1 U 1 --;::. u2 p+bp '-t1 

Figure 4.4.3 Sketch showing different circulation types in a typical creek. Panel (a) 

shows horizontal circulation and panel (b) two-layer circulation. 

L -and B- are the length and the \vidth of the creek. h- is the depth of the creek. H -is the 

depth outside the creek. u- is the velocity. p- is the standard density of water and 8p- is 

the density difference 110 and 11b are the ocean and the creek sea levels respectively. 

L, B, and h, Ware as indicated in the caption. When the wind (W) starts to blow over the 

sea surface, water moves with a velocity u in the direction of the wind, The \\'ind 
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velocity component perpendicular to the entrance of the bay generates water exchange in 

the creek, Assuming a balance between wind stress and bottom friction, and applying a 

quadratic drag force and excluding pressure gradients, the momentum equation can be is 

expresses as: 

au = II Pocrr.:']<1_ -CdbU-, 
at l Po 

Application of steady state condition since the creek is shallow and the surface current 

quickly responds to changes in direction and strength of the wind. Taking x-axis as 

directed into the creek and assuming that the in and out flows are occupied by equal cross 

sectional area, the water exchange due to wind is given by 

Bh I[ PaCd ]C 4.4.24Qw = -wcos(cp),
2 Po db 

The expression is similar to that given by Anderson and Rahrn, (1986), where the angle q> 

is set to zero when the wind is directed into the bay and 1800 when the wind is directed 

out of the bay. 

Monsoon related- mixing processes 

On seasonal and annual scales fresh water in combination with mixing processes, (and 

Kelvin waves!) drive various modes of gravitational circulation; generate residue currents 

that in tum dri\'e water exchange on 'monsoon time scales', Inter-seasonal salinity and 

temperature structure when analyzed can be used to infer modes of water exchange 

during different monsoon seasons. 
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Mixing process can result in onshore -offshore residual currents at the entrance and along 

the axis of the creeks, erode the them1ocline; and transport various oceanic water masses 

into the creeks thereby indirectly generating water exchange. Without delving deep into 

buoyancy derivation a measure of the effectiveness of the wind or tidal mixing can be 

expresses in terms of the buoyancy flux (N) and wind (W) through the expression 

N 

w; 

N= gaQ 4.4.25 
p".cp 

Where a is the volume expansion coefficient of water, PH' is the density of water, is the 

specific heat of water and Q is the heat flux. Wind enters through the expression 

W. = J(~J or (j); = Pa k,W
2 

/ P", where ks is the friction coefficient taken equal to 

1.5xlO-3
. 

~ has the dimensions of l/length and when multiplied by a depth 11 is equal to the 
(j). 

energy input required to mix the water completely over the depth h, 

(= P"N'/{ ) divided by a quantity equal proportional to the rate of turbulent energy 

production by the stress (James, 1980). 

Starting with the assumption of well mixed or stratified layer the expression 

Nh1/) 4.4.26/ (j). 
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Where h I is the depth of the mixed layer expression 4.4.26 can be used to indicate 

whether the thermocline is eroded provided a critical value is established. These 

expressions are applied in the section dealing with the thermocline (Section 6 and 

eventually in the discussion Chapter 7). 

4.4.4 Water exchange generated by tide 

4.4.4.1 Tidal wave analysis 

Creeks considered in this thesis are essentially each a tidal channel of variable 

depths and marginally decreasing depth towards the inner mangrove-fringe basins. 

Redfield (1950) considered tidal waves in channels. He applied his theory on tidal wave 

traveling in straight parallel-sided channels of constant depth. Hunt (1964) considered the 

case of channel of varying depth and tapering sides. Here, tidal wave is theoretically 

analyzed without including the shoaling. 

The equation of a wave subject to linear friction travelling along the x-axis in the 

positive x-direction is given by, for example, Bowden (1983) as 

17 = Aoe-'Ut cos(mt - xx) 44.27 

where 11 is the elevation of the sea surface relative to the equilibrium (mean sea level). Ao 

is the maximum elevation at x = O. Ji is a damping coefficient with units of (wavelengthsr 

'.That means the amplitude falls by e-' for every wavelength travelled in the creek 

channel, k is the wave number (2IT/wavelength), ill the angular frequency (2IT/period) and 

t is the time. 
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Similarly the current velocity in the wave field defined by Eq. 4.4.27 is 

u = Ue-J.H cos(w{ - fa + a) 4.4.28 

where the tenns are as in Eq.4.4.27. If 11 is the mean water depth then 

u = wAo 4.4.29
Ih(,u2 + k" t 2 ] 

The phase by which the current leads the elevation is 

a = tan -I ,u / k 4.4.30 

Thus theoretically, Eq.4.4.27 and 4.4.28 represent the sea level and the current 

measured at various locations, U is the total current (Eq. 4.4.29). The damping coefficient 

for the tidal wave can be estimated from the tidal analysis of the sea level or current 

measurements. Theoretically maximum transport in the tidal wave can be estimated from 

uoh and compared to the transport observed from the current meters for each creek. 

Since both current meter and tide gauge are used tidal energy for each creek can be 

detennined from tidal characteristics as 

I 
E = - pg77ouo cOS(f 4.4.40 

2 

where E is the energy flux in Jm·2s· l , 110 is the tidal elevation amplitude, ~l 0 is the tidal 

current amplitude and (f is the phase difference between currents and elevations. The 

energy flux is maximum in a progressive wave for which (p = 0, and zero in a standing 

wave for which <p = 900
, the calculation is perfom1ed in Sections 5.3.2.3. 5.4.2.3, and 

5.5.2.3, where the hannonics of the sea level and current are examined lIsing the least 

squire and spectral analysis. 
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The rate of energy dissipation can be used to derive value for quadratic friction 

coefficient, CD, usually used in the numerical models of the tide. The average rate of 

energy dissipation, over a tidal cycle, by bottom stresses over creek area A is 

(4 J ----:;E = l3Jr CDPll~A 4.4.41 

where E is as in Eq. 4.4.40, 1I~ is the spatial average of the cube of the depth mean 

current amplitude in the region (this is difficult to measure, best that can be done if this 

work is to cube the mean current measurements taken at mid-channel depth). Further, 

brief theoretic analyses on one-dimension friction model follow in Section 4.4.4.5. 

4.4.4.2 Observed sea level expression for volume flux 

Hourly tidal discharge can be calculated using tidal hypsometric flow model 

dV al . d 
q, = - = -(A(17) '" 17) = -(Ah) 4.4.42 

dt at dt 

(Boon, 1975) where V is the volume of the cross-section at the entrance, the volume flux 

(qt) is the instantaneous cross-sectional discharge, and A is the upstream (horizontal) area 

A of the mangrove-creek basin inundated by water when the tidal elevation is h (t). 

Eq.4.4.42, is based on flow continuity and was developed by Eiser and Kjerfve (1986). 

The idea is to calculate horizontal area at various sections of the creek, by 

dividing the creek into smaller areas or grid then calculating the area of each section and 

summing them up to get the total area of the bay. 
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If simultaneous sea level measurements (h) of several stations of the water bodies are 

fI dh 
available, q = LAi -' 4.4.43 

i=\ dt 

In this study, simultaneous sea level measurements from several stations were 

scarce. Thus the instantaneous volume flux was calculated using one set of tidal 

measurements at the entrance of each study site. Hence, Eq. 4.4.42 equates the 

instantaneous inlet discharge (left hand tem1) to the volumetric flow (right hand teffi1) 

through the inlet water surface rise or fall needed to balance that flow. It was gives an 

accurate record of the creek surface elevation time-history used to calculate the 

instantaneous inlet discharge and velocity (Section 5.3.2, 5.4.2 and 5.4.2), on the 

assumption that the creek surface remains horizontal as it oscillates. Integration of the 

above volume fluxes expression gives volume fluxes for flood and ebb period as well as 

results (Section 5.3.3.3, 5.4.3.3 and 5.5.3.3). 

4.4.4.3 Theory on harmonic analysis and tidal classification 

Time series measurements such as the sea level and current are subjected to 

haffi10nic analysis, which is a method for extracting amplitudes. primary haffi10nic 

constituents, phases and their compound tides. Constituents are used to deteffi1ine the 

propagation speed of the tide, deteffi1ine the degree of tidal asymmetry, and calculate 

phase differences. They can also be used to reconstruct the original tidal signal or to 

predict tidal water levels and currents. 

The analysis is based on the" Method of Least Squires" which involves fitting a 

set of cosine (or sine) curves with given frequencies, varying amplitudes and phases, and 
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minimising the sum of deviations from the original curve. In Eq -L427. analysis was 

given of a tidal wave. However, combinations of sine and cosine functions can be used as 

under (Eq.4.4.44). Time series measurements is a set of data points whose parts can be 

expressed by trigonometric series with the specific frequencies CD k \arying its amplitude 

and phase and written in the form (cf. CederlOf, 1995). 

~(t) = (a kcosmkt + sinmkt) 4.4.44 

According to the least-square fitting, the minimum of the function F where Zil are the 

observed values at times t n is determined, 

N ( n ) 2F(a,b) = ~ Zn - {;(ak cosmktn +bksinmJJ = min 4.4.45 

The minimum values of the function F is obtained by putting the partial derivatives of F 

with respect to all the components ai and b i of the vectors a and b equal to zero. 

o"F = 0 
CUi 

for i = 1,2, K 4.4.46 
of = 0
 
Wi
 

Partial derivatives of the expression 4.4.45 constitute a linear algebraic. system of two 

equations with two unknowns a and b, 
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4.4.47 

K S K S .\

Iak I COSOJJII + Ibk I cOSOJ,l" = I=" COSO),!" 
k""l 11=1 k=l 11=1 11=1 

K.v K S v 

IakIsinOJJII + IbkIsinOJ,t" = Iz" sinOJ,t11 
k=1 II~I k=! n=l 11=1 

These two equations (4.4.47) can be simplified by introducing the matrices C, S, X, and 

the vector c and s, 

K K 

Iakcik + Ibkxik = ci 
b! k~1 

I
K 

QkXik + I
K 

bksik = Si 
k ~ I k ~ I 

4.4.48 

The expression 4.4.48 can be put into compact matrix notation according to, 

M x x = m 

4.4.49 

The expression 4.4.49 is a system of 2K equations with 2K unknO\YllS a I through aK and 

b I through bK . The solution is, 

4.4.50 
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(bJ
T = ([ tanl - 4.4.51 

\{1 

Where A is amplitude and T is phase lag. 

A Programme written in matlab, using the above functions to analyze and runs 

with a set of tidal periods for \arious tidal components and retums periods. amplitude and 

phase angle (cf. CederlOf, 1995). 

Classification is given by the ratio between major diurnal and the semi-diurnal 

constituents (Courtier 1933) according to the form number (F). 

F = (K, + q) 4.4.52 
(M" + S,), 

where the coefficients are for four major astronomical components namely M2, S2 (semi

diumal), K 1 (diurnal) and 0 1 (diurnal). The results for this analysis are given for example
 

in Section 5.3.2.3.
 

Results obtained are presented in Sections 5.3.3.3, 5.4.3.3 and 5.5.3.3.
 

4.4.4.4 Spectral Analysis 

Spectral analysis is a method used to calculate phase and the propagation of the 

tidal signal between sites and is useful when harmonic cannot be effectively determined. 

Unlike harmonic analysis it does not use predetermined tidal frequencies to determine the 

frequencies, which are in the data. In spectral analys!s the cosine function is determined 

numerically from the original data, and the cosine function is then used to reconstruct the 

original data. The power density (PSD), one outcome of this method is used. The PSD 

shows the magnitude of each cosine tern1 in the summation series. The analysis is done 
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through matlab Programme to obtain fine wave spectrum (specific peaks) with the broad 

energy spectrum band filtered out. The results are shown following those of tidal analysis 

(Sections 5.3.2.3 and 5.5.2.4). 

4.4.4.5 Friction model for tidal energy dissipation 

Consider the schematic a creek basin with a surface area AI connected to the 

ocean by a narrow channel oflength L, depth h, and width lV, ~o and ~L are water levels in 

the creek and the ocean (cf Fig. 4.4.4.3a-b). Assumption of dynamic balance in the 

channel between local acceleration, pressure gradient and bottom allows for the 

expressiOn 

a.; 1 au Fb-==---+- 4.4.53 
ax g at gph 

Where positive flow is along the x-axis into the creek and where the tidal level a~ is 

ignored compared with the mean depth h of the water in the channel. p is the density of 

the sea water; A L, Land ware assumed not to depend of the tidal level, requirements. 

Application of the linear law of friction gives, 

Fb == -KpU 4.4.54 

(This can also be written as Fb == -Kp I uJ Ub. Where K is a dimensionless constant). 

Application of continuity equation results in 

--- \vhUA a';L - 4.4.55at 
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Substituting into (4.4.54) for U and into (4.4.53) for Fb give 

a~ = _ L(~)[~;,' J-(K~J[a~L) 4.4.56ax g \ wh CT- gwh- at 

If K, wand h are assumed not to depend on y, then by integration along the channel 

.~ ~ [1C4LLl/a~L) (ALL)(aeLJlgc = gc + - - + - - 4.4.57 
~u .L [51\-17 aT }\,17 at' J 

Suppose that the creek is driven by a hannonic variation of ocean level, for example M:,
 

then ~o =Hcos(crt), where cr=2n/T, the solution of equation (4.4.55) is:
 

~L = cxHcos (crt-e), Where, a=(~2+f.l2)-1/2; e = arc tan (f.l/~) and
 

¢ ~ [I - [ A~~;' J] and I' ~ (:;~J 4.4.58
 

The above solu~ion represents a damped oscillation (cf Eq.4.4.27) with a phase lag. The
 

average rate of energy dissipation due to the work done against the channel friction over
 

a tide cycle ofM: is computed using the expression
 

2Jr 

(J" asELoss =- FwULat 
2tr a 

b 

Substituting Fb from (4.4.54) and U from (4.4.55), the rate of energy loss is 

H 2E _ ALL(J"2 Kloss - 4.4.59 
2h 2W

P 

. 
Pugh (1979) used equation similar to (Eq.4.4.59) to calculate the rate of energy loss in an 

atoll system. Eq. 4.4.41 and 4.4.59 both are for tidal energy loss detem1ination but apply 

di fferent parameters. 



Substituting into (4.4.54) for U and into (4.4.53) for Fb give 

4.4.56 

IfK, wand h are assumed not to depend on y, then by integration along the channel 

~ = ~ +[K.4LL(Oc;L)+(ALL)[oeL)l 4.4.57 g_o g.L l::l I a' Jg1l' I u[ W 1 r-

Suppose that the creek is driven by a harmonic variation of ocean level, for example M~, 

then ~o =Hcos(crt), where cr=2n/T, the solution of equation (4.4.55) is: 

~L = aHcos (crt-e), Where, a=(~2+~2)'\/2; e = arc tan (j..l/~) and 

The above solu~ion represents a damped oscillation (cf Eq.4.4.27) with a phase lag. The 

average rate of energy dissipation due to the work done against the channel friction over 

a tide cycle of M2 is computed using the expression 

2" 

= -
a af Fb wULotE Lass 
2tr 0 

Substituting Fb from (4.4.54) and U from (4.4.55), the rate of energy loss is 

4.4.59 

. 
Pugh (1979) used equation similar to (Eq.4.4.59) to calculate the rate of energy loss in an 

atoll system. Eq. 4.4.41 and 4.4.59 both are for tidal energy loss detem1ination but apply 

different parameters. 
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4.4.5 Flushing time and residence time determination 

4.4.5.1 Fraction of the fresh water concentration 

Flushing time 
There are several methods of calculating water exchange or flushing time. 

Frequently the flushing time is referred to as the e-folding time, defined as the time 

required to decrease the volume of water in the bay to e'l(about 37%) of its original 

volume, where e is the base of natural logarithms. 

A traditional method, used for the estimates of the residence time or the flushing 

time method is given by the expression 

F ~ {(1-~Jv. } 
4.4.60 

R 

where (Sb) is the mean salinity in the inner shallow basins in the creek. So is the salinity 

of undiluted seawater or can be taken as the salinity of the ocean entering the bottom of 

the inlet. R is the volume of the river discharge that is the monthly mean fresh water input 

to the creek. Vb is the mean volume of water in the creek, which is the volume of the 

creek at mean high tide. 

The Residence time 

The residence time (T r ) is given by 

V 
4.4.61T,'es =-Q 

Illa, 
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where Qo is inflow of oceanic water within the creek with salinity So. Qi is the outflow of 

the creek water with salinity Sj. V is the volume of water with salinity Sj, and Qmax = max 

(Qo, Qj). This expression arises from Eq. 4.4.11. 

4.4.5.2 'Large-scale-flushing time' method 

The seasonal ri vers in the study area usually dry up, during the dry season. 

For dry periods, a flushing time expression developed by Wolanski et al. (1990) in his 

studies in mangrove creek systems can be applied with minor alteration. The expression 

is given as 

A E S = BA dS/ 4.4.62 
I I c /dx 

Where S is the salinity, x is the distance from the entrance to the mouth the creek. Er is 

the evapo-transpiration rate and A c the main cross-section area. AI is the surface area of 

the inter-tidal swamp (mangrove area including mud flats). 

B = ~ + eVoa 2 %8(1 +e) 4.4.63 
1+ e 

2T is the tidal period, A is the longitudinal eddy diffusion coefficient in the stream, E is 

the ratio of the volume in the lateral embayment, Va is the peak tidal current, and B is a 

mean range is 50-150m2s- 1 (Ridd et aI., 1990). 

B can be assumed to fall between the mean range, suggesting that the key 

1variables are the areas, salinity and evaporation and B can be assumed equal to 100m2s

since the creeks are similar to those considered by Wolanski et a\. (1990) and Okubo 

(1973). That is the creeks considered in this work have side swamps fringed with 
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mangroves, which trap water and enhance lateral trapping (Okubo 1973). When water 

moves into the embayment from the main tidal channel during flood a fraction of it ends 

up trapped in the swamps. At ebb tide the trapped mass of water returns to the main 

channel and mixes with the ambient water, thus enhancing mixing. 

Residence time is expressed as 

- L" / 4.4.64T,es - IB 

where L is the length of the creek. B can be computed from es 4.4.62 instead of Eq. 

4.4.63, assuming that the other parameters in Eq. 4.4.62 are known. And the salinity is 

taken as mean values in the creek and at the entrance. These other parameters can be 

estimated and are typical to each study area. The method is referred in this thesis as 

'large-seale-flushing time'. This is because the salinity in the creek could be driven by 

other large-scale modes of water exchange. Such modes are, for example, the invasion of 

low or high salinity water from the ocean, evaporation, river input and Kelvin wave 

events (The corresponding ratio of the mixed layer depth in NEM to that of SEM can be 

used as an addition constant to modulate B in Eq.4.4.62. This method is applied in 

Sections 5.3.3.4, 5.4.3.4 and 5.5.3.4. 

4.4.6 Bottom layer friction and energy dissipation 

4.4.6.1 Drag coefficient 

When the co-ordinates to be x-positive along the channel of the creek and y axis 

in the transverse direction, l'hen the equation of motion for the creek reduces to balance 

between pressure (P) and friction (F) against the creek bottom (Stigebrandt, 1980). The 

sea level drop between the open ocean and the inner part of the creek gives the net 
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longitudinal pressure gradient along the creek, which is balanced by the friction. The 

difference in sea level (6h) is then given by subtracting the mean oceanic sea level, given 

by the tide gauge at oceanic side, from the mean sea level inside the creek given by the 

inner tide gauge. The equation of motion reduces to: 

P = ApgtJ.h 

F = WL'b 

where A is the vertical cross-section area (A =B.H) where B is width and H is depth. p is 

density. g is acceleration due to gravity. W is the length of the wetted parameter of the 

cross sectional area, (B+ 2H)zW, and L is the length of the creek. 'tb is the bottom friction, 

which is parameterized by the drag coefficient Cd according to a quadratic friction law, 

'b = pCd U2 

where U is the mean longitudinal velocity. From the balance of the pressure and friction 

forces the drag coefficient is computed the following expression, 

Cd = g6hA 4.4.65 
LU 2W 

In theory one can calculate the friction coefficient in this manner. Note, the mean current 

U, is obtained by dividing the mean out flow Q from the creek by the cross-section area 

(A). That is U= QIA where U is from RCM or PCM. Note also the average tidal current 

can be computed theoretically. 
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4.4.6.2 Friction velocity and boundary layer 

Moving water in contact with seabed slows down at the water bottom interface 

while above the interface the flow is faster. The mechanism produces is responsible for 

friction drag and velocity shear (friction \'elocity). The flow also produces disturbance 

turbulence mixing around bottom objects (roughness elements). The \elocity profile is 

asymptotetic close to the bottom and obeys, and for well mixed water layers, it obeys 

what is known as "the law of the wall" or the von Karman-Prandtl equation. given by the 

expressIOn: 

.( 1 2 )U = u -In - + IR i ' 4.4.66 
k 2

0 

u* = ('(o/p) 1/2, Zo relates the hydrodynamic roughness of the seabed to the K=O.4 is the
 

roughness length. Dyer (1986) has shown that the bed shear stress (1 0 ) is proportional to
 

the squire of the current in the boundary layer. That is '(0= Cdu2, I ::::: 5 is a constant. Ri is
 

the gradient Richardson number that is depended on turbulent mixing, thus it can be
 

written as z/L where L is the Monin-Obukov length.
 

The mean value for U was measured in the main channel of Tudor and Gazi Creeks, and
 

u* estimated and together with roughness height zo(See Appendix C).
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CHAPTER FIVE 

RESULTS OF METEOROLOGY, HYDROGRAPHY, CURREI\T, TIDES AND 

WATER EXCHANGE 

5.1 COASTAL METEOROLOGY 

Two data sets were obtained. The first data set was from the creek-\\eather mast 

station located in Tudor Creek and covered the SEM and IMSR season and therefore this 

data set did not cover a full year. The second data set was the monthly average data from 

the coastal stations in Kwale, Mombasa and Kilifi districts. Results for each of these 

stations are presented separately. From these data set magnitudes of the meteorological 

forcing factors are analyzed. 

5.1.1 Statistical results from the creek-weather mast station 

The data from the creek -weather mast covered a period of 80 days from 14 June to 

28 August 1996. The raw data records obtained were shown in Section 4.3.1.2 (Figure 

4.3.1.1 a-d. Table 5.1.1 shows a summary of statistical results for the seven of parameters. 

(The data records of Figures 4.3.1.1 a-d were filtered; with same filter all of then to 

remove spikes and to obtain clear variations). 

Figure 5.1.1-1-3 depicts fluctuations in not so clearly seen before in the unfiltered 

data Figures 4.3.1.a-d. For the variation of atmospheric pressure, \\'ind speed and 

direction the results are shown in by arrow Figure 5.1.1.2. Obsel\ing atmospheric 

pressure, the ranges are 10 I0.0 -10 19.2mb, with a mean of 1015.3mb. In the last week of 

June the pressure is at 1012mb then increases to 1015.5mb before decreasing by 2.5mb, 
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then increasing, around 12 July it was almost steady at 1016mb, followed by a shift to 

1013.5mb, between day 25 and 8August. Although no evidence of strong correlation of 

between parameters in Figure 5.1.1.1-3, at least comparisons can be made. 

Table 5.1.1.1 Statistical results from the weather mast, data set of 14 Jun-8Aug 

1996, Tudor Creek (KFMRI). 

WEATHER MAST STATISTICS 

Statistics W/Spd 

Ms- l 

W/Dir Alpsr 

mbars 

Altemp 

°C 

R/Hdity 

% 

S/Rad 

Wm-2 

N/Rad 

Wm-2 

Max 14.6 356.1 1019.2 26.78 88.6 1270.4 1061.0 

Min 0.4 18.1 1010.0 20.68 46.3 -34.9 -67.9 

Mean 6.0 164.0 1014.8 24.36 75.6 241.7 179.5 

Standard 

Deviation 2.1 30.1 1.70 0.99 4.8 344.6 292.6 

Probably a prominent feature is the strong fluctuations of 160-190° from the end of June 

and including the first three weeks in July. These fluctuations are probably caused by the 

slight increase in air pressure. It appears that as the air pressure increases the wind 

responds by rapid fluctuations and slightly increased in speed (e.g. shown by arrows). 
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Figure 5.1.1.1 Fluctuation of (a) wind direction (b) wind speed and (c) air pressure, 

14Jun-8Aug 1996. Note arrows, the air pressure increases wind speed and cause 

wind direction to increase and fluctuate. 

The variation of air temperature and humidity, from weather mast. are also shown 

in Figure 5.1.1.2 panel (a) and (b). Evaporation increases slightly in July: the maximum 

values were 206.4mm, mean of 118.1 mm, minimum of 74mm and standard deviation of 

27mm. For this part ofSEM evaporation rates are 0.2 - 0.56mm/day (2.1-6.5 x10'9 m S'I) 

and a mean value of 3.2 mm/day or 3.7 x 10'9 m S·l. In Section 5.1.2 e\aporation rate 

from long-term data is also computed and compared with these values. 

152 



A comparison of wind speed, air temperature and sun radiation is shown in Figure 5.1 

1.3. Both solar radiation and temperature decrease up to the end 0 f June. In July solar 

radiation from values close to 200 Wm-2 to almost constant value equal to 300 Wm-2
, and 

temperature remain constant at 24°C. 
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Figure 5.1.1.2 Fluctuation in (a) temperature of (b) relative humidity and (c) net 

solar radiation, 14 Jun-SAug 1996. Note decreasing air-temperature 

Wind blew from southeasterly, between 145° and 200°, with a mean direction 

cantered at 164°.The speed fluctuated between 2ms- 1 and l4.8ms- 1 with a mean of6ms· l 
• 

The winds tend to become more southerly in July with higher fluctuation as the 
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temperature and solar heating approach almost steady values. These changes are probably 

associated with decreasing cloud cover and increasingly cooler Ocean during this part of 

the year. Pronounced wind fluctuations daily and weekly fluctuations are e\ident as well 

as fortnightly fluctuations are also evident. 
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Figure 5.1.1.3 Fluctuation in (a) Wind direction (b) Air-temperature (c) solar 

radiation, 14 Jun-8Aug 1996. 

Figure 5.1.1.3 also show steady decrease and 2-3 day fluctuations in addition diurnal 

variations and the fortnightly ones. Diurnal fluctuations are also present in \\ind 

direction. 
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5.1.2 Statistical results from coastal weather stations 

Annual monthly means values 

Annual monthly mean values for atmospheric pressure are sho\\n in Figure 

5.1.2.1 for MIAMS. Maximum atmospheric pressure (l015.3mb) occurs during SEM 

season and minimum (l011.9mb) in NEM season in the months of July and March 

respectively. During the IMSR season the pressure remain high but decreases by 2mb 

during the long rain season. Diurnal pattern is also evident in results from the weather 

mast and the annual records from the coastal stations. They indicate variation in the sea 

breeze. Mornings reveal higher air pressure values than the afternoons throughout the 

season. The difference in morning and the after noon air-pressure is 2mb between June 

and October, the difference increase and reach a maximum of 4mb in February. 

These results indicate that morning air exerts more pressure than the afternoon air. 

Similarly the results suggest that during SEM season the air mass, which is blow by the 

southeast winds, is heavier than in NEM season. 

Wind speed range is 0.6-4.6ms·1 in the morning at 0600 with a mean of 3.1m S·I in the 

afternoon at 1200; the range is 4.9-6.0ms' l with a mean of 5.6ms·1
, which is 56% of the 

value in the morning (Figure 5.1.2.2). Hence, daily fluctuations are clearly seen in the 

figure where the afternoon winds are slightly of larger magnitude than the morning 

winds. Seasonal fluctuation is also evident as can be seen by the months characterizing 

the each season. 
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During SEM season the maximum wind is 6.0ms· l
. The mOllling winds are lower 

during the NEM season with a mean of 2.6ms· 1 while in the aftellloon the speed is 

highest with a value of5.7 m s". Between March and April the wind increases rapidly to 

4.1 m S·l and reach maximum values in July-August before decreasing slightly thereafter. 
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Figure 5.1.2.1 Annual monthly mean air pressure, in Mombasa, 1995-1998 

Thus wind is slightly stronger in the SEM season than in NE\1 season for this part 

of the Kenyan coast. The wind decreases to a mean value of 2ms· i in the lYfSR. The 

direction fluctuates be 1300 to 250 dc. Mostly the wind blew from southern direction. 
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Maximum and mInIn1Um temperatures depicted in Figure 5.1.2.3, shows the 

fluctuation of air temperature that further confirm the suggestion the suggested arrival of 

cool air mass as described above. The minimum temperature fluctuates between 18 and 

20.8°C with a mean value of 19.5°C. The mean minimum temperature range is 21-25°C, 

with a mean high temperature value of 23.5°C in March. 
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Figure 5.1.2.2 Typical monthly mean wind speed from MIAMS (1996-1997) 

The mean, low maximum air temperature of 27.8°C occurs in August. The 

maximum air temperature range is 3l-33.5°C \\·ith a mean maximum of 32.7°C in 

February. The variation in air temperature strongly indicates the atmosphere begins 

loosing heat immediately following the onset of Southeast wind in mid-may and 
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continues to do so for about 5 months from April-to August, after which the atmosphere 

gradually gains heat until a maximum of 30.5°C is reached in February-March. When 

maximum and the mllllll1Um temperature are combined, the resulting maximum 

temperature is 29.5°C and the lowest 25°C (Figure 5.1.2.3). 
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Figure 5.1.2.3 Monthly mean maximum and minimum temperature, MIAMS (1987

1997). 

Note that the weather mast data was collected in June-August; Figure 5.1.2.3 confirms 

the decreased trend observed from the weather mast record during the entire period of 

measurements, although there short-term fluctuations were apparent. 
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The decreasing temperatures suggest cooling of creek water as well. Hence during this 

period the creeks loose heat. 

Humidity is lowest during in March at the end of NEM season. but increases 

rapidly in April to a maximum of morning maximum of 85 in May, and 72 in the 

afternoon. In general humidity is higher in SEM than in NEM season 
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Figure 5.1.2.4 Mean monthly evaporation for the period long-term (1987-1997, 

evaporation from MIAMS (Source: KMD). 

Evaporation shows seasonality with high and low values in different months. 

Maximum value of 203.4mm occurs in January, m1l11mUm value is 126.7mm in July 

«Figure 5.1.2 4.). The mean evaporation is 175mm with standard deviation of 25.2mm. 
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The maximum values are close to those observed with the weather mast the minimum, 

however, the mean differ from this long-tenn results by 53mm and 57 ml11 respecti\-ely. 

The evaporation rates obtained from this long-tenn data, the evaporation rates rage is 

0.35-0.6 mml day (4 - 6xlO·9 m S·I) and mean value of 0.48 mm I day (5.6:-.:10.9 m S·l). 

5.1.3 Statistical results on rainfall and fresh water discharge 

Rainfall 

As mentioned earlier we consider the synthesis of the mean monthly 

meteorological data that is available in the coastal. Such data include the precipitation 

results from Shimoni (SM), Longer meteorological data series (1957-1998) from 

Musabweni (43yrs), Ramisi (32yrs), Kikoneni (26yrs) and Shimba Hills (231'rs), and 

additional precipitation obtained from Mombasa and Moi Airport meteorological station. 

There is a variation of rainfall from one area to another. Shimoni, is the station closest 

than the other four to the sea and appear to receive greatest amount of rainfall. Each data 

set shows that the mean rainfall was highest in April-May with mean value range of 200

350 for the five stations considered. For the coastal stations from south to north i.e. 

Shimoni, Mombasa and Malindi corresponding to Gazi Bay, Tudor Creek and Kilifi 

Creek respectively, indicate a rainfall variation along the coastal stations with a 

northward decrease in rainfall. There is also variation in the amoLint of rain in each 

station in Kwale. Cumulative rainfall (Figure 5.1.3.1) in Shimoni suggests that maximum 

rainfall does not always fall in May. Unusual peaks do occur in \1arch as well as in 

August. 
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These are probably influenced by trade wind rainfall, which occurs in Tanzania or 

topographic influence of the southem coastal highland characterised by Murima, Dzombo 

and Shimba hills. 

The typical bimodal characteristic of rainfall is clearly revealed in 10 years data 

(1987-97) which also mirrors seasonality (Figure 5.1.3.1). Clearly, in nOIl11ally years, 

least amount of rainfall occurs in January-February and September. High rainfall is in 

April-June with maximum in May. The rain decrease steadily from June to September 

and increase thereafter in October-November before the trend repeat. 
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Figure 5.1.3.1 Cumulative rainfall for Shimoni Area (near Gazi Bay) observation 

from 1987 to 1997, Note the bimodal characteristics of the rainfall. 
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The rainfall for the three years of study 1995, 1996 and 1997 along those of 1972 

to 1994 (dotted) is shown in Figure 5.1.3.2, which was not plotted with the data in Figure 

5.1.3.1 so as to show the rainfall during the extraordinarily wet year. Total annual rainfall 

ranged from 800 mm to 2175 mm. Shimoni had a total average of 1410 111m, \\"hich is 

about 4mm/day of rainfall. MIAMS had an average of 1145 mm and about 3mm/day of 

rainfall. The highest rainfall fell in May 1996. The year with extra-ordinary rainfall was 

1997 when the highest record of a total rainfall of 2175 mm was recorded. This year was 

referred to as the 'EI-Nino year' in Kenya. In September-October the daily mean rainfall 

of 826 mm was recorded in October that year, and was still higher than the usual amount 

of rainfall by the end of the year and in the earlier part of 1998 (not shown). The curve 

showing the mean rainfall is also indicated in the Figure 5.1.3.2. MIAMS had a mean of 

300 mm in May and about the same value in October. The data show that in May the 

rainfall was higher in Gazi area than in Tudor area although it tended to be vice versa in 

October. 

From the mean curve shown in Figure5.1.3.2 the daily precipitation values can be 

obtained for each monsoon period. 
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Figure 5.1.3.2 Depicts rainfalls for 1972-1997 with emphasis on 1995, 1996 and 1997 

so as to highlight the extraordinary rains at end of the SEM-season in 1997. 

River discharge 

Several rivers and streams enter each of the study area, some of them carrying 

water only in the rains seasons. The main rivers and the corresponding catc1unent were 

shown in Figures 4.3 .1Aa-c. Of the three watershed of the study area Ki Ii fi Creek has the 

largest while Gazi Bay has the smallest. For Gazi Bay the two main rivers as mentioned 

earlier are the Mkurumuji River and the Kidogweni River. In Tudor Creek, are the 

Kombeni and Tsalu Rivers, and for Kilifi Creek, Nzovuni and Vitengeni Ri\ers. Of the 
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observations period covering a period of 1967-1987. The average 1110nth ly 110\\5 of the
 

Mkurumuji River are summarized in Table 5.1.3.1. The estimates for the discharge \'alues
 

from the two rivers into Gazi Bay are shown in Figure 5.1.3.6. The discharge range is
 

0.16-4.0x 105 m 3/day. The highest discharge is in the IMLR season \\ith a peak discharge
 

in May of 4.0 x 105 m 3/day and a mean of about 2.2 x 105m3/day . In the IMSR. 1\"£.\1 and
 

SEM seasons the mean discharges are about 0.7 x 105 m 3/day, 0.4 x 105 m3/day, and 0.8 x
 

105 m3/day respectively.
 

Table 5.1.3.1 Discharge from Mkurumuji River 1966-1987
 

Mkurumuji river discharge (m3s-1
) from 1966-1987
 

Yrs NEM IMLR SEM 

Jan Feb Mar Apr May Jun Jul Aug Sept 
I
 

66-77
 0.30 0.29 0.08 0.51 0.14 0.050.95 0.56 0.09 

I
 

0.05 0.0478-80
 0.03 0.20 1.18 0.04 0.051.59 0.27 
, 

81-87
 0.06 0.07 0.08 0.07 2.51 0.261.48 0.48 0.19 
I
 

Total 0.41 0.40 0.19 0.78 4.64 3.62 0.66 0.55 0.36 

0.13 0.06 0.26 0.181.55 1.21 0 22 0.12I
I Mean 0.14 
1
 .

I
 I
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It should be noted that discharge measurements are not easy to obtain and therefore effol1
 

was made to obtain other sources of information. For example Kitheka gi \c:rs order for
 

discharge of river Mkurumuji and Kidogweni to be of the order 4 x I(!'
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m 3dai 1 and a mean discharge of order 2 xl 05 m3dai l
, respectively, which agrees closely 

with the above results, he further points out that the maximum discharge can reach 

17m3s· l . 
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Figure 5.1.3.6 Typical discharge from Mkurumuji and Kombeni Rivers. 

For the eestimate of river discharge where the rivers are not gauged, the long-

period discharge is used to calibrate the ri\"er discharge into the Tudor and Kilifi creeks. 

By noting that the long-tem1 discharge into Gazi Bay is of order 4 xl 05 m3dai' and 

assuming the precipitation in the catchment enter the bay flows 'non-retention' the 

discharge would be 10 x105 m3dai 1for the annual average of4mm/day rainfall. 

Jan Feb Mar Apr May Jun 
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This means that only 40% is able to reach the creek. 60% is lost. Tudor Creek catchment 

area is twice as much Gazi Bay catchment area, leading to only 20% reaching the creek 

basin. For Kilifi catchment area that is 7 times as large, only about 6% reach the creek 

basin as the river input (this assumption is used later when Knudsen model is applied to 

estimate water exchange). 

Combined discharge into Gazi Bay, Tudor Creek and Kilifi Creek are also shown 

in Figure 5.1.3.7 (the source of data, Norconsult, 1975). The discharge into Kilifi is can 

also be taken as similar to discharge from Lwandani River discharging into Mtwapa 

Creek. The discharges are assumed as typical monthly values for the study areas. Figure 

5.1.3.8 is discharge due to precipitation on the surface of Kilifi Creek (area=21km2
). The 

observed northward decrease in discharge into the study sites i.e. from Gazi Bay to Kilifi 

Creek is reminiscent of diminishing rainfall. More precipitation occurs in the south than 

in the north coast. There is also a tendency of the rain to start earlier as March-April in 

the northern part of the coast, making discharge appear more in April than in May. 

166 



i', 

~r',!, 
i 
! 
!, , , , , , 

'! 

I",.", , 

GaziBay 

..., 

2.5 

1 

oLI__---'- '--__.l.-__--'-- ---'-__----" L.- ...L__--'--__----"__---' 

Jan Feb Mar Apr May Jun Jul Aug Sep Ocl NOI' Dec 

Figure 5.1.3.7 Typical river discharges into Gazi Bay, Tudor and Kilifi Creeks 

(Source, KMD and Norconsult, 1975). 
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Figure 5.1.3.8 Discharge due to precipitation over the catch men t area and the 

surface area of Kilifi Creek, for 1995, 1996 and 1997. 

Estimates ofevaporation 

From the water exchange theory (Section 4.4.1), it is seen that fresh water input 

into the bay is required and also evaporation flux. Evaporation rate (Qe ) which is defined 

as the mass of water evaporated per unit time(mm/day), was calculated using the 

meteorological data and the equation suggested by Gill (1982). 

Qe = PaCe w(q, - qJ 
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where Qc = the evaporation (mm/day), pa = density of air (Kg/m3
) \\ = wind speed (m/s) 

qs =specific humidity at the sea surface (Kg/m3
) qa = Specific humidity at standard level 

(kg/m3
) Cc= 1.5 xl 0-3 is a dimensionless coefficient called Dalton number. 

Figure 5.1.3.9 shows the difference between the air and sea temperature in Tudor Creek 

during the time the weather mast was used. 

28 

26 

27 

n 

21 

~-
-) 

~u

Water 

~ 
~ 

~ 
tl 

E-.;; " 

Air 

21 
18/06/96 2/07/96 2-'0 7 /96 

Figure 5.1.3.9 Illustrating the relationship between the air and sea temperature in 

the Tudor Creek for the period 18/06-27/07/1996. 
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Qp and Qe represent represents precipitation and evaporation respectively. The mean 

rainfall calculated from measurements in the available meteorological stations was used 

(and was assumed homogeneous for the three study sites). T= 86400sec, p = Density of 

freshwater taken as IOOOKg/m3 in the creek (bay). As= Surface area, Ac= Cross section 

area and ll=Average tidal range calculated in Section 5.3.3.3. 

For qR the mean values obtained for Mkurumuji River (Figure5.1.3.6), and 

predicted values for Kombeni and Tsalu Rivers are used. 

To obtain qR, qE and qP for short periods. Direct river discharge qR was obtained from 

river flow (velocity) and cross-section. Precipitation (qp ) for short period was obtained 

by multiplying the mean rainfall with the sum of the catchment area and the creek or bay 

surface area. 

To obtain qR for long period, (inter-seasonal period) e.g. SEM dry (July to 

November), mean values of river discharge for the period in question were determined. 

This was also calculated from evaporation using the above expression. To get river 

discharge the land catchment area, excluding the bay-creek surface areas multiplied by 

amount by mean annual rainfall minus the same area multiplied by evaporation gave us 

an estimate of the runoff and river discharge into the bay. 
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5.2 ESTIMATES OF RADIATION AND HEAT FLUX 

5.2.1 Radiative fluxes 

The radiative fluxes are Qs (Jm-2s- J or Wm-2
) solar radiation entering through the 

sea surface and Qs, which is the heat loss by the net outgoing long-wave radiation. 

Figure 5.2.1 shows the variation of the net out going radiation obtained from the weather 

mast in Tudor Creek for June-August 1996. The figure shows clearly fluctuations for the 

55 days record and is probably caused by molecules in some bands e.g. H20, 0 3 and CO2. 

There is no insolation at night. They are reflected during an overcast sky. insulating the 

creeks against radiation energy. The calculated values range from -342.7 to 175.6 Wm-2 

with a mean of -57.5 Wm-2
. 

Figure 5.2.1 Back radiation from Tudor Creek weather mast station. June-August 

1996. 
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Figure 5.2.2 Solar radiation from Tudor Creek weather mast station, June-August 

1996. 

For the solar radiation shown in Figure 5.2.2, the maximum radiation is 1270 Wm-2
, with 

a mean of235.5Wm-2
, and a standard deviation of338 Wm-2

. 
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Figure 5.2.3 Net radiation from Tudor Creek weather mast station, June -August 

1996. 

The net radiation (Figure 5.2.3) varies from a maximum value of 1061Wm-2 and 

minimum of -68 Wm-2 and mean value of 175 Wm-". 
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The values for the Q Atmosphere (or the total heat flux through the sea surface) 

range from a maximum of 1330.6 Wm-2 and a minimum of ~620. 7 Wm-2 with a mean of 

70 Wm-2 
. 
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Figure 5.2.4a Solar Radiation (Q Atmosphere) from weather mast for the period, 

June -August 1996. 

The net surface heat flux (QN) is the addition of the net solar (or short-wave) 

radiation Qs, the net long-wave or back-radiation ( Qs )and the evaporative or latent heat 

flux (Ql' ) and the sensible heat flux (QH) as noted in EqAA.I. 

Typical radiation measurements for the coastal area (Mombasa and :-lalincli) are shown in 

Figure 5.2Ab-c as well as sunshine and cloud cover. 

174 



The results of solar radiation shown in Figure 5.2.4b when compared with observation 

from the weather mast show radiation of similar magnitude, i.e. close to the mean range 

180-200Wm,2, shown in the figure, for the SEM season. 
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Figure 5.2.4b Typical monthly variation of solar radiation flux in Mombasa and 

Malindi (Data source, KMD). 

The highest values fall within the range 260-280 Wm-2. Solar radiation plummets 

to low and minimum values (less than 190 Wm'2) from early march" probably due to 

invasion of clouds over the area; this is confirmed by Figure 5.2.4c \\here tluctuation in 

cloud cover is shown. 
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Figure 5.2.4c Monthly cloud cover variation within the year in the coastal area 

(Data source KMD). 
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5.2.2 Turbulent fluxes 

Figure 5.2.5 shows the fluctuation of the sensible heat flux ( Qf-I). Maximum value 

is 75.5 Wm-~, minimum -8.4 Wm-~ and a mean of 1O.5Wm-2
. 
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Figure 5.2.5 Fluctuations of sensible heat from weather mast at Tudor Creek June-

August 1966. 

The values for evaporative heat flux ranged form a maximum of 431 Wm-2 to a minimum 

of 13Wm-2 with a mean of 118Wm-z (Figure 5.2.6). 
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Figure 5.2.6 Fluctuation in evaporative flux. Note flux variation due to evaporation 

(Qe), June-August 1966. 
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5.3 GAZI BAY 

5.3.1	 HYDROGRPHY 

Data from tide gauge, current meter, salinity surveys and other \\ater properties 

(e.g. nutrients and turbidity) are used to examine the hydrographic \ariability in Gazi 

Bay, in times scales of a day, 14 days and longer. First, the 18-day long ternperature 

series is analyzed for response to tidal and solar forcing. Temperature \ Jriability 

associated with neap and spring tidal periods are identified and compared. Forcing related 

to tide is inherently associated with tidal currents; hence effects of the flow dynamics on 

the temperature are analyzed by examining the tidal currents for the same period of 

measurements. It is found that besides tidal and solar forcing morphology of the bay 

could be playing a crucial role in enhancing thermal response during neap low \\ater and 

spring high water. In addition, the structure of the ocean water exchanged with the bay, 

particularly during the peak of fresh water input is examined. 

5.3.1.1 Bay temperature fluctuations 

Figures 4.3.2.1a and 4.3.2.1b, show temperature observed for different days in l\'ovember 

1999, from the tide gauges and current meter located at position indicated by MT2 and 

ReM. The two data sets have different duration. Statistical values of these parameters 

over the entire record of each instrument are show in Table 5.3.1. 

""I '"""' "
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Table 5.3.1 Statistical values of temperature for the tide gauge (MT2) and current 

meter (ReM) over the entire period of measurements. 

II 

MT2 

Temp °c (IS-days) 

RCM 

Temp °c (5-days) 

Max Max Mean Max Mean Min 

Total 32.4 28.8 27.8 28.8 27.8 26.7 

Neap 31.1 ------ 29.7 ------ ------ ------

Spring 31.8 29.6 27.5 ------ ------ ------

Two day event around low 

water neap day-4 32.1 31.6 31.0 

Two day event around high water 

I spring day -13 30.3 29.1 28.1 

General decreasing trend in temperature from maximum value of 32.4°C to a minimum· 

value of 27.8°C, with a mean of 30.2°C and a range of about 4.6°C is evident in Figures 

5.3.1.1 top panel. Fluctuation related to neap and spring events are identified as the small 

and relatively more pronounced fluctuations in the top panel and centered on the 17 and 

25 day respectively, and corresponding to the similar days in the lower panel of the same 
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figure. The gradually decreasing trend in temperature is attributed to fortnightly effect of 

the tide and probably has its source in larger amount of cooler oceanic \\ater that enters 

the bay during spring than neap. 
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Figure 5.3.1.1 Temperature (top panel) and sea level (lower panel) fluctuations in 

Gazi Bay at station MT2 for a period of 18 days from 12-30/11/1999 during the 

Northeast monsoon season (NEM). 

181 



In Figure 5.3.1.2, temperature fluctuations in neap and spring are compared in the 

four panels of the figure. The results illustrate clearly that the temperature is higher in 

neap than in spring. Daily fluctuations are also evident; however, more details are given 

when temperature and current are plotted together (see Figure 5..3.l.CJ). Interesting 

thermal events seem to occur for 2-3 days around low water neap centered on day 16-18 

and during high water spring centers on the day 22-26. The statistical analysis of the two 

events is also given in Table 5.3.1. The two events seem to occur around the height of 

each tidal stage as can be noted by careful examination of temperature during spring tide 

(Figure 5.3.1.1 top panel) on day 12-13. 

The event around neap (day 16-18) indicates ele\ated temperature with maximum 

value of 32.1 °C and a mean of 31.6°C, about 2°C over the mean of the first seven days. 

The spring maximum temperature is 31.8°C, with a mean of 30.3"C During this neap 

'thermal upwelling' event the range of temperature fluctuation is reduced by 70% of its 

spring value. More over, the results show that the temperature difference between high 

water slack and low water slack is 1°C, which is three times lower to than the spring 

value of3 °C (Table 5.3.1). 
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Figure 5.3.1.2 Panels illustrating range of temperature (a-b) sea level (b-d) during 

spring and neap around day 17 and day 25 from Figure 5.3.1.1. 

The elevated temperature and diminution of range of temperature fluctuation during neap 

is evidence of enhanced solar heating and reduction in tidal excursion. This is probably 

caused first by direct solar heating of bay water and the inter-tidal area exposed at low 

water, followed by combined heating of the water by solar and the heated inter-tidal area 

during the flood period. Incidentally this seems to produce an over\\helming thermal 

forcing and elevates the temperature considerably. The diminution of the range of 
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fluctuations is probably an indication of short tidal excursion and hence reduced 

movement ofwann water in the bay. 

Around day 23-25, the temperature decreases by about 1°C from the spnng 

maximum of 31.8°C, and a reduction of the range of fluctuation by 30% occurs. Unlike, 

in the neap event, the phenomenon that lowers the temperature is probably evapo

transpiration which cools the water coupled with the cooling effect induce by the large 

canopy of mangrove forest. The reason for the small reduction in the range of 

temperature fluctuation is, again, suggested as caused by diminution of in tidal excursion. 

This time however, it probably occurs when tidal flow at high water spring is subjected to 

the friction in the mangrove area. The tidal range is greater in spring (2.8m) than in neap 

(1.2m), consequently fast currents and large tidal prism ensure spreading of water further 

into the mangrove areas, where it encounters increasing drag force from the roots and 

trunks of the vegetation, this can essentially be regarded as morphological forcing. 

Daily fluctuations 

The daily fluctuation for temperature in neap and spring are shown for one-day 

cycle in Figure 5.3.1.4. Two spikes of different duration observed in spring however, are 

not evident in neap for reasons stated earlier. For this particular day there was no 

simultaneous current observations made, however, the thermal response dynamics from 

day to day in the bay is further illustrated by analysis of the two forcing parameters, tide 

and current, for a period just before neap (see Figures 5.3.1.5-6). 
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Tidal response signature is again evident in the temperature series and elevation 

of temperature during the day. 
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Figure 5.3.1.4 Comparison of neap and spring temperatures for one day in each 

period. Note the two spikes in spring and the cooling effect of flood tide just after 

the first spike and the elevated temperatures in neap. 

The upper panel (a) indicating temperature in shallow water (2m) reflects high 

temperature and high range of temperature fluctuations than panel (c) representing 

temperature at lOm-depth in the channel. The results demonstrate that the range of 

temperature fluctuation (3°e) is higher in the shallow areas and than in the deeper part of 

the bay. 
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Figure 5.3.1.5 Composite illustration of (a) temperature in Gazi Bay at a depth of 

2m, (b) tidal current at 10m depth, and sea level. Up and down arrow indicate flood 

and ebb currents respectively. Note D in the lower panel indicating 'distortion' 

hydraulic or morphological effect on sea level. 

Further detailed examination of Figure 5.3.1.5a-d and Figure 5.3.1.5a-c reveal that 

the temperature of water in the deeper part of the channel increases between 5-10hrs, 

illustrating warming up of water during ebb. However, at the same time the water in the 

186 



bay gradually cools to a minimum temperature at 8hrs. This suggests that the warn1 

water is not from the bay at this time. A plausible explanation of this \\anning up at 

deeper water is the local wind forcing. At night the sea is warn1er than the ocean, the 

resulting offshore winds drive previously heated and trapped water in the bay out into the 

channel and farther offshore as a thennal plume. The presence of this plume having 

reached the entrance location during the ebb wanns up the deeper water in the channel. 

This is well noticed in the earlier part of neap when the water tends to be trapped in the 

lower part of the bay and resulting in elevated temperatures at 10m (F igure not shown). 

Solar heating can be expected to be weak in the morning when the sun is still at 

low angle. This results in local cooling of the inner part of the bay by the wind, which 

overwhelms heating effect. During the low water slack (lOhrs) the temperatures reach 

maximum value of 28.3°C, and the bay by this time has wanned up due to sun heating. 

The winds probably weaken and begin to change direction at about this time. Without the 

hydraulic (or morphological) effect the sea level would not have a distortion (Figure 

5.3.1.5) lower panel and would not be delayed before reaching minimum. The wind 

change, and the morphological influence probably give rise to an earlier flooding of the 

bay, the current leads the tide by 1.5hrs, as can be seen by comparing the flood current 

and the tide. This earlier flooding has insignificant cooling effect on the bay. however, as 

the time progresses the bay temperature increases rapidly. A maximum value of 30.2°C is 

reached at l4hrs. 
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The maximum temperature occurs just before the tide catches up with the flood 

current. The current accelerates at the tum of the tide and probably at the onset of 

onshore wmds and drive Cooler Ocean water into the bay bringing the temperature down 

by about 1Jc. 
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Figure 5.3.1.6 Temperature (a) current (b) and sea level (c) from Gazi Bay for two 

days (26-28/11/1999) during the NEM season. Note the daily fluctuation. 

Solar forcing still continues after peaking at 14hrs, and at the tum of tide. When current 

reversed volume of water in the bay and depth decreases, and consequently leading to 

enhanced heating. This probably is the cause of the temperature increase observed as the 
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second spike clearly seen earlier in Figure 5.3.1.5, but barely noticeable in Figure 5.3.1.6. 

It should be noted that the first spike could sometimes have lower amplitude than the 

second, particularly when clouds, present in morning hours, reduce solar heating. It is 

clear also that ebb tide bring warm water into the channel and result in elevated 

temperature there with highest temperature occurring again at low water slack. As the sun 

inclines in the evening heating continues, intensity diminishes resulting in gradual 

decrease in temperature. With the cessation of solar heating the water in the bay and the 

channel cools. At night the offshore winds sets in and the process repeats. 

Long-term seasonal variability 

The temperature varies slightly from year to year. Slightly higher temperatures 

were recorded in 1997-1998 in 1995-1996. There are no large temperature fl uctuations, 

between stations I-VII in Gazi Bay both for the surface water and bottom water. 

Temperature variations occur from one season to the other. In the IMLR season, the 

temperature ranged from 30.5 to 27.5°C a difference of 3°C. During the dry season, the 

range was from 29.4 to 33.7 °C a difference of 4.4 DC. Lengthwise, throughout the season 

the surface to bottom the values were close to the range 27.9 to 28.7 Dc. This indicated 

that the water in the bay remained almost at the same temperature with no significant 

vertical temperature differences. Diurnal measurements revealed flooding tide introduced 

slightly cooler water from the ocean. While during ebb warmer water from upper bay 

area was found in the lower part of the bay. 
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5.3.1.2 Bay salinity fluctuations 

24-hr salinity observations of 25-26 November 1999 are shown in Table 5.3.1.2 

along with the observations made during neap and spring. Averages of salinity and 

temperature data collected hourly in surface and bed salinity at station III indicate higher 

salinity values and lower temperature in spring than in neap (Table 5.3.1.2). This is 

evidence that spring introduces high salinity and cooler water in the bay than neap. 

Figure 5.3.1.7 also shows salinity and temperature change from Station I to Station VI 

(Figure 4.1.1.1). 

Table 5.3.1.2 Salinity and temperature during 24-hours (one day), neap and spring 

measured at station MT2 during the Northeast monsoon season (NEl\1). 

PERIOD PARAMETER 

1999 Salinity Temperature 

Max mean mm Max mean mm 

Day 

25-26 35.05 33.14 30.51 35.05 33.14 30.51 

Neap 33.89 33.65 31.34 31.5 30.54 28.21 

I Spring 35.25 34.93 32.14 30.8 28.92 27.82 

The results indicate that relatively lower salinity and temperature occur during 

ebb in the morning hours (5-10h) with the lowest values occurring during lowest ebb 
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period. During flood tide the salinity increases and reaches maximum values in high slack 

water. The creek water begins to warm up at about 10h, increases rapidly between 12 and 

ISh to a maximum temperature of about 30De, due to solar heating before cooling 

slightly due to invasions into the creek of the cooler oceanic water at maxim um flood. 
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Figure 5.3.1.7 Example of daily fluctuation in (a) salinity, (b) temperature and (c) 

current in Gazi Bay on 25-26/11/1999. 

Salinity taken along the bay indicate slight reduction in the surface salinity during 

neap period, whereas the mid-depth salinity (not shown) and bed salinity remain high. 

The reduction in salinity is most likely caused by brackish water from Mkurumuji River, 
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As the ocean water withdraws, it is replaced by water from the upper part of the creek. In 

addition, it should be noted that the small tidal excursion and slow currents in neap imply 

lower rate of mixing than during spring. More over the reduction in salinity is a 

consequence of coincidence of weak vertical nllxmg during the neap-tide period 

compounded by the brackish water of lower salinity at that time. As the current speeds 

increase in spring the surface salinity increases. This is partly caused by brackish water 

flushing from rivers Kidogweni and Mkurumuji, and partly because of increased mixing 

with the bottom water. The stratification (the difference in salinity between bottom and 

surface waters) becomes very small over the spring tide. 
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Figure 5.3.1.8 Mean monthly salinity covering the period 1996-97. Note lower 

salinity in February-March and insignificant salinity in November. 
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The salinity figure confirms the low salinity in IMLR and 11\lSR seasons. 

However, lowering of salinity before the start of the rain period suggest another non-local 

source of low salinity (see later) (probably arising from mechanisms related to the 

upwelling of the Kelvin waves in April-May and October-November along the East 

Africa Bight (Section 5.3.5.3). The maximum value of 29.2°c and 36.8 are found in 

January February (NEM) and the minimum values of 24°C and 33 just before and during 

the rain season. 

During the wet season, the salinity ranged from 32.58 to 28.73 a difference of 

about 3.84. In the dry season, salinity was found to range from 34.37 to 35.95 a 

difference of 1.58; Surface salinity was found to vary from 30.22 to 34.59 and bottom 

from 34.72 to 35.47 at some localities bottom salinity was lower than the surface salinity. 

The result shows that water potentially likely to be exchanged with the bay is from 0-5m 

and with salinity of 35.35. At depth 10-50m-depth range salinity remains almost constant 

at 35.35, but higher than ocean. These results point to increased effects of evaporation 

due to increased solar radiation. The low salinity water is probably a part of low salinity 

water mass found at depths 200-400m (we will return to this in discussion). 
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5.3.1.3 Bay nutrients and other properties 

Brief results on seasonal nutrient characteristics of Gazi Bay are presented here. 

More detailed studies on nutrients in the Bay can be found from the work of Hemminga 

et al. (1994) and Mwashote (1996). Also in Section 6.4.1m some additional nutrient 

information form inshore waters is presented for comparison with offshore. 

Table 5.3.1.3 Nutrient characteristics in each season from station I-VII. 1995-1996. 

PERIOD 

1995-1996 

! 

: 

I 
, 
, 

SITE 

NH4-N 

(JlMN)x 10-2 

NUTRIENTS 

N02-N 

(jlMN)xl0·2 

NOy-N 

(jlMN)x 10.2 

PO.j-P 

(pMP)xIO' 

Si(OH).j-Si 

(jlMP) xl0: 

I 

IMLR 
I 

I I-Ill 40-150 70-250 100-990 20-30 

Vl-VII 30-140 50-150 400-1150* 20-30 I 

SEM ' 
I 

I-Ill 30-80 60-80 100-220 10-.:10 
I 

i 

I 

I VI-VII 25-100 20-100 29-350 20-30 

IMSR I-Ill 70-460* 10-40 38-70 60-100 

VI-VII 10-60 5-60 42-110 5-90 

NEM I-Ill 30-80 10-30 35-100 10-150 

. VI-VII 20-60 10-20 28-62 15-90 

Table 5.3.1.3 shows Nitrite, Nitrate, Phosphate concentrations in the bay in ranges. The 

range of nutrient from the mangrove-creek area is represented as from Station I-III. The 

second range VI-VII covers the entrance area. In IMLR Nitrite occur 56%. and Nitrate 

72% of their total annual value. Other slightly greater concentration, 1\ H.. and P04 , occur 

during the IMSR season of 37% and 20% respectively. 
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Further analysis reveals that more than 42% of the lMLR-:\itrate concentration 

occurs in the lower reaches of the bay (VI-VII) and high nutrient concentration in the 

upper bay area. They can be attributed to the discharge from ri\ers \1kurumuji and 

Kidogweni both of which according, as we saw in Table 5.1.3(a) ha\e a fresh water 

supply of the order 4 m3dai l and 2 xI05m3day·1 respectively during the rain season. (It is 

difficult to get good measurements of water discharge in these river systems because of 

lack of proper gauging). 

Turbidity 

The plume from River Mkurumuji was used briefly as a tracer dUling most the 

IMLR and IMSR seasons. It was observed the plume fon11 the river mO\'ed right into the 

northeastward and across the bay to the Kinodo Creek (Figure 4.1.1. I ) some of the water 

was trapped in the mangroves in the lower part of the creek. PaI1 of the plume moved 

along the eastern part of the bay after making a clockwise tum. This confirnled that the 

water circulated clockwise during flooding stage. During ebb the plume near the Kinodo 

Creek migrated toward a secondary opening between the Peninsula and Charle Island. 

While toward end of ebb the main part of the plume migrated into the entrance channel 

area but after spreading brackish water in the entire central part of the bay. This 

movement of water in the bay as a strong implication to the sediment distribution and sea 

grass vegetation within the bay. During the two tidal stages sediment re-suspension 

occurred mostly near the mouth of the river and on the side of Kinodo Creek. 
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5.3.2 Sea level, currents and tidal analysis 

5.3.2.1	 Sea level 

Figure 5.3.2.1 is a graphical representation of the rise and fall of the tide, which 

slightly looks like a cosine curve. This is a tidal curve of sea level time series of 12-30 

November 1999 (18 days) for the tide gauge located at position MT2 in Gazi Bay (Figure 

4.1.1.1). Similar time series was presented in Section 5.3.1.1 to aid interpretation of the 

temperature fluctuations there (see Figures 5.3.1.1-3). In this section we examine the sea 

level in detail. The top panel of the Figure 5.3.2.1 a shows sea level time series with air 

pressure removed; whereas the lower panel (Figure 5.3.2.1 b) the mean has been removed. 

As we observed earlier, the neap and the spring periods with a series of low and 

high amplitudes respectively are centered on day 17 and day 25. The successive 

amplitudes are not equal. The tide nearly repeats itself once every lunar day, (24h and 

50min), which is the time it takes a point on the earth to rotate back to the same position 

relative to the moon during each revolution. The daily rhythm of the tide cycle is given 

by the lunar day and not by the solar day of24h. 
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Figure 5.3.2.1 Sea level record from Gazi Bay Position MT2 for the 18 days, 12-30 

November 1999, (a) with atmospheric pressure removed (b) mean removed. 

Consequently, the times of high are roughly 50min later from one solar day to the 

next. Careful examination of the tidal curves reveals interesting features. The difference 

in height between the higher high water level and the lower low water is not equal, this is 

more pronounced at spring period when the fluctuations are largest, as can be seen by 

examining the top part of the curves. This is the diurnal inequality. The lower part of the 

spring period the inequality has been removed and the curve slightly disto11ed, this is the 
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effect of shallow water that give rise to shallow water tides (see Section 5.3.2.3). During 

neap the inequality is still observed particularly in the lower parts of the curve, indicating 

that the effect felt during spring low water is less felt during neap. However, inequality is 

removed at the top during two to three cycles in neap; this has something to do with 

thermal influence as we saw earlier. The tidal amplitudes during neap are reduced by 

almost 30% of their spring values. There is also the diurnal inequality bct\\cen lower low 

water and higher low water and a daily inequality in the time intervals between pairs of 

high tides. 
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Figure 5.3.2.2 Tidal ranges during a day in neap (16/11/99) and spring (20/11/99) 

periods from tide gauge in Gazi Bay. 
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Figure 5.3.2.2 is a sample of the sea level record of one day plotted for both neap 

and spring periods. Two cycles (low and high) per day of which also reflect slight 

inequality, this suggest that in Gazi Bay the tides can be classified as mixed, mainly 

semidiumal. We examine further the hamlOnic constituents that might be influencing the 

inequality in Section 5.3.2.3 under tidal and spectral analysis. From Figure 5.3.2.2 the 

tidal range (the difference in depth between high and low water) estimate give neap tidal 

rage value of 1.01m, where as the spring range is 2.8m hence, the spring tidal range is 

much higher than the neap tidal range. 

A difference in tidal range during any particular day with the range changing 

progressively from one day to the next is also evident. The cyclic period has a period of 

about 2wk (14 days) during which the high tide becomes continuously higher and the low 

tide continuously lower for about 7 days. The role reverses, higher tide becomes lower 

and lower tides become higher for about the next 7 days. This is the f0l1nightly cycle that 

modulates the neap and spring. We also note that the tides do not repeat exactly after 14 

days and would not do so even for a longer period. However, were our records several 

months long we would observe the tide closely repeat every 29.53 days. The inequality is 

most pronounced when the moon is farthest north of the earth's equator (tropical tides), 

but it is almost non-existent when the moon is directly above the eq uator (the equatorial 

tides). Both tropical and equatorial tides occur semimonthly. The tropical tide has a 

tendency to increase the diurnal range. When the moon is nearest to the earth (perigee) 

and when the tide becomes exceptional strong and vise versa, this gives rise to inequality 

termed monthly inequality. There are also exceptionally strong tides that occur in a year. 
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The inequality relationships, and various tidal ranges and age are examined in Section 

5.3.3.3. 

The development of time asymmetry in the tide is illustrated. The leading edge of 

the flood tide becomes steeper with short time duration to attain maximum amplitude; 

whereas the trailing edge-the ebb tide becomes flatter and takes longer than the flooding 

tide to reach its lowest level (Figure 5.3.2.2). The observed tidal asymmetry leads to 

extremely important variations in the bay tidal processes. The most obvious of the 

processes is the decrease and increase in flood tide and ebb tide duration respectively and 

consequently the flood and ebb currents. During spring the flood tide and ebb tide 

duration is about 4-4.7hrs and 7-8.4hrs respectively. That is the ebb duration is almost 

twice as the flood duration. For the neap period the flood tide duration is 6.1hrs, whereas 

the ebb duration was 6.4hrs. Hence, for neap the duration is almost equal and suggests 

insignificant tidal asymmetry. We conclude that, the asymmetry was more pronounced in 

spring period than in neap. The asymmetric difference is a consequence of depth, 

waveform velocity at crest and trough and topographical influences. 

Phase inequalities, which are the variations in the tides or tidal streams due to 

changes in the phase of the moon, are given with tidal constituents in tem1S of degrees. 

Phase is the amount by which a particular cycle, such as harmonic constituent, progresses 

from specified origin, usually expressed in angular measure. Phases of the moon are the 

various appearances of the Moon during different parts of the synodical month. The cycle 

begins with llew 1110011 and the visible part of the waxing Moon increases in size during 

the first half of the cycle until full 1110011 appears, after which the visible part of the 
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waning moon decreases for the remainder of the cycle. First quarter occurs when the 

Moon is at the east quadrature, last quarter when the Moon is in the west quadrature. 

5.3.2.2 C:urrents 

In the theory Section 4.4.2.2 various mechanisms generating current were 

analysed. The effort in that section was to find an average current that when multiplied 

with the cross-section area would give volume flux. In Section 5.3.1.1 some current 

results to support some observations of features there were also shown. In this section 

result of current measurements, the amplitude variations, maximum and mean values, 

direction and flow asymmetry, and time after high water calculations are presented. 

It should be noted, however, that obtaining current data was much more difficult 

than obtaining sea level data. Moorings were necessary and were at risk from boats and 

fishermen. The complex topography and sometimes-high reef density made it difficult to 

select suitable sites. In fact because of channeling of the currents, two current meters a 

few meters apart at the entrance, one in the channel and one at the peripheral lagoon 

waters, may measure very different tidal currents. It is open to question if unbiased or 

representative tidal data can be obtained. To ensure good representative data effort was 

made to place the current meter at the center of the channel and in mid-position as 

possible. Due to the geomorphology of a basin, for instance, the bay and cross-section 

area influence the flow results in currents whose average and maximum values could be 

above that measured by those observed. 

Figure 5.3.2.3a is a presentation of tidal current and direction time series of 5 days 

duration, obtained from the mid-position of Gazi Bay entrance channel. starting at 
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01.09hrs on 25/11/99 and ending at 01.29hrs on 30/11/99. The measurements were taken 

close to the height of spring and ended close to neap. The curve shows current variation 

in amplitude and magnitude with time. The current varies from a maximum value of 

16.8±4.04 cms· l in the first day of measurement and decrease to amplitude of 3 cms· 1 in 

the 4-5 dav. 
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Figure 5.3.2.3 Example of (a) current (b) current direction time series from Gazi 

Bay entrance from 25-30 November 1999. 

The mean current over the entire period of data was 6.2 ±3.6cms· 1 and minimum 0.6 cms· 

I. Hence, in spring the current are higher than in neap with value of 14-15 cms· l and 5- 6 

cms· l respectively. 
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1462 measurements spuming a period of 5 days are analyzed, and despite the short length 

of the data the currents clearly indicate semidiumal as well as diurnal and fortnightly 

spring neap variations. Figure 5.3.2.3b illustrates speed (ems'!) versus direction (degrees) 

for the 25-30/11/1999 data, note also the direction asymmetry. 
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Figure 5.3.2.3c Speed versus direction indicating the main flow of water exchanged 

between the bay and the ocean for the period 25-30/11/1999. 

Current speed and direction are presented in Figure 5.3.2.3c, which confirm the 

water into and out of the bay flow in a north-south direction. Predominant maximum 
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bay-ward flow tending to be directed 360- 20oN. The ocean-ward flow occurs in the 

range of 165-195 degrees. The clusters of dots towards the base and in between the two 

predominant directions indicate the effect of wind in the bay. Another feature that is 

clearly demonstrated by Figure 5.3.2.3c is the effect of wind on the direction of flow. 

Usually as the tide turns clockwise from flood direction (360-20 oN) to ebb (165-195 Os 

degrees) we expect the direction to switch as for example, illustrated by events marked 

(1) at day 2-3 (Figure 5.3.2.3d). 
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Figure 5.3.2.3d Illustration of the direction asymmetry in the flooding and ebbing 

phases of the bay water. 
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However, this is not always the case as can be seen by events marked (2), which 

shows that the reverse can also occur. This direction asymmetry is probability associated 

with the wind at the residence time of the water between the upper mangrove areas and 

the lower coral-fringed entrance area. Most likely the discharge is not entirely through 

where the current meter was located. Depending on the wind direction, the water might 

escape over and through one or so small openings in the eastern part of the bay. 
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Figure 5.3.2.4 Example of current velocity-tidal stage relationship from Gazi Bay, 

for 24 hours for measurements started at 25-26/11/99 starting OO.15hrs. 

The implication of this would be the a situation where the bay appears to receive 

more flood water than it discharges through the main channel to the western lower end 

205 



where the current meter was placed, thus also enhancing flow asymmetry. We infer that 

some discharge asymmetry on the account of wind and morphology of the bay is strongly 

indicated. More prominently, the preceding events of the current time series can perhaps 

best be presented by considering both current and the tide at the same time. 

Figure 5.3.2.4 illustrates velocity-tide stage relationship from 25111199 starting at 

OO.lOhrs and ending on 27/11199 at 0.0.20hrs. Up-arrow indicates the flood tide/ flood 

current and down-arrow the ebb tide/ ebb current. 

Further evidence is seen in Table 5.3.2.1 depicting the duration and magnitudes of 

ebb-flood currents and tides for six consecutive tidal phases. 

Table 5.3.2.1 Illustration of ebb dominance for six tidal phases from 25-26/11/1999, 

in Gazi Bay. 

Appx. 

hours 

range 

Phase Current 

Duration 

hrs 

Tide 

Duration 

hrs 

8.4 

Max 

Current 

-I cms 

11.65-10 Ebb 5.8 

11-17 Flood 6.5 4 15.7 

18-23 Ebb 5.4 6.8 12.5 
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4.2 

7.8 

4.2 

1 

13 
. 
6 

I 14.6 

12.6 

15.7 

36-43 Flood 6.8 

Average Ebb 5.5 

Average Flood 6.4 

Min
 

Current
 

-I cms 

0.6 

1.3 

1.0 

0.9 

0.9 

. 0.6 
i 
I 

10.8 

I 
0.9 

I 



where the current meter was placed, thus also enhancing flow asymmetry. We infer that 

some discharge asymmetry on the account of wind and morphology of the bay is strongly 

indicated. More prominently, the preceding events of the current time series can perhaps 

best be presented by considering both current and the tide at the same time. 

Figure 5.3.2.4 illustrates velocity-tide stage relationship from 25/11/99 starting at 

00.10hrs and ending on 27/11/99 at 0.0.20hrs. Up-arrow indicates the flood tidel flood 

current and down-arrow the ebb tidel ebb current. 

Further evidence is seen in Table 5.3.2.1 depicting the duration and magnitudes of 

ebb-flood currents and tides for six consecutive tidal phases. 

Table 5.3.2.1 Illustration of ebb dominance for six tidal phases from 25-26/11/1999, 

in Gazi Bay. 

Appx. Phase Current Tide Max 

hours Duration Duration Current 

range hrs hrs -I cms 

5-10 Ebb 5.8 8.4 11.6 

11-17 Flood 6.5 4 15.7 

18-23 Ebb 5.4 6.8 12.5 

24-29 Flood 6 4.5 16.8 

30-35 

36-43 

Ebb 

Flood 

5.3 

6.8 

8.1 

4.2 
I 

13.6 

I 14.6 

Average 

Average 

Ebb 

Flood 

5.5 
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Observing the time lag between the tide and the current, the tide lags the current 

by 1.5hrs. For example, at 10-12hrs the current starts to fill while the sea level is falling, 

the sea level catches up with the current during its peak, and that the currents reach their 

lowest value (0.5cms-l) slightly later than slack water and is evidence of a progressive 

wave in the bay. Figure 5.3.2.5 compares, the mean sea level and the u-component for 

two days commencing from 1.09pm on 25/11/1999, it is obtained after decomposition the 

main current into its u and v components. 

The results also show the tide lag the current by about 3 hrs. Diurnal inequality 

i.e. a lower magnitude of flooding current was followed by higher magnitude of flood 

current. Flood current occurring in the afternoon had a higher magnitude than the one 

occurring in the morning. The afternoon flood was enhanced by wind, which usually 

increased speed between 10 and 16hrs. Current during ebb shows less fluctuation than 

during flood. Towards the fourth day as the flood current increased in magnitude, the ebb 

current increased as well. 
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Figure 5.3.2.5 Comparison of sea level and along channel velocity, for two days 

starting from l.09hrs on 25/11/1999, at the entrance to Gazi Bay. 

Along and cross-channel velocity components 

Expression 4.4.17 allows for the total current decomposition into a velocity 

component directed along the channel (longitudinal axis), where C is the speed measured 

and d the direction; D is the main direction (compass degrees 0-3600 
). 1I is the velocity 

component along D, and v is the velocity component perpendicular to the left of D. 
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u = C. *cos(a), and similarly for the cross-channel current is v = C. *sin(a), where a = 

n/180(D-C), a function based on the decomposition computes the components when the 

desired direction is given. 

The two main directions flood and ebb were in the range 0-20° and 165-195 ° 

respectively can be seen in Figure 5.3.2.3c. The consequence of the decomposition is that 

the velocities along the channel axis become asymmetrical with cross-channel velocity 

and somewhat reduced in amplitude. The results of the u-component and v-component 

are both shown in Figure 5.3.2.6, for the measurements from 25 November to 30 

November 1999, where the inflow (flood) direction is considered positive and the 

outflow (ebb) direction negative. 

Observing the current components, semidiurnal and diurnal variations are evident 

in the figure. Again, the general decrease in amplitude and magnitude from 25 November 

to 30 November 1999 indicates fortnightly spring and neap variations. The mean and 

maximum flood velocities are 6.2cms· 1 and 16.9cms·1 respectively. The absolute 

maximum ebb velocity is 12.6 cms· l 
, with a mean of 5.2cms·1

, whereas, the average flood 

and ebb durations are 6.64 hrs and 5.7 hrs respectively. Results giving duration in 

relation to tidal level is given in Section 5.3.3.3. 
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Figure 5.3.2.6 Decomposition into longitudinal (along channel) velocity (ll

component 20° from north) and cross-axis velocity (v-component). 

Thus, the flood and ebb currents illustrate clearly the time amplitude dominance of the 

longitudinal velocity similar to that of the total current shown early in Figure 5.3.2.4. 

The conclusion is that, the maximum and the mean flood velocity during the time of 

study were higher than the maximum ebb velocity and mean ebb velocity by 25.2 % and 

16% respectively. 

At this rate about 25% higher fluxes occur during flood than during ebb, implying 

that at some other position the net flow is opposite, or the water exits over the reef or 

through smaller channels in the reef. The difference of the mean flood and mean ebb is 
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1.6%, which is an indication that during the falling tide from spring to neap, the bay was 

gaining water. 

Time after high water -hours at maximum flood/ebb veloeifies 

The longitudinal velocity vs time after high tide was made by a polynomial fit of 

the mean curve through the plotted velocities (Figure.S. 3.2.7). The curve indicates time 

asymmetry. 
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Figure 5.3.2.7 Longitudinal velocity vs time after high tide at Gazi bay entrance 

section. The solid line denotes the mean curve while the dotted lines denote 

measurements at 5 minutes interval for the period 25-30/11/1999. 
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Also seen from the figure is the time duration between ebb and flood velocity 

confirming, as earlier mentioned, that flood period is longer than the ebb period. 

Maximum flood velocities occurred about l.2hrs before high tide, whereas maximum ebb 

velocity i~ 2hrs after high tide. The time of slack water is approximately 2 and 2.30 hrs 

after high and low water, respectively. 

The velocities attained by the tidal flow in the bay depend partly on the 

characteristics of the tidal wave, for instance the tidal range and the tidal asymmetry, and 

partly on the morphology of the channel through which the current flows. 

2Taking the surface area upstream of the entrance channel to Gazi Bay as 1.8x106m . The 

2cross-sectIOn area as 1.4x103m (Table 5.3.2.3), and T=12.42hrs the period for 

semidiurnal tide (M2) and the tidal ranges as given in Section 5.3.2.3, both average 

velocity and maximum velocity can be estimated according to Eqs. 4.4.20-21. 

For the a\erage tidal range of 3m and neap range of l.4m (Section 5.3.2.3) the average 

tidal current is =:17.3cms· 1
, during spring and neap respectively. The theoretical 

maximum current in the channel is =: 36 cms· l
. This shows that the observed current of 

16.1cms·1 underestimates the maximum current almost by half. There are two reasons for 

this, the measurements were not done at full spring and the mooring position referred to 

earlier. 

Currents induced particles excursion into the bay 

The strong semidiurnal current in the bay allows for the estimate of tidal 

excursIOn. I.e. the resulting particle displacement as 8 = UTITt. Where the U is the 

current amplitude at a period T. Taking U to range from 17.3 cms· 1 and T =12.42hrs for 

M2 currents, the resulting particle displacement rage is 2.46 km. From the entrance to the 
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to where Kinodo and Kidogweni Creeks start is almost equal to this tidal excurSIOn, 

implying the bay is complete flushed within one tidal cycle. 

On the other hand, the above current can also theoretical be estimated from 

EqAA.23 if appropriate assumptions are made. If the distance from the mangrove edge is 

considered as the shoreline for Gazi Bay, to the average distance (D) from the shoreline 

to the end of shelf slope can be taken as 12 km, and the tidal range (H) \arying from neap 

to spring as 1.4-4m (Section 5.3.2.3). The plume can be seen as overlaying a sub-surface 

layer of lesser mixing. Then application of Eq.4A.23, gives an estimated range of 7.5

21.5cms- 1 for neap-spring offshore-onshore current. Taking the mean tidal range of 3m, 

estimated onshore-offshore current is 16 cms· l , which is in close agreement with the 

observed tidal current. 

Residual currents 

The horizontal and vertical salinity differences (Section 5.3.1.2) in the bay and the 

offshore water is caused by mixing of less dense saline (brakish) water that give rise to 

inclined isopycnals and isobaric surfaces along the axis of the bay and drive residual 

currents. Residual currents also result from tidal asymmetry as well as meteorological 

factors and even with low river discharge can drive residual gravity circulation an order 

of magnitude grater that peak river discharge (Schubel and Pritchard, 1972). These 

currents can be the main cause of water exchange. 

The residual currents are those obtained after tidal analysis and correspond to the 

residual sea levels (Figure 5.3.2.8, panel c) or after averaging the tidal observed tidal 

current over 25hrs. Such currents reveal a lager fluctuation during spring period due to 
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increased turbulence. The fluctuations are probably due to other forcing mechanisms e.g. 

wind and seiches that were operational in the bay. It is important to note that the residual 

circulation is essentially the one associated with transport or flushing dissolved and 

suspended particulate materials, flotsam and bed load from the bay. 

Efforts were made to determine residual currents using several PCMs. however, 

this proved problematic due the small depth in Gazi Bay and relatively \Va1l11 \\ater which 

the failure of the gelatin to coagulate on many occasions on account of high water 

temperatures. Few measurements were made during flood phase when cooler waters 

coming from the ocean helped the gelatin to coagulate fast enough. The few results 

obtained during flood period showed that the current near the surface, in the channel, had 

a maximum 26 cms· l with an average of 20.5cms· l near the surface. Thus. indicating that 

the current meter velocities were lower than those observed using the PCMs, however at 

the 5-7m depths the PCM velocities were close to those observed by the CUlTent meter 

during flooding phase (l3-15cms· l 
). 

5.3.2.3	 Tidal and spectral analysis 

The method for tidal analysis was presented in Sections 4.4.4.1-2 together with 

the formula for tidal classification. As already mentioned, the aim of the analysis is to 

extract amplitudes, primary harmonic constituents, phases and their compound tides from 

sea level and current meter time series and find out the magnitudes of the key 

constituents, determine the degree of tidal asymmetry, and calculate phase di fferences. 

Analysis was carried out using 14 constituents. The constituents, \\ith their names, 

symbols, and periods are Principal Lunar M2. 12.42 hrs, Principal Solar S> 12.00 hrs, 
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Luni-Solar Semi-diurnal K2 ,11.97hrs, Luni elliptic K] ,12.66hrs, Principle Lunar 

Diurnal, 0 1, 25.82, Principle Solar Diurnal PI, 24.07hrs, Lunar fortnightly Mr , 327.87hrs 

and five Shallow water tides 2SM 2 ,11.61hrs , M4,6.21hrs, S4, 6.00hrs, Mr" 4. 14hrs and 

2MS6,4.09hrs. 

The results of the analysis are presented in Figure 5.3.2.8. The top panel (a) is the 

original record, panel (b) the computed record or the astronomical tide. panel (c) the 

residual record, the table to the right of the three panels gives the symbol, the amplitude, 

and the phase lag of each constituents. Similarly, Figure 5.3.2.9 gives results of tidal 

analysis of temperature records of the same tide gauge. 

The M2 has amplitude of 0.963m, S2 and K2 are next strong constituents both contribute 

87.2% ofM2. 
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Figure 5.3.2.8 Harmonic analysis for Gazi Bay based on I8-day data record 12-30 

November 1999 (a) observed (b) computed (astronomical tide) and (c) residual 

levels. The table in the fourth panel gives the period, amplitude and phase lag for 

the 14 components. 
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Figure 5.3.2.9 Harmonic analysis for Gazi Bay based on 18-day data record 12-30 

November 1999 (a) observed (b) computed (astronomical tide) and (c) residual 

levels. 

In Table 5.3.2.1 the four major astronomical components namely \h S2 (semi

diurnal), K 1 (diurnal) and 0 1 (diurnal) are shown. They are presented along with values 

of the same from the current meter time series. The fonnulas to compute derived 

parameters e.g. tidal ranges and fonn number (EqAA.52) are also shown. Observing the 

results, Gazi Bay has a spring tidal range 2(M2+S2) of tidal range of aboLlt 4 m with a 

mean tidal range 2.2(M2) of about 3m and a neap range 2(M2-S2) 104m. Owing to the 
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short records the results might slightly over estimate the true \alues b\ 20%. The 

dominant contribution is from the semidiurnal components (M~ and S~) as well as the 

Luni-solar diurnal (K1) component. The amplitude of the S2 is nearly half of that of M~ 

indicating that during neap the S2 and M2 may not necessary cancel each other at neap 

tide. However, the ratio of the semidiurnal tide to that of diurnal tide is about 1.6 which 

means the semidiurnal tide must empty and fill the bay in nearly 1.6 times greater than 

diurnal tide. Hence, we expect the diurnal current velocities to be about half the 

semidiurnalones. 

Tidal phases differ between tidal elevation and tidal current at the entrance as 

seen in Table 5.3.2.1. Considering flood tide and current in Gazi Bay are northward the 

difference between tidal elevation and current of about 29 ° and -84 () for \1 2 and S~ 

respectively indicate that the M 2 in Gazi Bay is a damped and progressi\e wave. For a 

purely progressive wave the phase difference is 0° or 90 ° (see Section -+. 4.4.1). For 

friction-damped waves the difference lies in the range 0 ° - 90 0. For standing wave the 

phase difference would be equal to 90 0, this suggests that S2 tend to a standing travelling 

in a direction almost opposed to that ofM2• 

The fonnula for the ratio of the major semidiurnal constituents and the major 

diurnal constituents gives a fonn of 1.36, which lies in the range 0.25-1.5. This leads to 

the conclusion that tides in Gazi Bay are predominantly semi-diurnal. 
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indicating that during neap the S2 and M 2 may not necessary cancel each other at neap 

tide. However, the ratio of the semidiurnal tide to that of diurnal tide is about 1.6 which 

means the semidiurnal tide must empty and fill the bay in nearly 1.6 times greater than 

diurnal tide. Hence, we expect the diurnal current velocities to be about half the 

semidiurnal ones. 

Tidal phases differ between tidal elevation and tidal current at the entrance as 

seen in Table 5.3.2.1. Considering flood tide and current in Gazi Bay are northward the 

difference between tidal elevation and current of about 29 0 and -84 for M2 and S20 

respectively indicate that the M 2 in Gazi Bay is a damped and progrcssi \e \\'ave. For a 

purely progressive wave the phase difference is 00 or 90 0 (see Section 4. 4.4.1). For 

friction-damped waves the difference lies in the range 0 ° - 90°. For standing wave the 

phase difference would be equal to 90 0, this suggests that S2 tend to a standing travelling 

in a direction almost opposed to that of M 2. 

The formula for the ratio of the major semidiurnal constituents and the major 

diurnal constituents gives a form of 1.36, which lies in the range 0.25-1.5. This leads to 

the conclusion that tides in Gazi Bay are predominantly semi-diurnal. 
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Table 5.3.2.1 Showing constituents from Gazi Bay, their amplitudes, phase lags, and 

some key parameter ranges for time series analysis of sea level, current and 

temperature for IS-days data (12-30/11/1999). R = Range. 

Name of Period Sea level Current Temperature 

(MT2) (RCM) (MT2) 

Constituent Hours Amplitude Phase Amplitude Phase Amplitude Phase 

llsl 8s1 11, 8, llT 8T 

M2 12.42 0.963 115.4 1.293 144.6 1.050 347.5 

K, 23.93 0.069 47.9 0.342 276.5 I 0.805 54.9 

S2 12.00 0.680 177.4 2.118 92.7 0.126 41.0 

0\ 25.82 0.172 58.4 0.584 218.4 0.340 118.8 

Parameter Fonnu1a Parameter Value Parameter Value Parameter Value 

MeanR 2.2M2 2.99 2.84 0.231 

Spring R 2.0(M2+S2) 4.09 6.82 0.462 

NeapR 2.0(M2-S2) 1.37 -1.65 -0.042 

Fonn (K]+Ol) 0.136 0.272 4.89 

Number /(M2+S2) 

I, 
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Spectral analysis 

Spectral analysis for the sea level and the current meter time series was carried 

out. The Idea was to present the kinetic energy possessed by a parcel of water at any 

instant as the sum of energies of all the contributing to its motion as detennine by the 

squires of their speed. Power density spectrum (PDS) (or energy density spectrum) was 

discusses briefly in Section 4.4.4.2. The PDS shows the magnitude of each cosine term in 

the summation series. 

Figure 5.3.3.0 shows three panels of PDS based on 18 -day (a) sea level (b) 

temperature (c) 5-day current meter measurements in Gazi Bay (at MT2), from 12-30 

November 1999. The portion that represents the kinetic energy fluctuating components, 

which account for the most of the energy of the flow, with only very small portion being 

contained in the mean motion, has been filtered out in the Programme used in the analysis 

leaving out mostly individual peaks. The individual peaks, appearing in each of the three 

panels of the energy density spectrums are the components of the flow that have specific 

periods (specific frequency). Boon (1981) pointed out that the concept time averaged tide 

can be used in isolating the lunar semidiurnal tide, M2, and its associated shallow water 

tides, particularly the lunar quarter-diurnal tide, M4 . Observing the sea level spectrum, the 

peaks marked Sl is between 6- 6.3hrs is probably a combination of shallow \\!ater waves 

Mel and MS4 , whereas,s2 and S3 correspond to M2 and S3 respectively. M4 causes the 

coarsest degree of distortion in the fundamental wave (Boon, 1981) and thus accounts for 

most of the flood and ebb duration observed in the mean direction in the forgoing 

Sections. 
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Figure 5.3.3.0 Power density (energy) spectrum based on 18 -day (a) sea level (b) 

temperature (c) 5-day current meter measurements in Gazi Bay (at MT2), between 

12-30 November 1999. 

The temperature energy spectrum shows peaks at period tl (l1.95hrs), t2 

(23.9lhrs), and t3 (l2.65hrs) corresponding to K2, N2 and K j • 

In the current energy spectrum the peaks marked c\ and C2, at periods of about 4hrs and 

6hrs correspond to M6 and S4, while the peak marked C3 is at 12.04 hours is most likely 

S2. 
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5.3.3 \Vater exchange calculations 

5.3.3.1 Morphology of the bay 

In this section the results of water exchange are presented. Water exchange is a 

key factor when considering, for example, nutrient fluxes and water quality in general. 

Morphological characteristics of Gazi Bay were introduced in Section 4.3 while 

describing the study site. Here the parameters are tabulated with additional infonnation 

such as tidal ranges and cross sectional areas (Table 5.3.2.3). As mentioned earlier we 

estimated the mean surface area of the catchment and that of the bay and its t\\O small 

creeks from the total surface area (A) of the bay at high water level, from a topographic 

map (1 :50,000). 

Table 5.3.2.3 Morphological characteristics of Gazi Bay 

GAZI BAY 

Catchment area (m'') 2.5 x 10° 

Bay/creek surface area (As) (m"') 1.8 x IOu 

Total surface area 2.68x lOIS 

x 10-'Entrance section area (mean) 

Tidal range 2.8 

Length (L)of Bay/Creek (m) 7 x 10-' 

Mean depth (Hm) in the bay 2.5m 

10m/400mMean depth /length of the entrance channel 

! 

I 

i 
! 

i 
I
 

I
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The catchment area including the bay and creek are gave a total surface area of 

2.68 x 1O~ m". The surface area of the bay ranges from 1.1 x 106m" during extremely low 

water and to approximately 1.8 x 106m" at maximum high water assuming that this 

extreme is above or below mean sea level at the entrance. 

5.3.3.2 Water exchange generated by fresh water discharge 

Fresh water outflow into Gazi Bay lowers the salinity, which produces a salinity 

(and density) difference (see Chapter 5.3.1.2). The density difference, particularly during 

the IMLR season, generates a baroclinic circulation. Since the salinity in the bay in this 

case is always lower than the salinity outside the bay the surface current is always 

directed out of the bay i.e. estuarine circulation. Baroclinic circulation is also driven by 

salinity fluctuations or changes (see later e.g. Tudor Creek, NEM season) out side the 

bay. When salinity increases outside the bay the water becomes denser. Water in the bay 

then flows out as a light surface current. Along the bottom of the bay saltier and denser 

water flows into the bay and thus increases the salinity. If the salinity outside the bay 

decreases the circulation reverses. If the salinity within the inner shallow basin increases 

e.g. during the dry season when evaporation from the mangroves and muddy inter-tidal 

areas withdraws fresh water from saline water at a rate of O.6cmd- 1
, a salinity maximum 

zone is created in the bay. Such a zone can effecti\'ely isolate the inner basin from the 

coastal water. Thus internal circulation is created in the dry season (Wolanski, 1986a). 

Salinity maximum was not evident in Gazi Bay. The circulation mechanism due to 
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baroclinic processes and remote forcing at the entrance is taken up in more detail In 

Tudor Creek. 

When average values for river discharge and average salinity in the bay and 

outside the bay are considered the characteristic values for seasonal exchange can be 

obtained. During the IMLR and IMSR seasons difference in salinity exisTs between the 

bay and the oceanic water. For 1996, 1997, 1998 the typical salinity in the I\1SR season 

were 32 in the bay and 35 in the ocean, and for the IMLR the value were and 30 and 35 

respectively. The river discharge (R) for the IMLR was 5 m3 s· 1, for l\E.\l season the 

range 0.4-0.2 m3s" and SEM season the range of river discharge is 0.2-0.1 m\-I. Using 

these values in equation 4.4.60 a typical estimate of exchange rate for the IMLR is 0.6 

days, during IMSR season the estimated typical flushing rates are 2 days and greater than 

3 days for NEM and SEM seasons. Compared to the flushing time of 6 days obtained by 

tidal prism method, it was suggested that the faster flushing rates are due to induced 

gravitational currents that give rise to the residual circulation whenever there is baroclinic 

forcing. 
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5.3.3.3 Water exchange generated by sea level 

The modeling expression for hourly tidal discharge using tidal hypsometric flow 

model (EqA.4.13) in the theory and analysis Section 4.4.1 is used. The flood \'olume flux 

. . 
IS expression as 

h 
Qtlood=Am Tf' 

and for ebb volume flux 

h 
Qebb=AmT~' 

Where Tr is the average mean flood duration, Te the average ebb duration, h is the tidal 

range in the basin and Am is the mean surface area of the basin upstream of the cross-

section. 

To obtain volume flux from the sea level data a hypsographic curve for the bay 

was first obtained. Four equally spaced cross-sections along the bay axis. one at the 

entrance, two in the middle and the fourth near the end of the bay. Four mean depths at 

each cross-section were then used together with the cross-section area to obtain 

hypsographic (depth-area) curve for the bay by interpolating between the cross-sections. 

A spline function was applied to generate the curve. A computer programmed using the 

above two computed the maximum, minimum and mean flood and ebb volume fluxes. 

Figure 5.3.2.2 gives spring and neap tides of 2.8m and 1.01m respectively. The average 

duration of the flood and ebb tide are 4.2hrs and 7.8hrs respectively. Thus, from the 

result we conclude that Gazi Bay is ebb dominant. The mean surface area of Gazi Bay is 

given in Table 5.3.2.3 is 1.8x I06 m3
. The flood volume flux during obtained for the 
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(period closer to spring is as 1200 m3 
S-l and for the period closer to neap is 233 m3 

S-I. 

Thus, about 715 m3 
S·l per tidal cycle during the period of study is exchanged. 

Table 5.3.2.2 presents the spring, neap and mean tidal ranges as computed from 

tidal analysis, as 4.1 m, 3m and lAm respectively. Taking the mean surface area of Gazi 

Bay as 1.8xl06m3 
( Table 5.3.2.3) and assuming the tidal flood and ebb duration remain 

as given in Table 5.3.2.1, then the volume flux from tidal analysis can be estimated as, 

spring volume flux 1757 m3 
S·I, neap volume flux 692 m3 

S·I and mean \OILLl11e flux as 

1224 m3 
S-I. 

5.3.3.4 \Vater exchange generated by along-channel velocity 

Calculations from the longitudinal velocity (along channel) obtained from the 

decomposition of the total current meter data was given in Section 5.3.2.2. In this section 

we use the velocity and the cross-section area to obtain instantaneous flood and ebb 

volume fluxes. 

To estimate instantaneous volume flux from the u-velocity, the mean depth at the 

cross-section at VI (Figure 4.1.1.1) to was estimated at 4m and the \vidth of the cross

section as 35000m (see Sketch Figure 5.3.3.2). From the sketch, the maximum cross

section area is about 8.5xl03±1.78 m2
, the mean cross section area 3.6xIU-'m~, and the 

2minimum area 1.6 xl03m . The values obtained were, the instantaneous maximum flood 

volume flux as 2.35 xl 03 m3 
S-1 the maximum ebb volume flux as 1.76 xl 03 m3 

S·I the 

mean flood flux 868 xl 03 m3 
S-l and the mean ebb flux as 728 xl 03 m3 

S·l Therefore the 

instantaneous (mean) net volume flux estimated from the current meter is about 140m3
. 

The volume flux and longitudinal current and sea level at the bay entrance are compared 
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in Figure :5.3.3.3. Currents in spring are stronger that in neap, consequently resulting in 

higher volume flux during spring than neap. 

• 3S00m 

///'//~/II 
A2=200·y+412.S*y.2 ///

/ ' 

/- 4m 

//' 
// 

.~--/~ 

10m 

I-- 200m -/I ••------ 3300m 
1\ .. 

Channel 

A1=1200 

6m 
k=Slope=3300/4 

A2=200 • y+112 x Slope •.; 

y=Sea level data 

Figure 5.3.3.2 Sketch of Gazi Bay entrance cross-section area (AI +A2). Al is the 

non-inter-tidal A2 is inter-tidal that is sea level varies with depth. Note the mean sea 

level must be set to zero above 6m. 
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Figure 5.3.3.3 Comparison of volume flux, longitudinal current x50, and sea 

levelxlOO for Gazi Bay entrance area. 

Non-tidal flow was obtained by subtracting the ebb and flood of the tide from the 

total longitudinal flow and results expressed as cumulative net displacement. 

Displacement is defined as the product of the along-channel component speed and the 

time interval it represents. Net displacement is obtained by defining flow, for example, 

towards 200 in Gazi Bay as positive (flood). 
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The instantaneous volume flux has a maximum flood of 1326.3±230.9 m3s· 1 , mean of 

244.5 m3s· l and maximum ebb flood 623.29 ± 129.43 m3s· l mean of] 68.03 m3s· l . Hence 

we found a net inward flux of 76.2m3s· 1. 

Hence, in conclusion, the above approaches for water tidal water exchange give 

values of similar magnitude. The computed velocities and fluxes maximum flux occurred 

during spring, lowest during neap. In a tidal cycle slightly high volume flux occurred 

during flood. The mean flood fluxes are higher than the mean ebb fluxes. The spring 

fluxes are higher than the neap fluxes. 

5.3.3.5 \Vater exchange generated by wind 

Gazi Bay wider entrance, suggest enhanced water exchange due to wind. This can 

be, for example via waves (infra-gravity) and a lagoon curren! flowing across the 

entrance in the ambient water. Fishermen, in the location have reported such lagoon 

current flowing along the lagoon off Charle Island and induced by waves. The horizontal 

circulation arising from such a flow can be investigated analytically. This is sketched in 

the Figure 4.4.1.2, and Eq.4.4. 19 is used, where angle <p is set to zero when the wind is 

directed into the bay and 1800 when the wind is directed out of the bay. This is done by 

taking Pa =:1.22kgm3s-1 and Pb = 1025kgm\-J the density of air and standard density of 

sea water respectively. In addition it is assumed that the peaks in current fluctuations in 

the observed current data were caused by wind stress and using a drag coefficient c,t 

=0.0013 and a bottom coefficient of Cdb= 0.002. For NEM and SEM seasons and the 

value of wind obtained with the weather mast Section 5.1.2.2 (Figure 5.1.2.2) show that 

the wind is of order 6ms· l
. The width (B) of the bay entrance is 3500m. When these 
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values are put in the equation, the result suggests overestimation of the flo\\'. The reason 

for the over estimation is due to the fact that the equation does not tab: into account that 

the beach and the coral reefs stop the flow. Onshore wind pushes \\ater into the bay the 

sea level rises, i.e. wind set up. The barotropic pressure gradient generates a barotropic 

out flow, and i.e. velocity is the same throughout the water column. \\'hich makes the 

water exchange generated by wind less effective. The flow is thus limited by the 

difference between the bay and ambient water and bottom friction. Waves also induce 

water exchange, they are referred to as Stokes' waves. 

On seasonal scale wind may influence water exchange directly causing direct transport 

and indirectly by mixing as well as causing the thennocline to erode. 

Mixing of coastal water by wind on seasonal time scale (3-6months) may affect the 

density of water by mixing salinity and temperature in the creeks and ocean water 

longitudinally and vertically, giving rise to slow gravitational CUITents that induce 

exchange. They are further considered in Section 5.3.5.3. 

5.3.4 Other calculations 

5.3.4.1 Bay tidal energy dissipation 

Equation 4.4.40 allows for the detennination of tidal energy in Gazi Bay. From 

Table 5.3.2.1, the tidal amplitude is found to be 0.963m, the tidal phase lag 115.4 0 and 

the current phase lag 144.6 this give a phase difference of 300 g is 9.81 ms-l, the0 • 

standard density of water 1025kgm\·1 and the tidal current amplitude take as 0.13m. 

Using these values in the equation 4.4.40 gives tidal energy of flux 0(97 Jm-~s-l. 
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5.3.4.2 1 -D model application 

Gazi Bay was divided into 14 sections each about 1000m. The mean depth of 

each section was then determined and the cross-section area for each of the 14 sections 

calculated. Then One-D model for the bay was applied in order to calculate velocities and 

sea level and volume the flux across the entrance and compare the results with 

observation. The results from the model produced unsatisfactory results, unlike its 

application in Tudor Creek (see later). The reason for difficulties unsatisfactory results in 

has do with the fact that a large portion of the Gazi Bay is not covered by water during 

ebb and error associated with mean depth the estimate. 

5.3.5 Advective and cumulative heat flux 

Advective heat flux for Gazi Bay was estimated using the equations gIven m 

Section 4.4. The results are shown in Figures 5.3.5a and 5.3.5b for both advective and 

cumulative heat fluxes. Heat flux in Gazi Bay was estimated using the equations given in 

Section 4.4. However, the estimate required fist the use of the sea level and temperature 

time series (MT2) for the calculation of volume flux through the entrance cross-section 

area. This is done in Section 5.3.3. The sea level and temperature data produced more 

reliable results than the instantaneous current observations for reasons related to mooring 

arrangements (Section. 5.3.2.2). Gazi Bay instantaneous volume flux is given in Section 

5.3.3.3 and illustrated by Figure 5.3.3.3 there. The results of heat flux through the Gazi 

Bay entrance are given in Figure 5.3.5.1 a-b for both advective and cumulative heat 

fluxes. Detailed calculations for advective and diffusi\'e heat flux are given in the 

Appendix B. 
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Figure S.3.S.1a-b Instantaneous, Qex (positive inward) heat flux (panel (a» across 

the entrance of Gazi Bay calculated from temperature time series data of November 

(IMSR season) 1999, panel (b) Cumulative (integrated) heat flux Qcxdt, calculated 

from temperature time series data from the entrance to Gazi Bay during IMSR 

season 1999. 
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5.3.6 Flushing time 

The water in Gazi Bay undergoes exchanges with the ocean. As mentioned 

earlier, these exchanges are driven by a combination of forces, including tides, wind and 

fresh water runoff. The rate of exchange can be expressed as in terms of flushing time, 

i.e. the time required to replace the water within the bay. Frequently the flushing time is 

referred to as the e-folding time, defined as the time required to decrease the volume of 

water in the bay to e-1 (about 37%) of its original volume, where e is the base of natural 

logarithms. Ifwe now assume instantaneous and complete mixing of the tidal prism, each 

tidal cycle, after n tidal cycles the volume of this water still residing in the bay. We let 

(Vn) be the low tide volume of the bay. Then V divided by V plus the tidal prism (P) all 

raised to n multiplied by the volume of the water (Vo) originally in the bay (i.e. V= Vo) 

is equal to volume of water in the bay which is equal to 1.8 x 106mJ at a time t=O. 

P is given by the average tidal range (3m) and the surface area and has a value of 

5.4 x 106m3. Therefore the e-folding time is 12 tidal cycles (6 days). These is generally 

plausible because of the incomplete mixing within the appropriate portions of the bay, 

e.g. the water near the head of the bay or at the mouth of Kidogweni river may not reach 

the entrance to the bay during an ebb tide. In addition some of the water that does leave 

during the ebb may return on the flowing tide. 

Estimate of flushing time was done using equation 4.4.62, which first allow the 

calculation of longitudinal eddy diffusion coefficient and then residence time. With 

evaporation rate of 0.5cm/day, salinity difference of 5, and reference ocean salinity of 35, 

and cross-section area 14.4 x103m~ the eddy diffusion coefficient obtained leads to over 
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estimation of exchange time. These can be attributed to lack of large di fferences in 

salinity. Equation 4.4.62 is valid when there is a large salinity gradient. 

When average values for river discharge and average salinity In the baY and 

outside the bay are considered then the characteristic values for seasonal exchange can be 

obtained. During the IMLR and IMSR seasons difference in salinity exists between the 

bay and the oceanic water. For 1996, 1997, 1998 the typical salinity in the l\lSR season 

were 32 in the bay and 35 in the ocean, and for the IMLR the value were and 30 and 35 

respectively. The river discharge (R) for the IMLR was 5 m3 s· 1, for NEM season the 

range 0.4-0.2 m3 s· 1 and SEM season the range of river discharge is 0.2-0.1 \113 S·'. Using 

these values in equation 4.4.60 a typical estimate of exchange rate for the I0.1LR is 0.6 

days, during IMSR season the estimated typical flushing rates are 2 days and greater than 

3 days for NEM and SEM seasons. Compared to the flushing time of 6 days obtained by 

tidal prism method, we suggested that the faster flushing rates are due to induced 

gravitational currents that give rise to the residual circulation whenever there is baroc linic 

forcing. In addition to tidal exchange, the single major factor affecting residence time in 

the bay is expected to be the windstonns, because of the relatively large entrance. Intense 

stonns are capable of exchanging the bay's over a day or so. 
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5.4 TUDOR CREEK 

5.4.1 HYDROGRAPHY 

5.4.1.1 Creek temperature 

We present results of the temperature time series measurements obtained from 

three tide gauges, at the entrance (oceanic), in the channel and in the upper reaches of the 

creek (basin area), to get a synoptic view of the temperature response to the tide. Another 

time series obtained from the salinity sensor is also presented for the same purpose and at 

the end of this subsection we examine the longitudinal structure of the water in the creek 

during the various monsoon seasons. 

The three instruments worked for different duration. The two gauges, at the 

entrance and in the creek basin, the record is available for 36 days from November 1 to 

October 11 1998, while the one in the middle or in the channel recorded only for 25 days 

from November 1 to November 27 1998. 

Spring, neap and daily temperature fluctuations 

Statistics for the 36 days reveal maximum temperature of 30.0SoC, minimum of 

25.95°C with a mean of 2S.65°C for the tide measurements in the creek basin. For the 

gauge at the entrance, the temperatures show a maximum of 27.90°C, minimum value of 

26.20°C with a mean of 27 .IS°C. The 36-day temperature record shows a difference of 

2.5°C between the creek basin and the entrance. 
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Figure 5.4.1.1 a shows the temperature fluctuations for the 24 days mentioned 

from 2-26 November 1998, during which time the three instruments worked 

simultaneously. It is clear from this figure that temperature in the shallow creek basin are 

higher than in the channel and in the ocean, and that inside temperatures show high 

fluctuations. 

30 

Channel Inside the Creek 
29.5 

+I 
I29 

26 

25.5 ,---I -L ----L --' -'--- _ 

o 5 10 15 20 25 

Time in days Tudor creek 02-26/10/98 

Figure 5.4.1.1a Comparison of temperatl!re from three tide gauges in Tudor Creek 

at the entrance (Ocean), in the channel and inside the creek. 

Like in Gazi Bay the spnng period is characterised by fluctuations with the high 

amplitude, whereas the amplitudes are diminished during the neap periods. The highest 
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fluctuations, 75% for the total range of temperature for the three sets of records occur 

during spring in the shallow water within the creek basin. There the values fluctuate 

between a maximum of29.84°C; and a minimum of25.95 °c with a mean of 28.32°C and 

a range of 3.9°C. In the creek channel the fluctuations are diminished by 11 %, with a 

range of O.55°C, and values at 28.40°C, 27.20°C, and 27.85°C for the maximum, 

minimum and mean respectively. In the ocean station 14% of the Ouctuations occur in a 

rage of O.72°C, the temperature lie between a maximum of 27.90"C, minimum 26.20°C 

and a mean of 27. I 8°C. The temperature decreases longitudinally, from the creek basin 

to the entrance 1.95°C, which confirms that the temperature ocean water is cooler during 

this part of the season. 

Comparison, of the three records reveals two interesting features. During spring 

the temperature in the creek basin appears to bodily surge downward diminishing the 

difference between the three curves and decrease by I.5°C from previous values before 

swinging upward again. This cosine- like feature is not observed in the other two curves. 

Instead it can be seen that at the ocean side the temperature remains almost constant and 

in the creek basin curve there is a tendency for the mean temperature to increase with 

time suggesting that the basin is gaining heat. The down ward surging of temperature in 

the bay could be caused by rainfall, however because this does not happen in the two 

temperature signals, and also because of the increase towards neap, the phenomenon 

reveais more the effect of the tide in the shallow creek basin. We suggest that the 

downward surge of the curve or the decrease in temperature is caused by the large 

cooling effect as the less warm oceanic water is ejected into the creak basin during spring 
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tide. During neap, however, the bay wanns up as less volume of \\ater is available and 

less cold water ejected into the basin by tide. 

Daily water temperature variation is compared with aIr temperature 111 FIgure 

5.4.1.1 b, for one-day June 20 starting at O.OOhr. The figure shows that the creek water 

was wanner than the air-temperature by about 1°C. The mean temperature for water ,,'as 

26.5°C while that for air temperature is about 25°C. 
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Figure S.4.l.1b Daily fluctuation of water and air temperature in Tudor Creek 

entrance, June 20, 1996- starting O.OOhrs. 
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At about 13hrs the water attains its maximum temperature, while the air above the water 

attains its highest temperature also but with pronounced fluctuation. Solar heating causes 

the high temperatures in both, which is at maximum at the 13hr. 

The daily temperature response is clearly illustrated in Figure 5.4.1.1c, which 

shows three temperature variations for three consecutive days, 3-6 November 1998. The 

dynamics of the temperature from the three panels can clearly be analysed. This can be 

done by considering the rising edge of the ocean curve as corresponding to the invasion 

of water from the ocean into the bay, and interpreted as warming up of the ocean water as 

it mixes and flows into the creek. The falling edge of the basin curve corresponds to 

cooling. Thus, starting for example with panel (a) maximum and minimum temperature 

appears opposed in the basin and ocean. As the less warm ocean water enters the creek, it 

warms and simultaneously cools the creek basin water, making the curves to approach 

each other, as can be seen by following the maximum-minimum (9-15hrs) toggling of the 

two curves in the three panels. The saw-tooth-feature in the basin curve panel (b) and (c) 

points to the reduced effect of mixing as more and more ocean water becomes trapped in 

the basin causing greater mixing and reduction of the creek basin temperature. The 

cooling produced by evaporation can be considered also as contributing to the saw tooth 

pattern. 

239
 



28. 8 r--""T""-~.....,r--"-T---' 
(c)(b) 

'-.,; 
0 

'"~ 
;:: 
<;: 
t; 
;:.

I i--
•. .! 
1 I 

~~ i"' 
1 
--a 

.~ 

~~ II I..... 
I • 

,. 1 

,e 
I •.

I I 
127.4 .' l iI"' -I . ". 
,~ ! I 

J
"'i ~\'

• 
,,1 ., .. 
I 1 ~._, l..._j27.2 ; ~ 

1....i
• I

"!. • •. I I 

\ t .~ .. 
'i I' 

I I ~ • - . 
~ -~.-27 -I " ~ r !j

1 i I· , ,~ Ii 

26.8 • • 
5 10 15 20 5 10 15 20 5 10 15 20 

Time in hours 

(a) 

Creek basUt 

Ocean 

~"' \ / :. 

28 ...,.,: 

27.8 

.5 27.6 

... ~ 
- I 
\., ,.. 

\I..
 

Figure SA.l.lc Illustrating the complex daily fluctuations in the temperature at the 

ocean station, the channel and the creek basin, for three consecutive days in three 

panels (a)-(c), 3-6 November 1998. 

An example of the temperature observed at the weather mast stations from June 

18 to July 27 1996 is also shown in Figure 5.4.1.1 d. The figure indicates a decreasing 

trend in sea temperature. We observed that the mean temperature dropped from a 
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maximum of 26.5 °c in June to a minimum of 25°C in mid-August. di fference of 1.5 0c. 

Fortnightly inequality is clearly seen in the figure. The temperature gradients differ from 

one tidal phase to the next and are more pronounced in spring indicating of variable 

cooling rates in the creek waters. 

The greatest variation in temperature occurs in each spring phase with maximum 

temperatures of 27°C and minimum values of 26 °c in the months of June. In the spring 

neap cycle of the month of July the main temperatures dropped slightly to values less 

than 27 °c while the minimum temperature values dropped to 25.6 uc. The temperature 

decreased during the flood stage from a maximum of 27.3 °c to a minimum of 26.2 °c, 

indicating an average change of 1°C from flood slack water to ebb slack water. During 

neap however the temperature decreased from 26.5 °C to 25°C thus showing a small 

range of temperature <1 0c. 

Seasonally influenced temperature structure in the creek 

Monthly mean temperatures, from a series of vertical temperature measurements, 

for 1995, 1996, and 1997 are presented for the four-monsoon season. 
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Figure S.4.l.1d An example of variations in temperature in Tudor Creek from 18 

June to July 27, 1996. Note neap corresponding low fluctuations. 

We identify three regimes as mentioned before. The mangrove fringed inner part 

of the creek, which is referred to as shallow basin regime. The others are the channel 

regime, the entrance and the slope or offshore regimes respectively. We ha\e presented 

the results in Figures 5.4.1.1e-h for the four monsoon seasons. The idea in this type of 

presentation is that the mean changes will reflect long-term gra\-itationa! circulation 

which in turn reflect the monsoon driven renewal of creek and the shelf water. Thus, 

although the parameter changes are small they suggest a 'net' structural response due to 

long-term water changes. 
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IMLR season 

To illustrate the structural response of temperature during the IMLR season, a 

longitudinal vertical section, drawn from the inner basin of the creek to the entrance and 

including some part of the shelfwater is shown in Figure 5.4. l. Ie. 
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Figure S.4.l.le A vertical section showing longitudinal distribution of temperature 

in Tudor Creek during the IMLR season. 

From these results a temperature gradient is evident from the inner basin to the 

entrance and the shelf slope area. The temperature range between the inner basin and the 

slope is 2 DC. The inner basin shows surface water temperature of 3l.0 l )C, the inlet zone 
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29°C and the shelf 28 DC. The average temperature for the creek is 29.7 DC. The 

temperature ranges are clearly observed. The surface to bottom ranges of temperature is 

31.5-28.2°C in the inner creek zone, 30-27.5 DC in the channel and 28.2-26°C at the shelf-

slope zone. 

SEM season 
Figure 5.4.l.lf illustrates vertical temperature variations for the SEM season. The 

surface temperature decreases from an average value of 26. 7DC at the shelf slope zone to 

25.3 DC in the inner creek zone. 
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Figure 5.4.l.lf A vertical section showing longitudinal distribution of temperature 

in Tudor Creek during the SEM season (1996-98). 
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The surface to bottom range of temperature was 26.7-28.8 in the creek area, 26

25.8 °c in the channel and 25-24 °c in the water column above the shelf area. The mean 

surface temperature was 26°C a decrease of about 3°C from the previous season. 

IMSR season 

Vertical temperature structure for the IMSR season is shown in Figure 5.4.1.1g. 

A very slight temperature gradient is maintained between the shallow basin in the creek 

(29.0°C) and the entrance, inlet and surface water of the slope zone where the mean 

surface temperature is 28.6°C. 
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Figure SA.l.1g A vertical section showing longitudinal distribution of temperature 

in Tudor Creek during the IMSR season. 
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The mean vertical temperature range is 28.6-29.0 DC in the inner creek basi n zone. In the 

inlet, entrance and slope zone an envelope of Vv'ater of temperature range or 25.2-26.6 Dc. 

This differs from the previous ones by having on average higher temperature. 

NEM season 

Temperature structure for the 1'JEM season is shown in Figure 5.-+.1.1h. This 

season shows the highest temperature with a mean value above 31 Dc. 
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Figure 5.4.1.1 h Vertical section showing longitudinal distribution of temperature in 

Tudor Creek during the NEM season. 

The water on the shelf is slightly cooler with a \'eI1ical temperature ranging from 

29-28DC, while the inlet and ilmer basin zone the values range from 30-3 IS'C and 32.2
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32.0llC from surface to the bottom respectively. There is a longitudinal gradient of about 

4.0llC between the inner creek area and the shelf-slope area 

5.4.1.2 Creek salinity 

Short-term sofinin· w{riarions 

Figure 5A.l.2a illustrates salinity time series for data taken from 14 Jun to 8 

August 1996. The figure shows salinity decreasing gradually after neap (25-27 June) 

from a maximum value of 34.91 to a minimum value of 24.53 in the first week of August. 

This is a difference of about lOA in salinity. The mean salinity for the entire period was 

32.35 with a standard deviation of2.12. The gradual decrease can be attributed to rainfall, 

which stood at about 500mm in the month of May and probably to the appearance of 

oceanic low salinity water that occur just (before) the start of the rain (Newell, 1959). 

The rainfall in the month of June is negligible being a mere 8mm in that month. In July 

however, the rainfall to about 60mm/month and although this may have contributed to the 

general trend in the decrease of salinity, its effect is more during ebb periods. For the 55 

days shown, the rate of salinity decrease is 0.2/day. In addition however, there are 

considerable amounts of fluctuations particularly during spring period and at ebb tides, 

whereas the neap period is characterised by lower fluctuations than the spring period, 

which also is characterised by the presence of low salinity water during ebb. This 

suggests that spring tide flushes low salinity water from the creeks or its peripheral 

lagoons. 
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The tidal fluctuations of salinity are presented in Figure 5.4.1.2b, whereas those 

related to the rainfall effect in the month of July are presented in a Figure 5.4.1.2c. 
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Figure 5.4.1.2a Salinity time series from Tudor Creek entrance area between from 

14 June to 5 July 1996. Note the decreasing trend. 
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Figure 5A.1.2b shows an example salinity fluctuation for 16-19 June 1996. 

Throughout the two days shown, the salinity fluctuates between maximum and minimum 

values during the flood tide and ebb tides. For example the flood of 16-17/6/1996 the 

salinity increased from about 34.05 to maximum value of 34.82 during the slack water 

flood. 
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Figure 5.4.1.2b Daily salinity fluctuation (flood - ebb) in Tudor Creek, from 16-19 

June 1996. 

During ebb the salinity decreased to a minimum value of 33.72 at slack low water. 

The high salinity is brought by the tide into the creek from the Ocean. The low salinity 

seen during ebb water slack is brought from the inner parts of the creek. Looking at the 
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curves, everyday the salinity shifts to the right by 30min due to the lide. but also its rage 

decreases. The smallest range of the three data sets occurs in the third day. The salinity 

range for the three days is 1.025 and the mean is 3...L..+ 1. Ho\\ e\er. I~~I' the daily 

tluctuations as shown on 16... 17 June cune the salinity tluctuated \\1111 !lood ~lI1d ebb tide 

between a maximum value of 34.82 to a m1l11mUm \allle of 33.SS and a mean of 

34.42.The mean value is different for each day. The differences are caused by diumal 

inequality and mixing. 

TUDOR CREEK-SALINITY (1996) 
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Figure 5.4.1.2c Composite presentation of salinity-salinity and salinity-temperature 

fluctuations between day 16-18June and 2-4July 1996.:\ote the appearance of low 

salinity parches (peaks) during ebb. 
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In the composite Figure 5.4.1.2c and Table 5.4.1.2 salinity and temperature 

fluctuations for two days 16-18 June and 2-4 July in 1996 from the same data series are 

shown. The temperature scale has been left out in the figure to enhance clarity and a 

constant added to the temperature valued so as to mirror the scale of salini ty for easy 

display. The statistical values are, shown up in Table 5.4.1.2 for the same period. 

Table 5.4.1.2 Statistics for salinity and temperature data for 12 tidal cycles in Tudor 

Creek entrance 1996. 

Statistics 16 -18 June 1996 2 - 4 July 1996 
Salinity Temperature °c Salinity I Temperature °c j 

Maximum 34.82 27.07 34.47 26.32 I 

Minimum 33.72 26.11 31.06 25.61 
Mean 34.43 26.42 34.00 25.83 
Range 1.1 0.96 3.41 0.71 
S/deviation 0.31 0.25 0.78 0.17 

Again we observed, similar to Gazi Bay, maximum salinity occurred at the slack 

water after flood. Looking day-wise from 16-18 to 2-4 July values are in the range of 

34.47-34.82 and temperature 27.07 -26.32°C and a mean of range of 34.-B-34.00 and 

26.42-25-83°C respectively. The day-wise decreasing trend in both salinity and 

temperature was mentioned earlier. However, what are clearly seen in the figure are the 

tIdal rhythms in the salinity and low saline water events that appears in the 2-4 July 

curves. Tidal signal is also seen on the salinity curve. Observing the curve of 16-18 June 

we note clearly that maximum salinity occurs at slack water flood and minimum salinity 
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at slack water ebb. Salinity does not fall below 33.5 during ebb. The lCmpCr<llure is at its 

maximum between 14-15 hrs as a result of solar heating. The flooding oceanic water 

lowers the temperature by about 1°C and raises the salinity by about 1. Observing the 

curve of 2-4 July, and comparing it to that of June, interesting events appear to occur 

during ebb, which cause salinity to decrease further during ebb by a value of two to those 

at ebb 111 the June curve. The 'sword-like' salinity drops are most likely caused the 

passage of brackish water parches at the location of the sensor. These parches are not 

uniform in salinity and imbedded within them are very low salinity plume or 'bubbles' 

(Wolanski and van Senden, 1983). They are part of the inner creek low salinity water, 

which is advected seaward during ebb. 

However, an even more interesting and surprising features are also high salinity 

'bubbles imbedded within low sanity water. They probably originate from the peripheral 

cove, (near KMFRI) as a part of long-shore -rip current system. They masque the 

clockwise eddy during flood tide. The long-shore flow that is established strongly during 

certain parts of the flood tide stage carries with it re-suspended sediment from the beach 

cove and from further upstream, plus the high salinity water previously trapped in very 

shallow lagoon near the entrance. These are shown more clearly in the three panels of 

Figure 5.4.1.2d. Panel (a) high salinity trapped in low salinity water or plume during 

flood, while in panel (b) and (c) the trapping occur during ebb period. It should be noted 

that, the salinity sensor was at the location of headland (English Point) clockwise eddy 

(Kimaru, 1986), which acts as a trap of brackish plume and floating litter during certain 

stages of the tide. A salinity cross-section at this location indicated lower salinity on the 

side of the channel bank where the salinity sensor was deployed; thus indicating that 
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ebbing water hugs the left side of the channel facing downstream. Large temporal 

variations of salinity were found in the creeks during the IMLR and IMSR >. However, 

the spatial distribution of the brackish water parches was not measured. they occurred on 

the sides of the channel main channels influenced by the small side creeks or valleys that 

discharge runoff into the main Tudor inlet and the inner basin. 

Figure 5.4.1.2d High salinity parches embedded in low salinity water during ebb 

period (b)-(c) and during flood period (a). 
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Seasonal salinity structure 

IMLR season 

The longitudinal section showing the response of the creek system to the 1996-98 

rainfalls as a vertical structure of salinity is shown in Figure 5.4.l.2e. 
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Figure S.4.l.2e Vertical section showing longitudinal distribution of salinity in 

Tudor Creek during the IMLR season. 
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The surface to bottom salinity ranged from 8-30 in the inner creek lone. 33-34.9 in the 

inlet zone and 34.8-35.2 in the shelf slope zone. The total average salinity for the section 

was 29.3. The mean salinity for the inner creek zone was 19 and the slope \\ater zone 35, 

which resulted in a salinity difference of 16 between the creek basin and the ocean. 

SEM season 

The dry period (July-October) experienced only 12% of the total annual rainfall in 

1996, which lend to low discharge as shown earlier. Figure 5.4.1.2f shows vertical 

salinity structure for the four months of this season. The salinity response in the inner 

reaches of the creek was 35.8; an increase of about 80% from IMLR season, while a 

negative longitudinal gradient by a drop of about 4 was apparent fr0111 slightly decreasing 

salinity towards the ocean. At the ocean side salinity was higher in the surface waters (0

50m) as show by the range 35.26-35.31. Below the 50m the salinity range from 35.26

35.27. The surface to bottom range in the creek was negligibly small. The total mean 

salinity, calculated by averaging all the salinity observations for this season was 34.4, 

which was up from IMLR season by a value of 5.7. The small difference between the 

entrance and the inner shallow basin is an indication that the water content had 

withdrawn into the creeks and that low salinity water may be found only in the uppermost 

reaches within the narrow creeks. The water types (see Chapter 6) in the shallow 

mangrove basins are not very much influenced by the fresh water input. The relatively 

small rain and high evaporation mean that the salinity continues to increase. Thus setting 

a stage of high salinity just before the onset of both IMSR and NEM season. 
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Figure 5.4.1.2f Vertical section showing longitudinal distribution of salinity in 

Tudor Creek during the SEM season. 

IMSR season 

As seen earlier the IMSR season has very variable rainfall, which may come as 

early as October or as late as in December. November represents the average conditions 

of this season and a longitudinal section is shown in Figure 5.4.1.2g. In the shallow inner 

part of the creek, the salinity is relatively high and homogeneous with values of 35.2-35.3 

from inner part to the shelf slope and changing very slightly with depth. Thus the mean 

salinity is 35.2 for this season and is greater than the mean value for SEM season by 0.8. 

One reason for high salinity values is less rainfall. For example, in 1996, the rainfall was 
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36% of that year's annual value of I050mm; other reasons are increased high evaporation 

rates and the presence of oceanic water masses of relatively high salinity. 
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Figure 5.4.1.2g Vertical section showing longitudinal distribution of salinity in 

Tudor Creek during the IMSR season. 

NEM season 

Figure 5.4.1.2h shows vertical longitudinal section for the NEM season. The inner 

creek zone up to mid reaches of the main channel had an average salinity exceeding 36, 
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which was the highest in the four seasons. The inner salinity (35.65) was higher than the 

surface slope water (35.0) almost 1.5. While the vertical change in salinity was less than 

0.5. The salinity was 35.48 between 40-100m. These shelf values are slightly higher than 

those in the previous season. Thus indicating the entire creek system is gammg more 

salinity. 
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Figure 5.4.1.2h Vertical section showing longitudinal distribution of salinity in 

Tudor Creek during the NEM. Note highest salinity occurs in the inner basin. 

The mean salinity of the entire creek system was 35.5. The difference in salinity 

between the creek and the ocean was less than I. The mean salinity is not significantly 
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different from that of SEM season. Nonetheless the tendency for high salinity in the 

upper reaches of the creek is an indication that in NEM season the system tends to 

develop negative estuarine conditions, with an important implication to the creek 

circulation (See Chapter 7). The highest salinity was found close to the mangrove zones. 

Gradual increase in salt concentration in the creeks from the beginning of SEM season 

suggests a gradual inshore movement of water content fro111 the Ocean into the creek 

systems. This movement generated an anti-clockwise circulation (see mechanisms, 

Section 7.4). 

5.4.2 Currents, Sea level and Tidal analysis 

5.4.2.1 Currents 

Measured currents 

Current measurements for Tudor Creek, for the period from 26 July to 2 August 

were shown in figure 4.3.3.3. The current magnitude together \\'ith direction is shown in 

Figure 5.4.2.la in panel (a)-(b). The results reveal periodic tidal cun-ent with a maximum 

of34.8±7.2 cms· l and the mean current is lO.9cm,l for the duration of the six days. 
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Figure 5A.2.1a An example of current (panel a) direction (panel b) time series from 

Tudor Creek entrance from 26 July to 2 August 1996. 
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Figure 5.4.2.1 b is a scatter diagram showing the main ebb and flood directions for 

the same current meter. Results indicate that flood current into the creek occurs at 345 0, 

and the ebb current out of the creek occurs at 182°. 
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Figure 5.4.2.11 Scatter diagram showing the predominant flow direction in Tudor 

Creek from 26 July to 2 August 1996. 

Thus current ebbs in a southerly direction and only 2 from 180 0, whereas flooding 

current enters the channel in a northerly direction 15 0 from 0°. It can be from see from 

the scatter diagram that large currents (34 cms· l ) occur during flood than during ebb 

stage. It is instructive at this point, to consider results of current measurements taken 
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generally at the same location in 1993-4 (Nguli, 1994). Scatter diagram revealed that 

current ebbs in a southerly direction (171 0) with maximum speed of about 28cms- 1 while 

the flood current was northerly (338°) with a speed of 27cms- 1
• The direction between 

flood and ebb was 167°, indicating that the ebb current deviated from 180 11 by about 13°. 

There is slight difference in this results however, the slight deviations in the current 

direction and even speed is an indication that results may vary due to mooring locality. 

Interesting features of current response pattern to topography is illustrated in 

Figure 5.4.2.1c which indicated current build up and related changes in fluctuations for 

27-28/07/1996, and 29-31/07/1996. The current increased from neap to spring showing 

lower current speeds closer to neap and larger currents, and additional fluctuation as the 

current gradually increase towards spring. In this figure we can identify two 

discontinuities in the strength and nature of tidal current with increasing tidal height. For 

the day 27-28/07 the curve almost shows negligible busts of currents after high tide (e.g. 

at 10-15hrs, 25-30hrs). The reason for this could be because the tide is below mangrove 

banks. It is clear from the Figure 5.4.2.1 c that burst of current appear to sent extra water 

into the creek, when the flood current occur close to llam-2pm . These are over-bank 

tides, which occur when the tide water flows over the mangrove banks and rushes into the 

shallow peripheral lagoons. 
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Figure S.4.2.Ic showing different current magnitudes between 27-31/07/2002 and an 

over-bank flow after high water is reached. 

'Over-bank tides or flood pulses are characterised by the narrow current velocity spike up 

to 30cms· 1 (marked as 'flow bust' in Figure 5.4.2.lc). A slight ebb pulses occur as 

oscillations and probably due to the shoaling of the depth as tidal level recedes. 

Similarly tidal currents in the channel for the 1994 measurements \\ere periodic 

and showed fluctuation in magnitude increasing from low "alues of 13-25cms· i during 
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neap to 40-60cms- 1 during spring. The mean current during neap was 19cms-1 while 

during spring the mean currents were about 50cms- l
. 

Tidal asymmetry becomes important during spring period where the flow show 

tidal asymmetry with ebb CUlTent velocities exceeding flood current. The ebb current 

occurs with swift velocity for a shorter duration than the flood current that occur with 

lower velocity magnitude, but long flooding duration. Maximum velocities almost 

coincide with high and low water times. 

Note there is significant difference between the ebb and flood velocities, with maximum 

ebb velocity of 80cms- 1 and maximum flood velocity of 40cms- l 
. 

The average time between high water peaks and the highest flood tide velocity 

were 1.9 hours, whereas for low water highest ebb tide velocity was 3.34 hours. The 

average phase difference between the zero velocity time and the time when the water 

level are equal to mean sea level gave an average phase lag of 3.57 hours for both flood 

and ebb tide computation. The time between the lowest current velocities and high water 

was found to be OAhours, and 0.6 hours respectively, hence almost out of phase. 

The results show that ebb flows occurred in the morning between 7-9 hours and in the 

afternoon between 19-22 hours, while maximum for the flood was at 2-3 hours and 16

17hrs. 

Barotropic current 

Barotropic current is computed as UII = .~( [ As (a%tJl where A, is the cross

section area of the inlet channel, as is the surface area of the creek and is the observed 



neap to 40-60cms· 1 during spring. The mean current during neap was 19cms·1 while 

during spring the mean cun-ents were about 50cms· 1
• 

Tidal asymmetry becomes important during spring period where the flow show 

tidal asymmetry with ebb CUtTent velocities exceeding flood current. The ebb current 

occurs with swift velocity for a shorter duration than the flood Clm-ent that occur with 

lower velocity magnitude, but long flooding duration. Maximum velocities almost 

coincide with high and low water times. 

Note there is significant difference between the ebb and flood velocities, with maximum 

ebb velocity of 80cms· 1 and maximum flood velocity of 40cms·1
. 

The average time between high water peaks and the highest flood tide velocity 

were 1.9 hours, whereas for low water highest ebb tide velocity was 3.34 hours. The 

average phase difference between the zero velocity time and the time when the water 

level are equal to mean sea level gave an average phase lag of 3.57 hours for both flood 

and ebb tide computation. The time between the lowest current velocities and high water 

was found to be O.4hours, and 0.6 hours respectively, hence almost out of phase. 

The results show that ebb flows occurred in the morning between 7-9 hours and in the 

afternoon between 19-22 hours, while maximum for the flood was at 2-3 hours and 16

17hrs. 

Barotropic current 

Barotropic current is computed asU = ~l [A (aTJ/a I], where A, is the cross
'I -I ' I at). , \ 

section area of the inlet channel, as is the surface area of the creek and is the observed 
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surface elevation in the creek. For Tudor Creek the surface area is 2.5* 10'(' 111
2

, and the 

cross-section area is about 7000m2
. 

Theoretical tidal current 

The average onshore-offshore velocity may be expressed as: 

u _ 2LH 
/1/- -

Td 
n' 

Where L is the distance from the shoreline to the shelf slope; H is the mean tidal range dav 

is the mIxmg layer thickness. The area between the surface and the bottom, L, was 

calculated from the coastline to 4 km offshore (note almost the distance of excursion time 

for a particle in the creek. The square of the water depth divided this area at 4km to yield 

the required L/ dal' relationship in the equation 4.4.22, this is done for 50m depth. 

Non-tidal current circulation and secondary currents 

The most of the creek is protected from direct wind from the open ocean. 

However, slight wind occurs at its wider and shallow basin and may drive a small 

residual circulation. Wave activities at the entrance are a frequent phenomenon. Wave set 

up at the reef entrance may be responsible for driving long shore drift along the eastern 

side of the entrance and probably most important for sand distribution along in the bends 

near the entrance. Suspended sediment entering the creek entrance during the tlood phase 

could be due non-tidal circulation and waves. 
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5.4.2.2 Sea level 

In Figure 4.3.3.4 sea level data was shown for Tudor Creek, for three tide gauges, 

deployed to measure water level simultaneously in the locations shown in Figures 4.1.1.2. 

An illustration of tidal fluctuation patterns is shown for 3 November 1998 (Figure 

5.4.2.2a), similar pattern was observed for each during the entire duration (27 days) of 

measurements. The figure shows tidal curves for the tide gauge at the entrance area 

(MT1), in the channel (MT2) and at Jomvu Kuu (MT4). Time lag between the three 

curves is evident from the separation of the curves during the flood and ebb stages when 

the sea level is above 0.5m and below -1.5m respectively. As the creek starts to fill 

during flood tide the sea level rises at the entrance and then in the channel and finally in 

the shallow area as at Jomvu Kuu as evidenced by the progressive time lag between the 

three tidal curves. However, during the high water slack the sea le\'el inside Jomvu is 

slightly higher than that indicated by the other two curves, and occurs slightly later. Thus 

tidal asymmetry and reflections are clearly observable. This is probably caused by water 

set-up in the shallow basin due to hydraulic effect. At the ebb stage the water level falls at 

the entrance followed by the level at the channel and finally at Jomvu Kuu. Between am 

and -1.5m the water level in the entire creek system is level with insignificant time lag 

between the three curves. Below -1.5m the sea level at Jomvu Kuu is distorted by shallow 

depth, this is the effect of M.. , as we saw earlier. At low slack water however the sea level 

at Jomvu Kuu is lower than in the channel and at the entrance, again indicating that 

during ebb water is pilled up in the channel-entrance area, which \\ e can attribute to 

hydraulic Jump. 
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The tidal range at the three locations varies. At the entrance the tidal range is 

3.4m, in the channel 3.7m and at Jomvu Kuu, 3.9m. indicating that tidal range increases 

along the creek and is highest in the shallow creek area. Higher tidal amplitude inside the 

creek than at the entrance suggests that Tudor Creek amplifies the tidal wave entering at 

the entrance. This is probably caused tidal reflection or oscillations in the shallow basin 

areas; it also indicates that friction at the entrance and in the channel probably play 

insignificant role in reducing the amplitude of the tidal wave as it propagates along the 

channel. The tidal asymmetry near slack water may also suggest inner circulation due to 

residual currents. We note this reflection due to shallow inner basin can perhaps be 

advanced as one of the reasons for the difference in tidal dynamics between shallow 

creeks in the tropical areas and other parts of the world e.g. where fjord like estuaries 

occur (Stigebmdt, 1990). 
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Figure 5.4.2.2a Comparison of the tidal curve at the entrance (MT1), Mid-channel 

(MT2) and in the shallow basin at Jomvu Kuu (MT4), for 3 November 1998. Note 

the time lag between curves and stretching of the tidal curve at Jomvu Kuu. 

Figure 5.4.2.2b shows spring and neap tidal levels, on 7 and 13 November 1998 

respectively, in panel a-c. Within the inner basin the spring, neap and mean ranges are 

3.1m, 0.9m, and 2.2m respectively, while at the entrance the corresponding values are 

2.8m, 0.9 m and 2m. Topographic effects are clearly seen in panel (c), for the depth 

below -1.5m. Harmonic analysis is carried out later in Section 5.4.2.4. 
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Figure 5.4.2.2b Illustrating spring (7/10/1998) and neap (13110/1998) fluctuations at 

the entrance panel a Channel (MT2) and in the shallow basin at Jomvu Kuu. Note 

topographic effect (stretching) during both spring and neap. 

5.4.2.3 Sea level from the GLOSS stations 

Figure 5.4.2.3 panel (a-b) show sea level form GLOSS stations located in 

Mombasa and Lamu respectively, and which have been recording sea level data almost 

continuously. The sea level variations are shown together with the mean of annual 

monthly air pressure in Mombasa for 1995-1998 (panel b). GLOSS sea level stations in 
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the western Indian Ocean, is located near Tudor Creek (in the opposite entrance channel 

to Kilindini Harbor) this makes us consider results from this gauge along with those 

obtained from the Tudor Creek. 
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Figure 5.4.2.3 Panel (a) shows monthly sea level fluctuations (mm) from Mombasa 

for 1996 and 1997. Panel (b) shows also the mean of annual monthly air pressure in 

Mombasa for 1995-1998 and panel (c) shows similar fluctuations from Llama for 

1996 and 1997. 

It is clear from the figures that the sea level varies from one year to the next. In 

Mombasa the sea level is slightly higher by 550mm than in Lamu. Maximum values 

occur twice yearly with higher values during the April, and October. Minimum values 
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tend to occur in February and November low pressure corresponds to the onset of high 

sea level. It is evident that the sea level is higher during the NEM season than the SEM 

season due to barometric effect. The sea level curve of 1997 shows that sea level 

increased more than normal during SEM season probably due to buoyancy effect 

resulting in increased amount of fresh water after the extra-ordinary rains that year. 

5.4.2.4 Hannonic and spectral analysis 

Figure 5.4.2.4, illustrates the results of tidal analysis for sea level observations for 

36 days from Tudor Creek, from 2 October to 7 November 1998. 1-.+ principle harmonic 

constituents were used for harmonic and spectral analysis. In addition tidal analysis was 

carried out on temperature using similar number of constituents. The results of the 

analysis are given in a table (panel, d) of Figure 5.4.2.4 as tidal constituents. amplitude, 

period and phase lag, whereas panel (d) of Figure 5.4.2.5, gives similar analysis based on 

temperature analysis from the same tide gauge. These results show clearly that the M2 

constituent dominates, followed by S2, other significant constituents are K 1, and N2• Both 

S2 and N2 when added together contribute more than 90% of the M 2 amplitude, the other 

is K] and 0 1 both of which contribute 25% and the shallow water tide 3.7%. 
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Figure 5.4.2.4 Illustrates the results of tidal analysis (a) original record (b) 

computed (or astronomical tides) (c) residual levels and (d) tabulated constituents, 

amplitudes and phase lags for sea level observations from Tudor Creek, 2 Oct-7 Nov 

1998. 

Analysis of temperatures indicates that M2 and PI are important (Figure 5.4.2.5d), 

slOce PI contributes 63% of M2. The original sea level is shown in panel (a) whereas 

panel (b) and panel (c) of the same figure shows the computed and residual records. 
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Figure 5.4.2.5 Illustrates the results of tidal analysis for temperature time series 

from Tudor Creek, from 2 October to 7 November 1998, where (a) original record 

(b), computed (or astronomical tides), (c) residual levels, and (d) tabulated 

constituents, amplitudes and phase lags. 

Tidal analysis of the sea level inside that creek (Table 5.4.2.4a) showed no 

reduction of the amplitude of the M2 indication that friction in the channel properly is 

playing insignificant role. S2 also has similar amplitude; however, N2 decreases by 16% 

of the M2. K2 amplitude appears to change by 50%. 
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Table 5.4.2.4a Amplitude and phase lag (relative to Greenwich) for seven principal 

constituents for the Tide gauge deployed in Tudor entrance channel and in the inner 

basin (KMC) compared to the Amplitudes and phase in Mombasa (Pugh. 1979). 

C/Symbol Period Inner basin (KMC) Tudor (Entrance) I :\Iombasa 
I 

Amplitude Phase Amplitude Phase Amplitude Phase 

(deg.) (deg.) (deg.) 
I 
I 
I 

i 

M] 12.42 1.060 112.44 1.060 -147.8 1.055 0 ! 

i 

S] 12.00 0.541 -26.97 0.539 -34.5 0.521 -7.7 ! 

N2 12.66 0.195 139.73 0.232 133.4 0.201 10.22 I ,, 
, 

Kz 11.97 0.139 -77.16 0.079 -69.5 0.139 -7.72 I, 

K, 23.93 0.224 -03.88 0.188 -161.3 0.191 20.02 i 

i 
0, 25.84 0.089 -13.66 0.097 -34.0 0.113 21.02 I 

I 

P, 24.07 0.150 111.25 0.055 -17.7 0.055 20.28 

i 

Table 5.4.2.4b Classification ofthe tides according to F-ratio. 

Species F-Value 

Semi-diurnal 0<F<0.25 

Mixed, Mainly Semi-diurnal 0.25<F<1.5 

Mixed, Mainly diurnal 1.5<F<3.0 

Diurnal F>3.0 
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Table SA.2Ac Formulas for calculating various parameters such as the form 

number spring and neap tidal ranges, for stations inside and outside the creek and 

comparison with values obtained from Mombasa (Pugh, (1979). 

Parameter Formulae I Inner basin Entrance l Mombasa 
, 

I (KMC) 
I 
I 

Fonn number (K j +0,)/(M2+S2) 0.195 0.178 0.193 

Inequality 

relationship 

phase MoO(K]o+OlO) 129.96 141.75 1 
I 
I 
I 
I 

! 

Phase Angle 0.98(S2-M2) -136.62 1-134.49 -7.546 I 

Mean Range 2.2M2 2.34m 
1 

2 . 33m 
I 

2.32111 
I 

! 

I Spring Range 2(M2+S2) 3.21m I 3.198111 3.15m 1 
I 

Neap range 2.0(Mz-S2) 1.05m 1.042m 
I 

1.07111 
! 

I 

Tropical range 

Diurnal Age 

2.0(K)+0,) 

0.91(K, °_010) 

0.63m 

8.89 

0.57m 

-115.84 

0.61m 

-37.34 

! 
: 
I 
i 
I 

Equatorial Range 2.0(K1-0,) 0.27m 0.182m 0.13 

Note how the phase lag changes on using various constituent analyses in Tudor Creek 2
 

October 1998 November1998.
 

Using the above results the [onn number (F) is estimated as 0.21 (see Table 5.4.2.4c,
 

according to the classification F is found to lie at 0<F<0.25 which indicate that the semi-


diurnal is dominant. Table 5.4.2.4c also shows various fom1Ulas for calculating the other
 

tidal parameters.
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5.4.3 W kf'ER-EXCtlANGE-C'ALCULATIONS

5.4.3.1 Morphology of the creek 

The catchment area and the free water surface area of 5.5x108 m 2 and 2.6x107 m 2 

respectively (Table 5.4.3.1). The length of the creek is 10km and it has a mean depth of 

10m. The cross-section at the entrance is 1770m2
. It wi 11 take less than one hour for tidal 

wave to propagate in the creek, due to its short length. The creek can be divided into 

three regimes according to the definition of estuaries: The shallow inner basin regime, the 

channel regime and the entrance regime. The shallow basin regime can be viewed as the 

composite mouth of the run off from several small valleys and the two main rivers that 

enter the Tudor Creeks; it has a mean depth of 3m above sea level. The channel regime is 

deeper and narrow and occasionally marked by small mangrove, channel bends and small 

headlands with a mean depth of 10m. The entrance shoals slightly into small sill at 10m, 

just 2km form the entrance the shelf slope rapidly to depths of 200m. The length of Tudor 

Creek, measured from the entrance (Stn VI) to the mouth of Kombeni River is 15km. 

However the mean length is 12km with the channel taking 4km. The mean surface area is 

20km2
, with the channel constituting less than 10% of the total area. The average depth in 

the inner basin is 3m, above sea level, but maximum depth is 5m. Maximum depth in the 

channel is 50m and average depth in the channel is 12m. Taken together with the inner 

basin the creek has a mean depth of 10m. More than 70% of the total depth is in the 

channel. It should be noted that the inner basin has peripheral lagoons most of which are 

submerged during the spring high water but emerge during spring 10\\ water. The channel 

is sinusoidal, that is characterized by coves that create bends or headlands. 
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Table 5.4.3.1 Catchment and morphological characteristics of Tudor Creek. 

ITUDOR CREEK 

Catchment area (m") 5.5x10~ 

I Bay/creek surface area (mL 
) 2.6 x 10 

Total surface area 8.1x 100 

Entrance section area 5 x 10~ 

i Tidal range 
I 

Length of Bay/Creek (m) 

2.8 

12x 1O~ 

Mean depth in the inner basin 4.8m 

Maximum/mean depth /length of the 50ml12m14000m 

entrance channel 

5.4.3.2 Water exchange and circulation generated by fresh water 

Application ofKnudsen Equations 

In order to estimate residence time using Eq.4.4.2.1, the results from 

meteorological observations i.e. precipitation (Qp), evaporation (Qe) and river discharge 

(Qr) are used, together with mean salinity in the creek and the ocean (entrance) for 

various monsoon periods. As pointed out earlier, the fresh water discharge into Tudor 

Creek is from River Kombeni. This seasonal river has two-peak discharge during IMLR 

277
 



and IMSR seasonal. The discharge during IMLR is almost as twice thc valuc of the IMSR 

season; SEM and NEM have small discharges. NEM is however drier than SEM. 

The discharge was found to vary from year to year. In the so called 'El Nino years' the 

discharge increased considerably, for example, the year 1997-1998 the river discharged 

twice as much fresh water into the creeks. There was almost continuous rainfall that 

extended from the IMLR season through SEM into the IMSR season. 

Table 5.4.3.2a Calculation of various parameters in Knudsen equation for Tudor 

Creek 1995. 

1995 Qf 
Month Rlfall 

(mm) 
Qr 
x106m3 

Qp 
x106m3 

Qe 
x106m3 

Q,+Qp 
, xl0(,m' 

(Qr+Q[))-Qe 
x106m~ 

NEM Dec 32.9 3.2900 0.5922 3.4380 3.8822 0.4442 
Jan 2.5 0.25000 0.0450 3.7800 0.2950 -3.4850 
Feb 1.9 0.1900 0.0342 3.6540 0.2242 -3.4298 
Mar 47 4.7000 0.8460 3.9780 5.5460 1.5680 
122days 84.300 8.4300 1.5174 14.850 9.9474 -4.9026 

IMLR Apr 158.8 15.8800 2.8584 3.3120 18.7384 15.4264 
May 330.1 33.0100 5.9418 2.7900 38.9518 36.1618 
Jun 4.1 0.4100 0.0738 2.5920 0.4838 -2.1082 
91days 493.00 49.300 8.8740 8.6940 58.1740 49.480 

SEM Jul 69.4 6.9400 1.2492 2.4840 8.1892 5.7052 
Aug 180.1 18.0100 3.2418 2.8440 21.2518 18.4078 
Sept 44.6 4.4600 0.8028 3.2040 5.2628 2.0588 
Oct 154.1 15.4100 2.7738 3.4920 18.1838 14.6918 
123days 448.200 44.820 8.0676 12.0240 52.8876 40.8636 

IMSR Nov 98.0 9.8000 1.7640 3.3840 11.5640 8.1800 
30days 98.0 9.8000 1.7640 3.3840 

38.9520 
0.1067 

fIT 5640 
I 132.5730 
! 0.3632 

8.1800 
Total 1123.5 112.3500 20.2230 93.6210 
Rlday 3.0781 0.3078 0.0554 0.2565 

278 



Table 5.4.3.2b Calculation of various parameters in Knudsen equation for Tudor 

Creek 1996. 

1996 I 

I Qf 
Month R/fall 

(mm) 
Qr 
xl06m3 

Qp 
xl06m3 

Qe 
b ',,10111

Qr~Qp '\ 10om-' (Qr+Qp)-Qe 
xl06m3 

NEM Dec 0.5 0.0500 0.0090 3,4380 0.0590 0.0500 
Jan 10.1 1.0100 0.1818 3.7800 1.1918 -2.5882 
Feb 16.1 1.6100 0.2898 3.6540 1.8998 -1.7542 
Mar 136.6 13.660 2.4588 3.9780 16.1188 12.1408 
122days 163.30 16.330 2.9394 14.850 19.2694 7.8484 

IMLR Apr 106.4 10.6400 1.9152 3.3120 12.5552 9.2432 
May 499.9 49.9900 8.9982 2.7900 58.9882 56.1982 
Jun 7.5 0.7500 0.1350 2.5920 0.8850 -1.7070 
91days 613.80 61.380 11.0484 8.6940 72.4284 63.7344 

SEM Jul 57.1 5.7100 1.0278 2.4840 6.7378 4.2538 
Aug 24.8 2.4800 0.4464 2.8440 2.9264 0.0824 
Sept 11.6 1.1600 0.2088 3.2040 1.3688 -1.8352 
Oct 20.4 2.0400 0.3672 3.4920 2.4072 -1.0848 
123days 113.90 11.390 1.0224 12.024 13.4402 1.4162 

IMSR Nov 135.9 13.5900 2.4462 3.3840 16.0362 12.6522 
30days 135.9 13.5900 2.4462 . 3.3840 ' 16.0362 12.6522 
Total 1026.9 102.690 18.4842 38.9520 121.1742 102.6900 
R/day 2.8134 0.2813 0.0506 0.1067 0.3319 0.2252 
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Table 5.4.3.2c Calculation of various parameters in Knudsen equation for Tudor 

Creek 1997. 

1997 Qr 
Month RJfall 

(mm) 
Qr 
xl06 m J 

Qp 
xl06 m 3 

Qe 
xl06 m3 

Qr+Qp 
xl06 m3 

(Qr+Qp)-
Qe xl 06m3 

NEM Dec 284.7 28.4700 5.1246 3.4380 33.5946 30.1567 

I 
Jan 2.0 0.2000 0.0360 3.7800 0.2360 -3.5440 
Feb 1.9 0.1900 0.0342 3.6540 0.2242 -3.4298 
Mar 3.10 0.3100 0.0558 3.9780 0.3658 -3.6122 
122days 291.70 29.170 5.2506 14.850 34.4206 19.5707 

IMLR Apr 268.3 26.8300 4.8294 3.3120 31.6594 28.3474 
May 279.1 27.9100 5.0238 2.7900 32.9338 30.1438 
Jun 80.1 8.0100 1.4418 2.5920 9.4518 6.8598 
91days 627.50 62.750 11.2950 8.694 74.045 65.351 

SEM Jul 43.1 4.3100 0.7758 2.4840 5.0858 2.6019 
Aug 54.1 5.4100 0.9738 2.8440 6.3838 3.5398 
Sept 18.5 81.8500 0.3330 3.2040 2.1830 78.9791 
Oct 825.7 82.5700 14.8626 3.4920 97.4326 93.9406 
123days 941.40 174.14 16.945 12.0240 111.085 179.061 

IMSR Nov 316.5 31.6500 5.6970 3.3840 37.3470 33.9630 
30days 316.5 31.6500 5.6970 3.3840 37.3470 33.9630 
Total 2177.1 217.710 39.1878 38.9520 256.897 217.945 
RJday 5.964 0.5965 0.1074 0.1067 0.7039 0.5972 
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Table 5.4.3.2d Calculation offor LIS and va%t Tudor Creek 1995-1997 

Period 

1995 

Qr -

S Creek 
-

SOcen 

6S 

NEM -4.9026 

IMLR 49.480 

SEM 40.8636 

IMSR 8.1800 

1996 

NEM 7.8484 

IMLR 63.7344 31.9250 34.8850 2.9600 

SEM 1.4162 

IMSR 12.6522 

I 1997 

NEM 19.4707 

4.3350IMLR 65.351 30.3700 34.7050 

SEM 179.061 33.1950 34.9900 1.7950 

IMSR 33.9630 

aV %at 

I 

I 
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Applying the Knudsen model. 

V= 18*1O"'6*2.5m"'3 

4-27 May 1996, Example: For spring to neap 4-27May. Salinity on 4 May=32.96, salinity 

on 27 May =30.89 the mean is 31.93. The number of days =24 or 86400 Seconds, 

Therefore 

dSlIdt= (32.96-31.93)/86400 = 1.1921e-005 

Qe(24days) = (2.7900*10"'6/30)*24) /(24*60*60) = 25.8333 

Qp(24days) = (8.9982*10"'6/30)*24 /(24*60*60) = 83.3167 

Qr (24days) = (49.9900/30)*24 /(24*60*60) = 4.6287e-004 

Qf= (Qr+Qp)-Qe = (83.3167+4.6287e-004)- 25.8333=57.4839 

So-S 1 = 34.8850-31.9250 =2.9600 

(So-s1)Qo = [(18*10"'6*2.5) *(1.1921e-005)]+ (32.90+30.89)/2=568.3400 

Qo=568.3400/2.9600=192.0068m3s· l . 

Residence Time =V/Qo=18* 10"'6*2.5/192.0068 

= 2.3437e+005seconds/24*60*60? 

=12.9days 

The residence time is the same order of magnitude as that obtained using expression 

4.4.62 (Nguli, 1994). 

5.4.3.3 Water exchange generated by the sea level 

Calculations of the instantaneous tidal volume flux through creek entrance inlet 

were based on tide gauge measurements and the creek mean surface area using the 

equations given in Section 4.4. The average flood duration was found to be. 6.33hrs, 
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whereas the mean ebb duration is 6.08hrs, thus showing flood dominance. The surface 

2 area of Tudor Creek is 21 x106m , at HWS but reduces to about 20% of that value during 

LWS. Using the difference in volume of water in the creek between LWS and HWS; and 

LWN and HWN, the semi-tidal mean flood and ebb transport are worked out as in Table 

5.4.3.1 

Table 5.4.3.1 Volume at various maximum and minimum wate.- levels and volume 

flux during flood and ebb in both springs and neap periods 

Spring Neap 

Volume at HWS 9.478 x 10 m-' 6.757 x10' m-' 

Volume at LWS 4.111 x 10 1 m-' 5.415 x 10 nY 

Q flood 2354 m-' S·l 589 m-' sol 

Qebb 2451 m-' S·l 613 mo s· 

As a result of precipitation and freshwater input referred to, the creeks undergo 

exchanges with the ocean. These exchanges are driven by salinity differences between 

the water in the creek basin and that in the ocean. It was observed that salinity difference 

existed between the creek basin and the ocean. The difference was large particularly 

following the IMLR season. 

Calculation of the mean tidal volume fluxes through the entrances of Tudor Creek 

was based on the tide gauge measurements and the creeks and bay mean surface areas. 
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For the mean surface area at high water was calculated from topographic map scale!: 

50,000. 

Time after high water 

Time after high water plot is shown in Figure 5.4.3.3 for Tudor Creek entrance area. 

From the figure it can be seen that the coldest water (dark blue) appears at high tide or a 

few hours later, when there is plenty of water in the creek. The warnlest water (dark red) 

appears in the afternoon after low tide. The ebb coincides with colder water than flood 

indicating heat flux into the creek. 

5.4.3.4 Water exchange due to flow across the entrance 

A lagoon current in the Bamburi-Nyali lagoon has been found to move southward 

within the lagoon channel (Kirugara et al. 1996), and attributed to the wave set-up. The 

southward limit of the lagoon is the entrance to Tudor Creek. It is assumed that the 

southward flow in the lagoon channel extends flow across the entrance and may spread 

its motion into the creek (at least in its lower reaches) and enhance water movement in 

near the entrance. 
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Figure 5.4.3.3 Temperature at the entrance to Tudor Creek for the month of 

April/May 1996 as a function of time after high tide and time of da~·. 
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5.4.3.5 Water exchange due to winds 

Large-scale circulation could be thought of as causing water exchange between 

the creeks and the ocean by seasonal changes of the strength of the coastal current 

(EACC). The semi-annual sea level variability has virtually no effect on exchange, but it 

is related to the currents. Exchange may also be due to variable winds and related up 

welling, down welling events. Such events also affect the depth of the themlocline, which 

is often relatively shallow, whereas water of different character may reach into the 

creeks. In case of temperature and salinity variations specific volume change occurs and 

the column of water increases giving rise to what is referred to as steric height. 

5.4.3.6 Flushing time 

The calculation in Section 5.4.3.2 is an attempt to calculate flushing time using 

the Knudsen equation and that given by expression 4.4.60 is uncertain due to lack of 

precision in the amount of freshwater input into the creek. Since in the creek evaporation 

exceeds precipitation use of expression 4.4.63 and values for Uo=O.4ms-l ,a=0.16, E =8, 

A=bUoH where b is a constant between 0.03-0.3 (Fischer et al., 1979), H the mean depth 

of 5m. The tidal averaged longitudinal eddy diffusivity (B) is of the order 300m2s·1
. 

Taking effective length of the creek as 8000m, the flushing time during spring is the 

order of 3 days, during neap tides, however when a small amount of water from the bay 

enters the creek, complete flushing of the swamp may take up to 6days. A parcel of water 

in the upper reaches of the creek however may take longer; probably the 13 days arrived 

at in Section 5.4.3.2. 
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5.4.4 Other calculations 

5.4.4.1 Heat budget calculations and advective flux 

Radiation balances from weather mast were shown earlier (Section 5.2). However, an 

alternative heat budget calculations and advective flux for Tudor creek are given III 

Appendix A and B. Advective and cumulative heat flux are shown in Figure 5.4.4.1 a-b 

,x lOll,---- , , -- i I~-~~- (a) 

, , I I_2'~~~~I~~~~~_----,~------~'o-------:C;'~;:-------
18Apr 26 30 ./.May" 

(b) 

~ 

~ 

~ 
'6 -6 
~ '" 
U -8 

, , , ,_10' ,
 
18Apr 22 26 30 4 May
 

Figure 5.4.4.1a-b Instantaneous, Qex (positive inward) heat flux (panel (a)) across 

the entrance of Tudor Creek calculated from temperature time series data of 18 

April -5May (IMLR season) 1996, panel (b) Cumulative (integrated) heat flux Qexdt, 

calculated from temperature time series data from the entrance to Tudor Creek. 
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Notice that in Figure 5.4.4. 1panel (b) the cumulative heat flux is negative. This 

suggests a loss of heat from the creek. This is expected since temperature tends to 

decrease due to rainfall in the IMLR season as well as cold water ad\'ected by the EACC 

after the onset of SEM winds. 

5.4.4.2 Creek energy dissipation 

The two tide gauges that were successively deployed in Tudor Creek tended to 

show that sea level was amplified inside the creek rather than reduced. This unexpected 

finding meant that expression 4.4.65 and 4.4.72 could not be readi ly be used. A rough 

estimate using expression 4.4.40 given earlier for values of Cd=0.002. II,~ = 0.19ms· 1 

lA=20*106m2, p =1025kgms' l resulted in energy dissipation of 1.59 x 10° Jm·2s· . Caution 

should be taken for this result since the actual values for u~ was not easy to obtain. 

5.4.4.3 Bottom friction layer 

The results for bottom layer determination were scanty, however, some 

calculation for Tudor entrance area are discussed in Appendix C. 

5.4.4.4 Application of I-D model 

The aim of the one-dimension model is to compare the predicted and observed sea 

level and volume fluxes at various locations along the creek. We di\'ided the creek into 

19 sections; the distance between one section and another is 1000 meters. The width of 

the each section as well as the mean depth was noted. The depth multiplied by the width 
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selected the good set of sea level observations. The model was forced by sea level 

observations at the entrance. Taking a section for example, section 14 which is at Jomvu 

in the upper reaches of Tudor Creek, we observe that the predicted sea level compare 

well with the observed sea level (Figure 5.4.4.2a). Figure 5.4.4.2b is an example of sea 

level (panel a) and volume flux (panel b) volume flux obtained from the application of 1

D at section 14. 
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Figure 5.4.4.2a Comparison of the observed sea level at Jomvu Kuu with sea level 

predicted by I-D model driven by actua.l sea level at the entrance. 
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Figure 5.4.4.2b Example of sea level (panel a) and volume flux (panel b) volume flux 

obtained from the application of I-D. 
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5.5 KILIFI CREEK 

5.5.1 Hydrography 

5.5.1.1 Temperature 

Lengthwise temperature measurements were carried out in each monsoon period, 

in stations I to VI. Sampling was done during slack water for both flood and ebb period in 

similar manner to Gazi Bay and Tudor Creek. The data records were averaged to obtain 

mean for surface temperature, in each monsoon season for 1996, 1995 and 1997. The 

ranges of the mean values were also computed for the inner basin. mid-channel, and 

entrance. Oceanic values were obtained from ocean station in the near the study site. 

Values for the four seasons were close to those found in Tudor Creek and therefore it was 

decided to present values for Tudor Creek as a typical for water structural change in the 

two creeks 

5.5.1.2 Salinity 

Lengthwise salinity measurements were carried out in each monsoon period, in 

stations I to VI. Sampling was done during slack water for both flood and ebb period in 

similar manner to Gazi Bay and Tudor Creek. The data records were 3\eraged to obtain 

mean for surface and bottom salinity, in each monsoon season for 1996. 1995 and 1997. 

The ranges of the mean values were also computed for the inner basin. mid-channel, and 

entrance. Oceanic values were obtained from ocean station in the near the study site. The 

values were almost similar to those obtained for Tudor Creek and were also treated as in 

Section 5.5.1.1 
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5.5.2 Currents, sea level, and tidal analysis 

5.5.2.1 Currents 

Figure 5.5.2.1a shows the magnitude of total tidal current (a) and its direction (b) 

m Kilifi Creek, taken in mid-channel location at 10m below the surface for six days 

starting from 11 July to 17 July 1977. Readily observable in panel (a) is the daily current 

fluctuations with magnitudes greater or less than 20 cms-1 whereas in panel (b) are the 

two main directions close to 100° and 300°. The fluctuations with values greater than 20 

ems-I, and in the direction greater than 250°, indicate flood tidal currents, whereas flows 

with fluctuation less than 20 cms- I and direction less than 250° correspond to ebb tidal 

currents. For the ten days in this record, the daily maximum flood CUlTent increased from 

28 cms- I in 1117/1997 to a maximum value of 38 ems-Ion 17 July 1997. During the ten 

days, the maximum tidal flood current was 38 ems-I, with a mean of 21.3 cms- 1
• The ebb 

tidal current fluctuated between a maximum of27.3 cms- 1 and a mean of6.7 ems-I. 

Since the measurements were made around neap, the gradual increase in speed 

over the ten days is an indication that currents magnitudes become increasing higher as 

spring is approached, as a consequence of spring-neap or fortnightly inequality. 

Within the same record diurnal inequality i.e. a lower magnitude of flooding current was 

followed by higher magnitude of flood current as readily observable. Flood currents 

occurring in the afternoon have higher magnitude than ones occurring in the morning do. 

The higher magnitude of the afternoon flood current is most likely caused by local wind. 

As the wind usually increased speed between 10 a.m. and 4 p.m. Similar fluctuations and 

gradual increase in ebb tidal current over the ten days is also observed. although this is 

not as conspicuous as in the case of flood tidal currents. 
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An interesting feature on the water exchange dynamics can be readily discerned 

from the appearance of the Figure 5.5.2.la panel (a). Looking comparatively at the flood 

currents in one day one can readily say that the creek is flood dominant and that it 

appears to receive more water than it discharges during ebb. However, the regular pattern 

where high peak flood tidal current is followed consecutively by small ebb-relatively and 

smaller flood- ebb is an indication that the creek gradually retains part of the floodwater. 

This happens before the water is discharged during the subsequent ebb-flood-ebb phase 

(the three of which have lower amplitudes) and before the next higher flood. It is also an 

indication that the current meter, although in a position to record most of the flood 

current, was not suitably positioned the ebb tidal current creating what may be termed as 

'deployment asymmetry'. 
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Figure 5.5.2.1a Measurements in Kilifi Creek, showing current (a) fluctuations (b) 

direction for 6 days measurements 11 -17 July 1977. 

Figure 5.5.2.1b shows a scatter plot of current verses direction of the current 

meter records. Two main directions are clearly observed. The direction followed by ebb 

current range is 87- 112 0 with a mean at 270°, whereas that of the followed by the flood 

current is 255-290 0 with a mean of 270°. 
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Kilifi Creek current 11-17/7/1997 

40 ,---------,------,----------,-----r-------~ 

35 

30 

"';' 25 
~ 
<.> 

~ 
""~ 20 

5 
:::a 15 

10 

~: 
I.:. .,.. 
,', 
j.. 

:11: 

..: ~ ...•. 
•+. ' ......	 ~ 

. , ..	 '. 
,~~	 . .;i'~. 

.' 

'~'". '. 

:.:.~> '	 "1' 
··I=:~I~:...........	 ~ .. '
 '...:.~ . 

: !	 
.' ,.. :'.,. .-, ,. 

.. I	 .. :- • ~	 .;+..:...:.<.'."":.:.:. _.;... 
.~ .. r: ••.••	 .' •••• :.~ •~ ,i
" ' ")O\i • 

~,., 1-	 . ;':i-\ : .. f'<" 
.. I .... •.'.\--'.-'- .. 

',' :. ~_::: 'r: ~ :?>...::. '.
' :~:..:){:.', . 

.....5	 ,~ ... ~,~,:'''''''~ r"" 'It;;: .• '
 
I '." .:\ T.:. . .' 

"
 , • . + .......
 

.. .... • + .. '.I·"~~ '0 it- ..f·u•.::... ..:.~....:& "' .-i" ....o . t •	 t· 

o	 50 100 150 200 250 300 350 400 

Direction in degrees 

Figure 5.5.2.1b Direction of the current in Kilifi Creek 

In order to establish the flood and the ebb direction observed with the current 

meter flood and ebb elevations are also used. The comparison is show in Figure 5.5.2.1c, 

which is an example of a composite plot for the three measurements for the period they 

worked simultaneously for 11-12/7/1997 starting at 23:55hrs. 
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Figure 5.5.2.1c Time series showing simultaneous fluctuations of current, current 

direction and sea level (MT1) for a day, 11-12/7/1997, starting from 23.55hrs. The 

up-arrow indicates flood phase whereas the down-arrow shows ebb phases. 

The flooding phase of the current coincides with the direction range 255-290°, 

whereas the ebb coincides with the range 87-112°, clearly collaborating previous 

observation. From this figure, it is apparent that the flood current has a higher magnitude 
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than the ebb current, the flood duration is longer, 28 minutes than the ebb duration, 

14minutes. These suggest that the creek is flood dominant; however this is not wholly 

supported by the tidal measurements, thus indicating close similarity between the flood 

and ebb duratioll. Again, the reason for this is that the current meter was not deployed in 

suitable locatioll to sufficiently resolve the flood and ebb flow. 

In order to determine the current flowing in the along the channel, we resolved 

into along channel (u-velocity component) and across channel components (v-velocity 

component), by making use of the mean direction of the flood current. 
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Figure 5.5.2.1d A plot showing ll- and v- components from 11-17 July 1997 
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The resulting flow after computation of the U and V components show that the 

maximum flood is 37.9 cms· l
, the maximum ebb current is 29.4 cms· l , whereas the mean 

flood current is 18 ems-I and the mean ebb 9 ems-I. The flood velocities are higher than 

the ebb velocities. 

Barotropic current 

In order to estimate the volume flux due to sea level variations we compute 

barotropic current which is computed as UT/ = ~c [ As is the cross( a%t)]' where Ac 

section area of the inlet channel, As is the surface area of the creek and is the observed 

2 2surface elevation in the creek. For Kilifi Creek As =1.77*109 m . Ac=6.8*1r1 m . 

Barotropic current is shown in Figure 5.5.2.1e. 

298
 



60 ,-----,----,---------r---,---------,---,-----~--_ 

40 

~ 

'~ 20 
~ ...
:::: 
'" 
~ 
<3 
<.> 0 
.~ 

t:: 
~ 
~ 

;g, -20 
:< 

-40 

-60 ' o 1 

'i I 
i i 
I 

I I I 

2 3 4 5 
Time (days) 

~.
 
I \
 

I 

6 

III 

l 

I! 
I 

Ii II I 
~ IJ ~ j 

~-
8 

Figure 5.5.2.1e Barotropic current computed from the tide gauge at the entrance 

MTI for the duration of 11-19 July 1997. 

Theoretical estimation ofcurrent 

To compute the theoretically the maximum spring and neap currents spring and 

neap tidal ranges are required. It was shown earlier that these are the average tidal range 

of 2.2m, maximum spring tidal range of 3.5m and neap of 1. 7m. The theoretical current, 

however, give values, which are slightly greater than those of the current meter. There 

could are several reasons for this. First the current meter was probably not placed at the 

mid-position of the channel. The values obtain are closer to the values obtained from the 

peM. 
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Non-tidal currents 

Some observations were made on 12 July, using drifters for flood and ebb current, 

starting at the flood and ebb. Letter A-K in Figure 4.1.3.1 shows the locations from which 

some of the drifters were picked. Results from drift studies indicate that strong flood and 

ebb currents are found in the middle of the channel, but weaken on the side. The slowing 

down of drifter once they reached the inner entrance into the shallow bay indicate that 

slowing down as the current flows into the main basin away from the channel. The 

observation of some of the floaters taking a curved path to the right facing down stream 

indicated the tendency of the water to rotate. This was more evident. following collection 

of the some of the drifters to the right side of the channel during ebb. Some of the drifters 

stagnated in shallow water at D. It is interesting to note that drifters some of the drifters 

dropped at position A, B, C drifted shore ward. However, the ones dropped at position E, 

F, G, H, J, K and I drifted into the channel. This is an indication that in this part of the 

entrance the water is still ebbing, when flooding starts in the channel, thus indicating the 

water at the entrance may lag that in the creek. No drifter stagnated in the channel, for the 

obvious reason that the two-meter stretch is almost straight; with no bends like those 

found in Tudor channel area. Drifter K stagnated at point R because of being caught by 

mangroves on a small Island, while G and H moved to the center of the basin before 

being picked up J and I stagnated at point S1 and S2. Movement of the two innermost 

drifters towards the middle of the bay and their being collected at position S3 24 hours 

later indicated the anti-clockwise circulation during some part of flooding stage. 
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The trapping of mangrove litter and other debris re-suspended at the upper part of the 

creek basin revealed non-tidal circulation prevailed in the inner basin. 

5.5.2.2 Sea level 

The three tide gauges in Kilifi Creek were deployed on the same day 11/7/1997 but 

worked for different duration. 
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Figure 5.5.2.2a Sea level for the three tide gauges (MT1-entrance, MT2-channel, and 

MT3-Creek basin) for two days simultaneous record 15-17/7/97. 
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The tide gauge located at the entrance (MTl) worked for ten days from 11-21/7/1997. 

The tide gauge in the channel at MT2 worked for 10 days .Out of the ten days, however, 

only two days from 15-17 July 1997 had reliable data. The inner tide gauge MT2 gave the 

longest record of more than 50 days. Figure 5.5.2.2a compares the part of the three 

gauges when they worked simultaneously for two days form 15-17/7/97. 

The amplitude of the inner tide gauge (MT3) is higher than that of the other two 

gauges indicating that the tide was amplified in the basin rather than attenuated. The 

observation is similar to that made in Tudor Creek. 
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Figure 5.5.2.2b Showing the tide level for the inside Kilifi Creek from 11 July to 31 

August 1977. 
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The lack of attenuation could be, again, due to tidal reflection in the bay, which results in 

standing wave inside the creek basin. The effects of friction in the lower pa11 of the basin 

curve are not as evident as was in Tudor Creek. Sea level variations are shown in Figures 

5.5.2.2b for the longest record. 

Figure 5.5.2.2b shows clearly the tidal inequality in the spring periods, each tidal 

fluctuations or range is higher than that immediately preceding it. This inequality is not 

apparent in neap periods. The figure shows an average tidal range of 2.2m, maximum 

tidal range of 3.5m an average flood and ebb period of 6.23 and 6.21 hours respectively. 
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Figure 5.5.2.2c ,hows an example of sea level during spring and du ring neap ranges .
for 20/7/1997 and 27/7/1997 respectively. 

303 



Further examination of the curves, by comparing spring and neap tide for 

20/7/1997 and 27/7/1997 reveals that the spring tidal range is higher range than neap tidal 

range (Figure 5.5.2.2c). Distortions caused by topographic effect can be seen more 

clearly near slack ebb water in the spring curve. In this particular example the neap range 

was 1.67m and the spring range 3.32m. 

The flood and ebb duration during neap are equal (about 6.2hrs), howe\'er the ebb 

duration during spring is longer is slightly longer (6.5hrs) than flood duration (6.2hrs), 

indicating that in Kilifi Creek a small tidal asymmetry develops during spring tidal 

period. The analysis of the sea level data at the entrance (MT 1) reveal that flood tide is 

6.34hrs while ebb tide is 6.05 hrs indicating the at the entrance Kilifi Creek tends to be 

flood dominant. 

Time after high water results 

The average time between low water and the highest flood tide velocity was 3.6 

hours, while that for highest ebb tide was 3 hrs after high water (Figure 5.5.2.2d). The 

average phase difference between the zero velocity time and the time when the water 

level are equal to mean sea level gave an average phase lag of 3.57 hours for both flood 

and ebb tide computation. The time between the lowest current velocities and high water 

was found to be OAhours, and 0.6 hours respectively, hence almost out of phase. 
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Figure 5.5.2.2d Time after high water calculated from using the tidal records from 

the entrance MTI period 11 July 1997. 

The results show that ebb flows occurred in the morning between 2-6 hours and in 

the afternoon between 12-14 hours, while maximum for the flood was at 4 hours and 9

11hours. The calculations gave average tidal current of 1.32 m, maximum tidal range 

1.71 m average flood period of 6.32 hrs and average ebb period of 6.24hrs. This indicated 

that the flood duration is longer than the ebb duration by 0.08 hrs. This again led to the 

tentative conclusion that the creek tends to be flood dominant. 
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Figure 5.5.2.2d Time after high water calculated from using the tidal records from 

the entrance MTI period 11 July 1997. 

The results show that ebb flows occurred in the morning between 2-6 hours and in 

the afternoon between 12-14 hours, while maximum for the flood was at 4 hours and 9

11 hours. The calculations gave average tidal current of 1.32 m, maximum tidal range 

1.71 m average flood period of 6.32 hrs and average ebb period of 6.24hrs. This indicated 

that the flood duration is longer than the ebb duration by 0.08 hrs. This again led to the 

tentative conclusion that the creek tends to be flood dominant. 
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5.5.2.4 Tidahmd spectral analysis 

The tidal spectrum analysis was carried out for longest tidal data set of the tide 

gauge at MT3, which had a record of 52 days from 7 July to 28 August 1977, The results 

are shown in Figures 5S2Aa. 

The constituents M2 and S2 are dominating (Table 5.5.2Ad) their values being 

very similar to those found in Tudor Creek. The very slightly decrease of the values in 

the could be to slightly more frictional response affecting the spring tide and probably 

induced by elongated secondary creeks in Kilifi. In additional to semidiurnal and diurnal 

constituent and other constituents such as, S4, M4, Mr and 2SM2 are also observed. The 

long period constituents have not been considered because to do so data for at least 2 

years is needed. This long period constituents are small, and they depend largely upon 

regional meteorological conditions during the time when observations were made. The 

results of harmonic analysis of tide at in the creeks demonstrate the invariance of tidal 

constants, particularly for the major tidal constituents. Whereas Mr, S4 and M4 are 

strongly affected by variation of meteorological conditions and river discharge, the 

respective harmonic constants also vary. 

The tidal energy is proportional to the amplitude squired of each constituent. At 

the entrance to Tudor creek, the sum M2, S2, K2, N2 and O2 account for more than 91.7% 

of the tidal energy. PI is the largest minor constituent, which contributes 1.9%. The form 

number (F), which is the ratio of the sum of amplitudes of the diurnal tide species over 

the semidiurnal species Defant (1958), and can be used to characterise the tidal types as 

mentioned earlier is given as F= (0.13+0.25)/(1.57+0.68)=0.17. Hence the forn1 number 
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for Kilifi Creek (inner basin) is 0.17, which is less than 0.25. and hence the tide at this 

location can be characterised also as semidiurnal. They incline away from mixed 

tide (F value between 0.25 and 3.0) by 35%. Figure 5.5.2Ab shows tidal analysis for 

temperature time series. The dominance of the semi-diurnal tide is evident. 

amplitudes and pbase lags for sea level observations from Kilifi Creek (11 July to 28 

August 1977). 
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Figure 5.5.2.4b Illustrates the results of tidal analysis (a) original record (b) 

computed (or Astronomical tides) (c) residual levels (d) tabulated constituents, 

amplitudes and pbase lags for temperature observations from Kilifi Creek (11 July 

to 28 August 1977). Note the tide gauge was inside the creek. 
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5.5.3 Water exchange calculations 

5.5.3.1 Morphology of the creek 

A summary of morphological characteristic is shown in Table.5.5.3.1. 

The maximum length of Kilifi Creek is 17km, from the entrance to the extreme end of its 

longest creek. Howe\'er, up to the end of the inner basin, the mean length is l4km. The 

main channel has a length of 2km and a mean width of 400m. The mean depth of the 

inner basin is 5m and that of the inlet channel is 12m, the maximum depth is 35m. The 

depth changes more or less gradually into the inner basin. The mean surface area of 

Kilifi is 2.1 x 10 7 m2 with the channel occupying 7% of the surface area. The upper part 

of the basin emerges during low water with large inter-tidal areas occurring in the inner 

part of 'Maya Creek', behind the mangroves. Except for the constriction at the entrance 

to the creek channel and change in depth both of which combine to give an anti

clockwise circulation during flood in the inner basin the entrance channel has no bends 

that cause lateral trapping like in Tudor Creek. 

Compared to Tudor Creek, Kilifi Creek is rather shorter and more or less straight 

inlet, although a small promontory and a small island near the point where the channel 

begins to widen into the inner basin. The promontory can be thought of as enhancing 

turbulence in the basin during flood phase of the tide. 
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Table 5.5.3.1 Morphological characteristics of Kilifi Creek 

I KILIFI CREEK 

Catchment area (m') 1.75 X 109"l
I Hay/creek surface area (nl) 2.1x10' 

Total surface area 1.77 x 10~ 

Entrance Cross-section area 6.8x10J 

i 
Tidal range : 2.8m
 

Neap
 

Spring
 

I Length arBay/Creek (m) 14 x 103
 

I Mean depth in the inner basin i 5m ~
 
I 

Maximum/mean depth /length of the I 35m/12m/2000m
 

entrance channel
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5.5.3.2 Fresh water discharge 

There are two seasonal rivers discharging fresh water in Kilifi Creek. 

Draining a catchment area of 1. 75 x 109 m 2 which is larger that that of Tudor Creek and 

that of Gazi Bay. Although the rainfall decreases as one moves north\\ard the large 

surface area compensates this and consequently river discharge although still small is 

larger than that of the other two study sites. 

5.5.3.3 Water exchange generated by sea level fluctuations 

The barotropic current was computed in Section 5.5.2.2 .We no\\ estimate the 

water exchange from through a cross-section in the channel using the barotropic current. 

Calculation of the mean tidal volume fluxes through the Kilifi Channel (entrances) is 

based on tide gauge measurements and the creeks mean surface areas. 

The mean surface area of the creek was estimated from the total surface area (A) of the 

creek at high water level, calculated from a topographic map (1 :50,000). 

Am is assumed to be equivalent to a surface area at low water of about 90%, of the high 

water area. That is Am =95% for Kilifi Creek, and the mean surface area is 1.68x 109 m 2• 
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Figure 5.5.3.2 Example of (a) volume flux and, (b) cumulative volume flux across the 

entrance channel in Kilifi Creek, for the period 11-19 July 1977. 

Figure 5.5.3.3 gives (a) volume flux and (b) cumulative volume flux across Kilifi 

Channel cross-section located near the MT 1 and the current meter ReM, for the period of 

8 days. The maximum flood volume flux is 3.2 X 105 m\-I, while the ebb volume flux is 

3.24 x 105 m\-J. The mean volume flux is 2.-+ X 105 m3s- 1 and the net volume flux is 38 x 

103 m\-l and a standard deviation of 1.4 x 105 m3s- l
. The cumu1ati\e volume flux has a 

3maximum of 9.3 x 106 m s- 1 and a mean of 1.4 x 106 m\-I and a standard deviation of 

3.3x X 105 m\-l. 
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5.5.3.4 Flushing tlme 

Expression 4.4.63 is used with values for Uo=0.36ms· l ,a=O.16. I:: =8. A=bUoH 

where b is as earlier shown and H is the mean depth of Sm. The tidal averaged 

llongitudinal eddy diffusivity (B) is of the order 264 m2s· . Taking effective length of the 

creek as 6000m, the flushing time during spring is the order of 2.4 days, which is closer 

to that of Tudor Creek. Also, during neap tides, however when a small amount of water 

from the bay enters the creek, complete flushing of the swamp may take more days. It 

should be noted, however, that Kilifi Creek inlet channel is less sinuous, than Tudor 

Creek and therefore water may be exchanged more readily in Kilifi Creek than in Tudor 

creek. 

5.5.4 Other calculations 

5.5.4.1 Creek energy dissipation 

A rough of estimate of creek energy dissipation using expression 4.4.40 for values of 

2Cd=0.002, u: = 0.2ms·1 A=21 *106m , p =1025kgms·1 resulted in energy dissipation of the 

same order of magnitude to that calculated for Tudor Creek (2 x lOb Jm·2 s· 1). The result 

should be taken with great caution as the value for u: is possibly under estimated. 

5.5.4.2 l-D Model application 

Unlike in Tudor Creek insufficient sea level observations were not available for Kilifl 

Creek. The similarity of the two creeks is an indication that the One -0 model applied in 

Tudor Creek could work in Kilifi Creek with proper tuning. Model dc\(~lopment however 

was not part of the objectives of this study. Further work along this line is proposed 

however (see Recommendations). 
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5.6 SUMMARY AND CONCLUSIONS 

Climatic and heat loss 

Meteorological result reveals that from Mid-March to August as thc almosphere 

cools and creek water-cools as well. The reason for this change in temperature or loss of 

heat is due too increased wind, the arrival of cold air masses from sOllthern Indian Ocean, 

arri val of clouds that cut off radiation and the invasion of the Gazi -Ki Ii fi offshore water 

by cooler ocean water via the EACC. Thus the results point to the arrival of cold air mass 

Crom the southern Indian Ocean during SEM transported by the increasing winu speed 

during this time. Evaporation shows seasonality, with two high values and two low 

values. Highest evaporation occurs in February; in the NEM season time humidity is 

lowest. It decreases from March to reach lowest mean value in .July when tcmpcraturc is 

lowest. There after evaporation increases until October before decreasing slightly 

probably due to reduced heat and wind strength associated with switching 01' thc SEM 

season in NEM season by the presence of cold front (associated with the position of the 

ITeZ). 

Circulation, current, flood and ebb current asymrnelly. 

In thc thrcc systems studied thc mcasurcd current werc in the r<lng,c 10-40 ellls· 
l 
, 

being lowest in Gazi Bay but higher in Tudor and Kilifi Creeks. Thcrcl"orc currcnts did 

Ilot rcach the theoretical valuc 01' 100 cms· l . F:arlicr, investigation h;\(1 ilHlic;lll'd tll;ll tidal 

velocities of close to 100 cms· 1 were possible. However wc found no such v;Iiucs and the 

reason could be due to positioning of the eUITent meter and also thc l~lCt that all the 
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successful current measurements did not coincide with the peak monsoon winds. The 

current records revealed clear diurnal inequality i.e. a lower magnitude 01' flooding 

current was followed by higher magnitude of flood current. Flood current occurring in the 

afternoon had a higher magnitude than the one occurring in the morning. The afternoon 

flood was possibly due to enhancement by wind, which usually increased speed between 

10-16hrs. Flood and ebb asymmetries are clearly indicated in the results and these are 

mostly caused by presence of mangroves, peripheral lagoons and other morphological 

rca'tures such as shoaling of depth. [n the three systems studied the !lood velocilies were 

higher and their duration shorter time than currents and duration observed during ebb. 

However, the ebb tide duration was longer thall the flood lide, in Ga/i Bay hence leading 

to the conclusion that Gazi Bay displayed ebb dominancc, Tudor a11(1 Ki Iifi Creek both 

displayed flood dominance. One would expect ebb dominance in the two creeks clue to 

large mangroves and mud flats in the inner parts of the creeks, however thc channeling 

elTect of the tidal water entering the creeks probably shadow the effect of the mangroves 

and mudflats. 

The average time between high water peaks and the highest flood tide velocity 

were 1.9 hours, while that for low water highest ebb tide velocity was :Lj4 hours. The 

average phase difference between the zero velocity time and the time whel1 the water 

level are equal to mean sea level gave an average phase lag of 3.57 hours lor both flood 

and ebb tide computation. The time between the lowest current velocities and high water 

was found to be OAhours, and 0.6 hours respectively, hence almost out of phase, 
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The results show that ebb flows occurred in the morning between 7-9 hams and in the 

afternoon between 19-22 hours, while maximum for the flood was at 2-3 hours and 16

17hours. 

Comparison of the Kilifi Creek inlet channel and that of Tudor Creck reveal that 

the length of Kilifi inlet is half that of Tudor inlet moreover the inlet is less sinuous, with 

a more east-west orientation than that of Tudor Creek. From these observations it can be 

deduced that the two small creek systems and the inner basin in Ki Ii fi Creek undergo 

exchanges with the adjacent offshore waters more readily than in Tudor Creek. 

Salinity and temperature 

Salinity and temperature, in Tudor Creek, ranged from 37.7 to 37.9°';;) and 27.69 to 

27.73°C respectively. Vertically, the low values of salinity and temperature occurred at 

the surface (3m) before decreasing between the depth or 6 and 8m. The dccrcasc in 

salinity probably corresponds to the position of maximum current. The two parameters 

occurred below 10m, and tended to increase indicating the presence 01' the occanic watcr 

or ncar entrance coastal water in the inlet closed to the seabed (below 17m). Temperature 

tcnded to increase while salinity decreased ncar the bottom. Salillily in till' crceks 

decreased during ebb period, but increased during flood. This obscrvatiull is clearly 

indicated by Figure 5.4.1.2b, which shows typical examples of how salinity changcs with 

timc. During ebb the salinity reach as low as 33.~ and maximulll l11cal1 v~t1l1C ur 34.0, 

during a typical flood stage at the entrance. Further, inside the creek salinity at ebb shows 
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a value of 22 and at flood slack water at 34.2, indicating that more fresh water has 

accumulated in the surface at this location than near the entrance. 

Seasonality of salinity and temperature was evident. Highest valucs Cor both 

salinity and temperature occurred in February and early March at the timc of the NEM 

season. The rain during the IMSR season had minimum effect of salinity and 

temperature. However the effect of rain in the IMLR season caused rapid drop in salinity 

and temperature. Salinity reached lowest value in May whereas the temperature reached 

minimum values in August. That is temperature-lagged salinity by 3 months. 
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CHAPTER SIX 

OCEANOGRAPHY OF THE ADJOINING SHELF 

6.1 COASTAL CURRENTS 

The major coastal currents were referred to as the EACC, SC, SEC and ECC. We 

investigate the vertical structure velocity in the EACC off Gazi as a typical example. 

Coastal current observed between 5-100km, at depth 170-400m, off the Gazi Bay by 

means of free drift buoy (diameter=15cm) attached to a weight by one meter rope 

(Scheffers, 1981) are shown in Table 5.3.5. They are shown together with the wind speed 

for the month of February, July and October. That is NEM: SEM and IMSR (October) 

respectively. The results show the current at 170m have speed about or 130 cm s 1, in the 

direction 190 0 _010 0 in NEM. During SEM, at a depth about 300m, the direction of the 

current change to 228 0 -048 0 with almost current of similar magnitude 120cms· l
, and in 

IMSR the current decrease slightly to 90 cm s -1 with a direction of 2000 -020 0 at a depth 

of about 200m. In NEM the wind blow at a speed greater than 90 cms I. During the IMSR 

season the speed is less than 100cm S·l. Thus, at a depth the depth between 170-400m the 

CUITCllt now remains cssentially at 100 cm s I and in a south-north dircctioll. 

Oceanographic data off Gazi Bay available for May June November and 

December for the stations shown in Figure 4.1.5.1 was analyzed. These months represent 

the wet and the dry seasons, namely the IMLR, SEM, IMSR and the NEM scasons as 

mcntioned earl ier. 
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Table 6.1.1 Coastal current observed between 5-100km, at depth 170-400m, off the 

Gazi Bay by means of free drift buoy (diameter=15cm) attached to a weight by one 

meter rope ( Scheffers, 1981). 

Date Station Position Avg. Dir Cur( 1
 Wind Speed
II
 Cruise 

(ms· l
)ms· l

) I DirDepth 

X(J XO(m)Lat I Long8026
 
1
 

Feb 80 2
 04 ° 37' I 39 ° 31 '
 170
 190-010
 9 3
 , , 1.3 1160 I
1 .
 

18022 125 : 04'39' : 39' 47' I 310
 ~30-150: 0.6---~:~[-~ 
I
 

04 cr 40' 139 lJ 40' 305
 200-020
 190
25
 1.0 6.7r July 80 

I
 
04 0 41' I 39 lJ 36'
 400
 215-035
25
 1.6 190
 6.7 

04 0 39' I 39 ° 31 ' 355
 200-020 I 1.5
25
 180
 4.3 

04° 39' 139° 36' 400
 180 088026
 3
 210-030 1 1 I
t 
04"39' 139 (J 37' 412
3
 214-034 11.2 -1 180 ----to:s--lI Oct 80 

04° 25' I 39(T 43' 472
3
 180360 nir+,80 I08 j 
The depth range of these stations varies from Om to a maximum depth of 500m. 

At surface (0-5m) the temperature was 28.5°C, and at 10-50m it decreased from 27.95 to 

26.18 "c. The sheIf water was cooler than the bay water most of the seasons probably due 

to increasing solar radiation and heating by the bay bottom. In addition the cooler water 
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seems to be largely cooling by the Ocean at this time of the year (sec TS diagram for 

station off Gazi Bay). 

6.2 WATER STRUCTURE 

6.2.1 Salinity and temperature 

Several vertical data measurements on the Kenya shelf waters exist. Those taken 

off Mombasa shelf area to the north are from R.Y.Tyro 1992/1993 and M.V. Kusi, 1979 

(MONEX report, 1980). Those off Gazi Bay area are from Dr Fridjor Nanscn 1985. The 

data considered here is taken selectively from Dr. Fidjof Nansen, and R. V.Tyro for the 

stations mainly for offshore water between Gazi Bay and KiJifi Creek. 

Figures 6.2.1.1 and 6.2.1.2 illustrate typical vertical section contours of the 

temperature and salinity for May (lMLR) and November (IMSR) based on 7 offshore 

stations (source Dr Fridjof Nansen 1985) placed at 7 nautical mi Ics apart on transect 

perpendicular to the coast. The two sets of figures differ by depth ranges so as to 

emphasize the vertical features in more details. Figure 6.2.1.1a-d emphasizes the shallow 

surface water (0-30m) temperature and salinity structure during the 1M LR season (panels 

a, b) and IMSR seasons (panel c, d). In IMLR season low salinity coastal water is evident 

from station 1 to 4. A strong coastal front depicted by vertical isoJines occurs between 

station 4 and 6. Water of lower salinity and temperature than the surface layer up-well 

form the bottom (panel a, b). In the IMSR season the front is weak, the surface layer is 

slightly cooler and salinity has increased by about 2 from the IMLR season values. The 

isotherms show that a diffuse ridge occur between stations 3 and 5 (panel c) whereas the 

vertical salinity isolines (panel d) indicate the front has move towards the shore. 
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A change in gradient is also evidenced in Figure 6.2.1.1 a-d, by the large region between 

stations I and 4 where horizontal gradients are small, bounded by a narrow region, 

stations 4 and 6, wherc the horizontal gradients are large. Figure 6.2.1.2 a- b cmphasizes 

the structure seen in Figure 6.2.1.1 a-b but for depth up to 400m. The low salinity coastal 

water is evident in the surface layer as well as the front where the isotherms bend slightly 

upwards but sag blow the 200m (e.g.14°C isotherm). The intrusion of low salinity water 

is evident where the salinity contours attain a V-shaped feature. 

Thus Figure 6.2.1.1 a-d illustrate remarkably the effects or fresh water input 

characterized by a large parch of homogeneous low temperature «28.2°C) and low 

salinity «34.8) at station 1-4, whereas beyond station 6 water with high temperature 

(>28.5 °C and high salinity (>35.28) is found. The two waters diffcr by tcmperature of 

about 0.6°C and salinity of 0.5. 

Further examination of the prominent features in Figure 6.2.1.1-the coastal front 

between stations 4 -5, reveals a narrow high-gradient region of 20 nautical miles across. 

The isoclines, in the front, dive downward with a strong increasing contrast as can be 

sccn in the temperature and salinity panel (Figure 6.2.1.2c-d). Thc fronl probably scparate 

the coastal homogeneous water before station I to 3 (Figure 6.2.1.1 a-d) rrnlll the surface 

oceanic water found in the EACC proper beyond station 6. These changes arc intimately 

tied up with salinity and density and the contours of one variable appcar similar to the 

contours of the other. 
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Figure 6.2.1.1 Vertical sections of surface (O-30m) (a) temperatu re and (b) salinity in 

May and (c) temperature (d) salinity in November off Gazi Bay. Note upwelling of 

cool water around Station S. 

Further observations reveal remarkable upwelling of low temperatures <27.5 "c and low 

salinity <34.7 in the middle of the front. For, example, following the isolines of salinity 
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in Figure 6.2.1.2b it can be seen that they slope up and in the lower parts they slope 

down. This observation suggests a tidal front, however, the rise of the isoline from one 

side of the front to the other create a horizontal gradient of density suggesting a flow into 

the paper (northward) in agreement with the northward direction of the EACC there. In 

the IMLR season the front appears intense well defined, probably locked in position by 

intense flow and topography and enhanced by fresh water flux. In IMSR season the front 

is still observable, but now, diffuse, spread out, and found closer to the surface and with 

eddy-like flow features in the in the upper layer (Figure 6.2.1.1 c). It is also apparent that 

(Figure 6.2.1.2c-d) the less saline parch of water occurs at the coast ill Novcmbcr and is 

evidence of smaller volume of freshwater input during IMSR season. 

Further examination reveals that both the coastal waters oceanic water 111 

November contains higher salinity and slightly lower temperature than in May. The 

results further suggest that the events that started at the onset of SEM season have by 

November reached the shallow waters, near the surface and gradually made their way to 

the creek entrance areas. 

The cold-water intrusion or upwelling at the center of the front is seen in the right 

hand panel of Figure 6.2.1.1 c-d where, a previously intense feature has been replaced by 

a more diffuse ridge below station 4 and which appear to be displaced closer to the shore. 

The isothenns are more stretched probably a consequence local wind effect and a general 

tendency for the water to spread offshore as well. Hence, there is a profound and striking 

difference as can be verified by comparing temperatures in the two upper panels of 
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Figure 6.2.1.2; the difference is probably a consequence of different circulation modes in 

the two seasons. 

SaJations Sallllio/ls 

Nov Temp"C 

12 

-400 

-300 
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!.200 
'5 
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Q -300 
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-100 

-200 

5.1 
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-400 -400)5.14 Nov Salinity May Salinity ___-LJ 

)504 

Figure 6.2.1.2 Vertical water structure off Gazi Bay showing contours of (a) 

temperature (panel a) salinity (panel b) for May (lMLR) and temperature (panel c) 

and salinity (panel d) for the November (IMSR) season. 

The core structures, seen in May, disappear in November and water is more saline 

on the surface. The isothenns in the range 100-200m are inclining in the opposite 
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direction indicating a tendency for water to down well near the coast in May and vice 

versa in November. 

6.2.2 Vertical temperature, salinity, density and oxygen variations 

Vertical temperature, salinity, density and oxygen profiles arc shown in Figures 

6.2.2.la-d. Surface mixed layer (50-150m) can be identifieJ in these figures as a 

homogenous layer near the surface, with a tropical thermocline at about 20m. In addition 

the figure illustrates typical vertical variation in temperature, salinity and oxygen. The 

dotted profile is for a station close to the shore and the line a station further offshore. 

Temperature profile decreases with depth, more rapidly between 60-120m as indicated by 

the departure of the two profiles. The position of the permanent thermocline is about 

75m. Temperature shows less decrease in waters below 400m. This is also observed in 

the salinity panel where it mirrors the temperature profile at deeper depth, but is the 

reverse above 200m, attaining salinity maximum of 35.35 and decreases to a surface 

value less than 34.85 for the ocean profile but slightly less value in the near shore profile. 

Figure 6.2.2.1 a typical vertical variation of panel (a) temperature, panel (b) 

salinity and panel (c) oxygen in ocean water off Gazi Bay during IMLR season 

(Source, R. V. Dr Fridjof Nansen 1982-1985) whereas Figures 6.2.2.1 b-e show some 

examples of the salinity profiles in June for several stations along the coast, for salinity, 

temperature, oxygen and nutrients from R.V.Tyro 1996 June Cruise. Near the surface 

salinity ranges from 34.8-35.0. The lowest values of salinity, much like the temperature, 

occur in the landward stations due to river influence. The salinity increases in the 
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subsurface layer to a maximum value of 35.48 just below the thermocline. Between 300

550m the salinity has a mean value of 34.7. Another maximum of 35.3 occurs at 630m 

followed by a minimum at 1025m. At depths greater than 1500m the salinity value falls 

to 34.6. Slightly higher salinity occurs in the northern transects than in the southern ones 

for depths between 0-630m during the same cruise. The along shel r eli [Terence in salinity 

indicates that the EACC gradually gains salinity as it moves northward. 

Maximum and minimum salinity occur between 50-75m for the near coast profile 

which indicate the possibility of more saline water inshore than offshore at the location of 

the thermocline. The decrease is probably a consequence of mass flux as mentioned 

earlier. Oxygen decreases first slowly in the surface layer value of 4.8m~L1-1but more 

sharply below the thermocline. A minimum of 3m~L1-1 is reached just below the 

thermocline at about 150m but increases to a small maximum at 250m and thereafter 

becomes more gradual. This is probably a consequence of mixing 01' different water 

masses (see later) and other processes. 
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Figure 6.2.2.1 a Typical vertical variation of (panel, a) temperatu re (panel, b) 

salinity and oxygen (panel, c) in ocean water off Gazi Bay during IMLR season 

(Source, R.V. Dr Fridjof Nansen 1982-1985). 
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Figure 6.2.2.1 b Vertical variation of temperature, (panel a) and salinity (panel, b) 

off Gazi~Kilifi shelf area in June and July (Source, R.V. Tyro 1992-93). 

328 



Salinity 

5 10 15 20 25 30 34.6 .?I. 8 35.:! 

Temperature DC 

-50 

-100 

:g 
~-150... 
e-

Q 

-200 

-:!50 

-300 

(c) (d) 

I 
I 

IJ9 

" 'J 

" ~ , 
~\, ~ 

---4Jt' 
~ 

J.n ~, 
107 

,, ,, ,, ,, , 
I , 
I 

, 
I 107 

, 
I __..--J~ 

I I 
I I 
I I 
I I 
I I 
I I 
r I 
I 119 137 .. I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 

Figure 6.2.2.1c Vertical variation of temperature (c) salinity (d) off Gazi-Kilifi shelf 

area in June and July, (depth range 0-300m) (Source, R.V. Tyro 1992-93). 
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Figure 6.2.2.1d Vertical variation of density (panel, a) and Oxygen (panel b) off 

Gazi-Kilifi shelf area in June and July, (depth range 0-2000111) Stations 101, I 19, 137 

(Source RV. Tyro 1992-93. Stations 101,119 and 137). 
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Figure 6.2.2.1e Vertical variation of density (panel a) Oxygen (panel d) off Gazi-


Kilifi shelf area in June and July (Source, RV. Tyro 1992-93. Stations 101, 119 and
 

137).
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6.2.3 Surface salinity and temperature distribution 

The surface salinity and temperature distribution off Kenya coast for the month of 

IMLR season (May), SEM season (August) and NEM season (December) are shown in 

Figure 6.2.3.1. The figure represents average values from 0-30m from MONEX data 

report 1980. Low salinity occurs in stations ncar the coast indicating that the water close 

to the shore has lower salinity due to river influence. Lowest salinity occurs in Mayas 

expected due to the long rains and fresh water discharge. The lowest values occur close to 

the mouth of Sabaki and Tana Rivers in Malindi-Ungwana Bay areas. December depict 

the highest surface salinity values whereas in August the salinity is intermediary. 

Temperature is lowest in August for reasons mentioned earlier. The salinity along the 

coast shows that compared to areas off Gazi Bay, the water off Kilifi Creek and to the 

north has lower salinity. Again this is due to the river input and also due to a northerly 

now of river plume exiting from the Ungwana Bay. In AuguSl and December this 

situation seem to be reversed particularly in the furthest stations offshore, an indication of 

the arrival or occurrence of more saline water this time. This change could be partly due 

to intense mixing of various near surface and subslJrface water masses Juring the SEM

season (Section 6.3.2). 
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Figure 6.2.3.1 Typical mean surface temperature and salinity off the Kenya coast 

for the month of May, August and December (Source MONEX data Report 1979). 
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6.3 SEASONAL WATER TYPES AND OCEANIC WATER MASSES 

6.3.1 Seasonal water types in the creeks and bay 

In the previous section the off surface water was show to be di fferent for di fferent 

seasons. In the off shore area fresh water due from the creeks may combine with seepage 

to create yet new characteristics. At the shelf-edge, further characteristics may form due 

to upwelling of deeper water on and here a true separation of oceanic water Crom inshore 

may take place. 

For the purpose of this thesis we classify as 'seasonal water type (S WT)' the 

water with its own characteristics created both within the creeks and lagoons and around 

the reefs, particularly where the mangroves and coral reels are high ~lI1d lkpelllkd on the 

season. We lise the term water mass to refer to more classical water types such as occur 

in oceanic conditions. We classify four seasonal water types on the basis 01' the seasonal 

structures in Figures 5.4.1.1 e-h and 5.4.1.2e-h. The IMLR SWT has moderate 

temperature in the range 28-31°C and lowest salinity in the range 8-34.8. In SEM SWT 

has low temperature with a range of 24-27°C and moderate to high salinity in the range 

32.2-35.8. The IMSR SWT has temperature of 26-29°C and salinity of 34.4-35.2 while 

the NEM SWT has high temperature 30.0-32.2 °C and very high salinity 36.5-35.4. One 

essential feature that occurs between the end ofNEM season and the start of SEM season 

is the sudden decrease in salinity and temperature and probably more nutrients in the 

inner basin; the mangrove-creek environment is freshened! In the IMSR season, the end 

of SEM season and the start of NEM season the salinity and temperatures are high after 

being influenced by the events in SEM season, the relatively small rainfall has no 

significant effect on salinity. The four seasons are well known by the fishermen who refer 
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to the seasons in Kiswahili as Masika, Kusi, Vuli and Kazikazi for IMLR, SEM, IMSR 

and NEM seasons respectively. These seasons are associated with certain fishing 

traditions for the coastal people. Hence one can refer to 'Masika SWT', 'KllSi SWT', 

'Vuli SWT' and 'Kazikazi SWT' to reflect the traditional ocean knowledge (TOK) yet 

untapped in the local fishennen. A case in point is 'the use of TOK for crustaceans and 

fish in certain creeks, lagoons, bays and offshore banks in one season rather than the 

other for maximum realisation of catches. The fishennen are able to identify areas where 

fish may be aggregated. They do this by identifying special flow features and location of 

slicks and small headlands and thus maximise catches-this point was a communication 

with one fishennan in what he called 'Misimu ya samaki' (Mr. Bakllli, Traditional 

fishennan in Kilifi Creek 1997 per comm.). 

SWT can be envisaged as an elaborate interplay of the local fresh water input in 

the mangrove-creek and coral reef environment and the surface water of the East Africa 

Coastal Current. In the adjoining coastal water, the oceanic water masses are identified 

on the basis of the classification given mainly by Tomczac and Godfrey (1994). 

6.3.2 The Adjoining coastal water 

Surface water and thermocline layer 

To bring out clearly the oceanic water masses (as opposed to SWT in the inshore) 

two figures are presented. The first (Figure 6.3.2.1a) uses data from Dr. Fridjof Nansen 

and depicts low salinity in the surface due to fresh water input in 1M LR and IMSR 

seasons for the months of May and November (see also Figure 6.2.1 c). We notc however 

that the surface (e.g. 0 - SOm) is in direct contact with the atmosphere its temperature and 
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salinity are not sufficiently conservative to pennit adequate definition of water mass, 

hence the reference to the water there as SWT. Figure 6.3.2.1 a, however, reveals a top 

layer (0 - 20m) with wann fresher water than the underlying subsurface water with a 

maximum salinity of 35.45 at about Sam. 
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Figure 6.3.2.1a The T-S diagram illustrates the water masses found near the coast 

off Gazi Bay, in two panels (a) during May (IMLR) season and panel (b) November 

(IMSR seasons), (Source of raw data R.Y. Dr. Fridgof Nansell 1982-85, KMFRI 

archives). 
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The second salinity maXimum, at about 100 m, overrides a much cooler and 

fresher layer, which extends from 200m to 600m. Similarly the features are clearly 

emphasized in the second figure (Figure 6.3.2.1 b) in which data from selected stations 

from R.Y.Tyro 1992/1993 are used. The stations number is used are 107, 133,507, and 

533. 

The top layer of water is a mixture of the Bay of Bengal Water (BBW) from the 

Indian and Indochinese Subcontinent (Tomczac and Godfrey, 1994) and river discharge 

(Figures 6.3.2.1 a-b; whereas we believe the subsurface maximum is caused by the high 

salinity end of Indian Central Water (ICW). Since the salinity maximum occurs within 

the thermocline layer (50-120m) we have referred to it as the BBW-ICW. Topography 

and seasonal reversals of the Somali Current influence the actu,t1 position ot' this 

maximum and structural complexity. The tongue of Arabia Sea waleI' which William 

(1970) suggested as penetrating Kenya coast up to 3020'S and referred to as the "Somali 

water" is according to this classification, high salinity end of the ICW. However, the 

extent of the subsurface maximum as far South as Gazi is in agreement with Leetmaa and 

Truesdale (1972). 

Intermediate and deep water 

The T-S diagrams (Figure 6.3.2.1 b) shows the complicated mingling of water 

masses at various levels. At the intermediate depth below the thermocline (200 ~ 2000 m) 

at least three water masses are capable of producing the complicated il1Lcl'l11lngllng. The 

fresher layer below the maximum within the thermocline layer is due to the Australassian 

Mediterranean Water (AAMW) which is a tropical water mass derived from Pacific 

Ocean Central Water and formed during transit through the Australassian Mediterranean 
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sea (Tomczac and Godfrey, 1994). This is the water mass which Warren ct al. (1966) and 

Invenkov and Gubin (1960) probably referred to as the upper branch of subtropical 

surface water of salinity 34.7 - 35.5 and temperature 7 - 15°C. The salinity maximum 

that occurs in the layer 600 - 800 m and coinciding with the oxygen minimum is very 

likely caused by the Red Sea water which originates from north Indian Ocean and moves 

southward sinking to deeper water on account of its high density. The water below 1000 

m, where oxygen concentration increases slightly, can be associated with the Antarctic 

Intermediate Water (AIW) with salinity less than 34.65 and temperature 3.5 - 7°C. This 

water mass has its origin at the sea surface in the vicinity of the subtropical convergence 

near 400S (Warren et a!., 1966). 
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Figure 6.3.2.1b An example of T-S diagram illustrates the w~lt('r masses found off 

Kenya coast (Source, RV. Tyro 1992/93, Cruise). 
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6.4 NUTRIENT CONCENTRATION AND DISTRIBUTION 

6.4.1 Vertical variation of nutrient off Gazi-Kilifi shelf 

Nutrients and primary production were found to be relative low in the surface 

water during the two cruises, although they were slightly higher in December particularly 

in the northern transects. There was a general increase in nutrient with depth and away 

from the shal10w stations suggesting that the nutrients were largely of oceanic origin. 

Above the thennocline silicate, phosphate and nitrate were less than 3 mt-trl, 0.6 mt-trl 

and 2 mt-trl respectively. Nitrite was very low in June but appeared more in December 

with apparent maximum at about 70 - 100 m and a minimum at 20m. Further, silicate 

and nitrate, nitrite and phosphate variation with depth are shown'in figure 6.4.1.1 for 

June 1992, whereas Figure 6.4.1.2 show silicate and nitrate concentrations for three 

stations in the month of June/July. Phosphate and nitrite are also shown in Figure 6.4.1.3. 

In general nutrients were found to be low in the upper surface layer but increased within 

the thennocline layer. 

In the intennediate water silicate, phosphate and nitrate showed highest 

concentration of 114mt-tr', 2.54m!J.rl and 36 mt-trl respectively with vcry low nitrite 

concentration. Oxygen concentration was higher in the upper layers of the surface layer 

with values between 240 - 200m!J.r'. The concentration feU to hal f this value between 

150 - 300 mt-tr1 but dropped to minimum of about 60m!J.r in the intermediate waters. ' 

The position of this minimum occurred at about 400 - 800 m. The concentration 

increased slightly in deeper waters below 1500 m. 
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The position of this minimum occurred at about 400 - 800 m. The concentration 

increased slightly in deeper waters below 1500 m. 

The higher nutrients and primary productivity especially 111 the deep water off 

Kilifi-Gazi shelf can be explained by the presence of another ecosystem different from 

that of that of Kilifi-Gazi shelf dominated by the EACC. This other ecosystem is that off 

north of Malindi Bay and characterised by the influence of the fresh water and arrival of 

higher salinity water from the north and complicated currents. 

6.4.2 Inshore-offshore nutrient change 

Table 6.4.2a indicates how offshore nutrients, oxygen, temperature and salinity 

change with depth off Gazi Bay. An example of how inshore nutrients (Stations I-VI) 

compare with those offshore for each season is illustrated in Table 6.4.2b.The highest 

nutrient concentrations occur in the IMLR season in the inshore areas, whi Ie the ocean 

shows very low concentrations during this time. The high concentration is associated 

with nutrient input from land as a result of large fresh water input in the inshore area. 

Nutrient concentrations are lowest in SEM season. In the IMSR season nutrients are 

lower than in IMLR season, an indication of less rain. In the Ocean the nutrients are 

higher in NEM season than in SEM season probably due to circulation mechanism that 

favors nutrient enhancement (see Chapter 7). 

Table 6.4.2c also summarizes measurements by Kazungu 1998 in Tudor Creek, 

which were largely taken during the wet season. Norconsult also collected nutrients 

during various months and are also reflected for comparison. The results were obtained 

by averaging four samples and near bottom valued from samples collected in from station 

I-IV, VI and the ocean stations. The results serve to emphasize the availability of high 

nutrients in the inshore water during the IMLR season. 
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2 '\ 
Table 6.4.1a Nutrients concentrations with depth off Gazi Bay showing ammonia, 

'\ 

oxygen, temperature and salinity 

Depth(m) Nutrients Oxygen Temp Sal 

SiO'4 PO'4 NO'3 NO'2 NH4 O2 

0-8 0.6 0.21 0.10 0.00 0.08 220 28.10 35.35 

10 0.9 0.22 0.11 0.00 0.08 230 27.94 35.34 

25 0.8 0.25 0.05 0.00 0.09 220 27.85 35.34 

50 0.7 0.27 0.09 0.00 0.09 220 26.18 35.34 

75 6.9 0.76 8.40 0.67 0.08 160 22.06 35.24 

100 11.0 1.09 14.34 0.02 0.09 140 18.31 35.22 

150 13.2 1.26 16.75 0.00 0.11 160 13.78 35.10 

200 12.1 1.27 16.87 0.04 0.14 190 12.06 35.05 

500 35.3 2.12 29.58 0.11 0.09 120 X.X8 34.86 

700 56.9 2.63 34.81 0.02 0.06 80 7.99 34.89 

1000 81.1 2.85 38.11 0.04 0.08 70 6.47 34.92 

1500 103.0 2.83 38.19 0.01 0.08 100 ..j 37 

2(,8 -~34.762000 116.9 2.66 36.09 0.08 0.08 150 

345 



Table 6.4.2b Average values of Nitrate, Phosphate, Silicate for Gazi Bay stations 1

VI and offshore during different monsoon seasons. 

Date Season Stn I-IV Stn VI Ocean 

1996 NO'] PO'4 SiO'4 NO'] PO'4 Si NO'] PO'4 SiO'4 

May IMLR 16.6 1.12 124.50 2.00 0.42 36.00 0.2 0.09 :'.7 

I Aug SEM 0.14 0.38 18.00 0.32 0.53 3.50 0.06 0.14 2.51 

Nov IMSR 6.32 0.13 12.41 0.11 0.25 2.5 0.01 0.22 1.2 I 

March NEM 

I 

Annual mean 

5.43 

7.12 

1.15 

0.69 

3.5 

39.6 

0.22 

0.66 

0.55 

0.44 

3.52 

11.38 

0.54 

0.20 

0.37 

0.20 

0.63 

2.01 

Table 6.4.2c Typical average values of Nitrate, Phosphate, Silicate for Stations I-VI 

in April, May and June (Source, Kazungu, 1998). 

Stn VI _._--~Season Stn I-IV 

NO'] PO'4 NO']SiO'4 PO'4 
I Si 

April 0.15-3.10 0.30-1.41 3.50-70.00 3.40-9.25 0.51-1.51 I 0.47-063 

IMLR 2.80-52.0 0.36-0.64 45-64 9.30-28.50 0.68-2.04 116.00-185.36 

June 0.15-0.72 0.22 4-13.80 0.15-0.60 0.42-0.62 013-: I 
1.02 

L 
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6.5 SUMMARY AND CONCLUSIONS
 

Salinity structure indicated that both surface and bottom salinity varied from one 

monsoon season to another, although not by large magnitude. It was establishcd that in 

the shallow reaches of the basin creek area low salinity water occurs in the upper reaches 

of the creeks due to river discharge, runoff and seepage. These areas have also large tidal 

range and as a result are well mixed. Temperature gradients exist frolll the shallow inner 

water to the ocean. The mean temperature difference between the creek and the ocean 

varied with tide and season. The maximum temperature occurs in NEM season 

(February-March) and to lowest in SEM (August). But increases less rapidly from mid

SEM to high values in NEM. For instance, in the creek the temperaturc incrcased from 

22.75uC at the entrance to 24.86 uC inside the creek in November. The tClllperature was 

intermediary in the IMLR and IMSR seasons. The cooling is associated with cooler 

winds in SEM season that also drive cooler oceanic water into the study area from the 

southern part of the Indian Ocean via the EACC. A striking di fference between, between 

IMLR and IMSR indicated that near surface sea temperatures could be due to the 

coupling between wind and the coastal flow and presence of remote water masses. The 

salinity also showed similar changes. It decreased from high values in NEM season to 

lower values during the onset of IMLR season and in earlier part of SEM season. For 

larger part of SEM season a longitudinal salinity gradient existed, but was more 

pronounced during IMLR season. This occurred just before the onset or the rains in 

March April where the difference between the ocean and the inner part of the creeks was 

observed to range between 5-16, depending on the amount of rainfall, creek and tidal 
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conditions. The structure differences were the basis for classification of the inshore water 

types: 'Masika SWT', 'Kusi SWT', 'Vuli SWT' and 'Kazikazi SWT'. 

A complex shelf edge front, clearly identified during the wet period, suggested a 

feature that is formed by friction effect when the EACC comes into contact with shoaling 

shelf bottom. This was suggested as isolating the inshore water from the offshore .The 

front was also though as due to the wake caused by the Pemba Island which lie on the 

path of the EACC, and that it may coincide with the internal radius of deformation. The 

water off the shelf edge consisted of various water masses from di fferent parts of the 

Indian Ocean. 

Nutrients are generally low in the ocean surface layer although they were higher 

In the NEM than SEM season. Nutrient in the inshore water is higher than offshore. 

Nutrient increased with depth reaching maximum values within the thermocline region or 

just below it before changing almost uniformly with depth in deep water 

(depths> 1OOOm). Oxygen has three maximums in the surface layer just below the 

thermocline and in the waters near 1600m. Two minimum values OCCUI". One of the 

minimums occurs within the thermocline, and the other occurs below 600 and 1200m. 

The di fferences are cause by di fferent water masses. 

1t was hypothesised that the EACC does not directly inject its water into the 

creeks, but rather the dynamics triggered at the beginning of the transition of the 

monsoon create conditions (events) which gradually propagate into the coastal area. The 

low salinity water appearing along the coast just before the onset of the IMLR season 

(Newell, 1959). They are partly due to the arrival of the front or its upwelling centre at 

the lower ends of the creeks; however, the warm temperatures are due to the 
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overwhelming solar radiation effect during NEM. The high salinity water in the coastal 

area at this end of NEM season may suppress intense localised upwelling along the shelf 

edge. See Kelvin wave upwelling events taken up in the discussion Chapter. 
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CHAPTER SEVEN 

DISCUSSION ON CLIMATE, HYDROGRAPHY, TIDES AND MECHANISMS 

OF TIDAL EXCHANGE 

7.1 CLIMATIC CHARACTERISTICS OF THE STUDY AREA 

The meteorological observations for the 1995-1998 periods show thal Gazi Bay, 

Tudor and Kilifi Creeks, like the rest of the Kenya, experience monsoon climate, with 

seasonally varying pressure, wind, humidity, cloud cover, rain 1~111, radiation, air 

temperature and evaporation. The observations confirm findings by previous workers, for 

example by Newell (1957, 1959), McClanahan (1999) and Okemwa (1989), whom, refer 

to seasonality in the context of two monsoon seasons. In this investigation wc have 

considered climatic characteristics in the context of four seasons. The underpinning 

reason is the emphasis of fresh water forcing and the seasonal ventilation effected by 

non-local gravitationally driven water exchange. The four seasons are the Northeast 

monsoon (NEM) represented by the wind blowing from Northeast in the monlhs betwecn 

December and March. The SEM season is predominated by the southeasterly winds from 

June through October (Note, when reference is made of two seasons, the SEM period can 

be thought of as starting from mid-march to the end of October). The IMLR and the 

IMSR season are the onset of SEM season and NEM season respectively and represent 

the times when the monsoon wind bring rain in the study area, and in Eastern Africa as a 

whole. The rains occur in the months of April-May and in November respectively. 
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Observation indicated that for 1995-1998 stronger wind occurred in the SEM 

season than in NEM season. The IMLR season marked the passage of the Inter-tropical 

Convergence Zone (ITCZ) that ushered in the SEM season with cooler temperatures (25

26UC), and lasted up to October. The IMSR season occurred in November and from 

December to March the NEM was established by Northeast wind, which brought the 

usual dry wann (>30°C) temperatures in January and February. CcrdclM et a1. (1995) 

also report similar observations on Chwaka Bay in Tanzania. The variation of the 

atmospheric pressure is a key factor controlled indirectly not only by the distribution of 

air pressure at sea level, but also particularly by the movement of the ITCZ and through 

the associated wind systems (Wright, 1988). The climatic conditions observed in this 

study are supported by previous work. For example by Akoola, (1984) who rightly argue 

that the meteorological conditions along the coast depend on changes in low level 

pressure systems to the north and to the south, particularly near the SOLlthern Hemisphere 

subtropical ridge and, the resultant wind changes. In the month of July, for example, the 

ITCZ is crossing over East Africa; by this time we have high pressure in the southern 

Indian Ocean and a low pressure over Arabia (Tomczak and Godfrey, 1994). This 

establishes a pressure gradient of 20mb and causes maximum wind (about IOms· l ) to 

blow over the study area. In January, say the peak of NEM, the ITCZ is established over 

Red Sea, and a low pressure (1010mb) occurs over southern Indian Ocean in the 

neighborhood of the Mozambique Channel and the Mascarene Islands. At the same time 

a high pressure (1020mb) occurs over Arabia, thus giving a lesser gradient of 10mb and 

hence less strong winds. The relationship between the movement of the ITCZ and the 

extent of the semi-pennanent anticyclones in the Middle East and the southwest Tndian 
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Ocean have been discussed by Sansom (1955) who has pointed out that the Southeast 

monsoon, was to a large extent controlled by the Mascarene high. Lumb (1966) has also 

discusses a weak pressure ridge that forms and extends to the northeast from the 

Malagasy region. He has also discussed the orographically induced ridge to the east of 

Malagasy Republic, which leads to a better defined trough between the East African 

Coast and Seychelles Island. The trough is probably the cause of a 'northeast-belt of 

clouds' casually observed off the coast of Kenya, almost every moming but particularly 

in the SEM season. The casual observation of cloud was useful for confirming the 

general passage of the ITCZ in the region, since the arrival of the front is marked by 

appearance of rain clouds followed by rain and change of winds. 

More over, Ramsay (1971) investigated pressure gradient and the surface winds 

between the Kenya Coast and the region to the south and found a signi ficant gradient and 

noted that pressure rise near 15°S lead to increases in the surface wind speed at Mombasa 

within 12 hours. Findlater (1994) showed that low easterly wind during IMLR and IMSR 

seasons develop into easterly jet. 

In addition to the atmospheric pressure discussed above, the seasonal variability 

111 air temperature, humidity and evaporation is also caused by the monsoon. As 

mentioned earlier, in 1992-1998 the SEM brought cool air from the south, increased 

cloud cover and reduced sun radiation, causing the air to cool and temperature to drop to 

as low as 24°C in July. This corresponded to an increase in humidity. With the reduction 

of clouds towards the end of SEM season the air temperature gradually increased, and 

was still high in November during IMSR season when the winds blow more or less 

eastward. The flow turned northeastward in NEM bringing with it dry and hot air from 
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the north causing the air temperature to reach maximum In February- March, which 

corresponded with the time of highest evaporation and low humidity. Decrease in 

temperature results in increase of relative humidity, since the capacity of the air to hold 

cooling lower water vapor and rise in air temperature results in decrease in relative 

humidity. 

On daily scale humidity changes are due to daily evaporation from coastal and 

creek waters hence the observed humidity fluctuations during the night and early in the 

morning are 92-94% but drops to 60-70% in the afternoon. Diurnal variability of 

atmospheric pressure indicated that like humidity the pressure is higher in the morning 

than in the afternoon. The pressure difference is cause of land - sea breeze, which also 

reveals diurnal variability. The local winds strongly influence the Northeast monsoon but 

this influence appeared to be insignificant in the SEM season. The local winds are 

generally strong during the day and night and reach daily maximum velocity or about 

9.5ms· l
, with a yearly average of 6I11S· I

. Marc ortcn the dircction ai' local wind follows 

that of the main monsoon wind. Daily cycles of air temperatures were found to be almost 

smooth curves throughout the day, with only one high and one low point. The low points 

occur early in the morning between 5-6 a.m. While the tempcrature hegins rising in the 

morning at about 8 a.m. and increases to a maximum between 2-3p.m. The fluctuations 

are probably caused by differential insolation on the ground. Since the ground radiates 

heat energy in relation to the fourth power of its absolute temperature, the temperature 

curves trend upward throughout the morning hours. The rise continues through out the 

afternoon and later in the evening. This is probably due to heating of the lower air largely 

by long wave ground radiation, which continues at a time the insolation albeit weak. The 

353 



annual curves for mean monthly temperature are somewhat similar to those of daily 

temperature. The highest temperatures occur in February-March (>30°C) when the sun is 

almost overhead and slowly moving to the north. This is the time of maximum insolation 

(time of equinox) and also the time when there is a considerable amount of clouds in the 

sky, which probably contribute significantly in heating the air by long wave radiation. 

The air temperature, although expected to be lowest in June and December which are the 

summer and winter solstice when the sun is furthest to the north and south respectively, 

show minimum air temperatures in August only. This can partly be explained by the loss 

of heat through enhanced evaporation by peak monsoon winds and clear skies in July and 

by the cooling caused by the Southeast monsoon winds. There appears to be no lag 

between insolation and annual temperature. 

Variability in climatic parameters IS also primarily caused by radiation. Air 

temperature both in annual and diurnal time scales can best be described on the basis of 

the solar radiation incident in this area. The radiation was highest in between November 

and March and lowest between May and July. The yearly average was about 200 W m·2, 

with monthly variation between 175 and 239W m·2. The values from weather mast agree 

well with the long-tenn values, and falls within the range of 40 Wm·2 to over 350 Wm,2. 

The values generally increase from south of Gazi to north of Kilifi indicating, along the 

coast, differences in solar input for the each creek system. It appears the boundary shift 

occur slightly north of Kilifi and shift furthest north /south during the month of July

August/January-February respectively. These correspond with the peak sLlmmcr scasons 

for the northern and the southern hemispheres respectively and the position or the ITCZ. 
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Although time series variability in solar radiation were observed with the weather mast 

there was a slight difference when compared with radiation values obtained from other 

coastal stations e.g. MIAMS, and is probably evidence for spatial radiation patterns. 

Spatial pattern has been studied in Kenya before (Obasi and Rao, I976a; OkooJa, 1982; 

Ogallo and Rumamu, 1998) whose studies focused on the spatial and temporal 

characteristics of the extreme solar energy over 40 Kenyan locations lIsing the daily 

maximum and minimum total radiation energy values. Their maximum value ranged 

from about 300 to over 400Wm,2. The minimum values were however below 50Wm,2 at 

some of this location indicating large diurnal and seasonal ranges between the maximum 

and minimum power values. The largest power values were concentrated within 

December to March corresponding to the month of maximum evaporation. This is the 

time when most part of the coastal region has low cloud cover. 

The magnitudes of the power values were relatively low during IMLR and IMLR 

seasons as a result of dominant cumululiforrns clouds. which caused depletion of the 

available solar radiation in the atmosphere and reduction of loss of heat from the creeks 

by the long wave radiation. Under typical overcast conditions, the heat loss 01' the earth is 

reduced to about 15% of the loss with clear skies. The months of July and August are 

also dominated with Stratford clouds and low-level temperature inversion (Ogallo and 

Ramuna, 1998) and hence are accompanied by low solar values. Observation of the 

predominant direction from which the rain arrives at the coast has shown that the short 

rains appear to approach from the mainland. Thus suggesting that they are probably 

caused by the influx of the unstable moist air mass from the Atlantic and moist 

Congo/Zaire basin, which are locally known as the Congo Zaire air mass. 
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7.2 DISCUSSION ON SEASONALITY IN HYDROGRAPHIC PARAMETERS 

AND WATER EXCHANGE 

Fresh water in put, decrease in salinity and estuarine circulation 

Due to the semi-arid nature of catchment of Gazi Bay, Tudor Creek and Kilifi 

Creek, the rivers entering these shallow ecosystems are merely seasonal and hence fresh 

water input into the creeks is dominated by runoff and that high runoff implies a high 

total fresh water input or discharge. The fresh water input as well as excess evaporation 

has profound impact on the creek and the adjoining coastal waters. During the IMLR and 

IMSR seasons, the water level in the creeks increases rapidly the effect increases seaward 

transport and flushing of brackish or the seasonal water types. As a result the turbidity, in 

the main creek channels and the adjacent coastal water increase because of sediment

laden runoff. Density-driven or gravitational circulation then takes place within the creek 

coastal boundary layer or coastal fronts. Such boundary is viewed as commonly 

occurring near-shore water mass and mixing zone that exhibits characteristics of 

estuarine environment, rather than continental shelf waters (Kjerve. 1984). As the fresh 

water discharge rate increase so does the total load of sediment washed into the creeks 

and the size of the creek plume debauched to create a much extensive coastal boundary 

plume. The fresh water discharge and flooding in the upper creek areas causes large shifts 

in salinity particularly in the upper reaches of the creeks (e.g. Figure 5.4.1.1 e). As the 

runoff from the catchment areas peaks up within the shallow mangrove fringed basins the 

resident water is rapidly advected out of the systems and salinity drops in the creeks, to 

low values, such as was observed in IMLR season (Figure 5.4.1.1 e). Hence, variations of 

356 



discharge affect the salinity supply in the creeks, causing longitudinal temperature and 

salinity differences. Baroclinic forcing is due to salinity differences. The fresh water 

added to the inner creek basins are mixed by the tide with the ambient water into 

homogeneously mixed water types characteristic of each season as mentioned earlier. 

Decrease in fresh water input and evaporation effect on circulation 

As decrease in precipitation occurs (Figure 5.1.3.6) after IMLR and IMSR 

seasons respectively and the diminution of fresh water discharge (Fi gures 5.1. 3.1 also 

occurs (Figures 5.1.3.8), the salinity in the creek returns at an exponential rate to previous 

levels. This was indicated by increase in salinity towards the end of SEM season. Tidal 

mixing causes the change. It should be noted that also when this mass flux become 

negligible during NEM season, the salinity increases further beyond the oceanic value of 

35 to values ranging from 35.2-36 (Figure 5.4.1.2h). The excess salinity values are most 

likely caused by evapo-transpiration, which has two effects. First, the watcr lcrt behind 

becomes saltier, because only the water and not much of its included salt is added to the 

air; the remaining water becomes cooler due to the loss of heat during the evaporation 

process. Secondly, the heat that is lost from the creeks is added to the atmosphere, 

thereby wamling the air adjacent to the water. Thus much of the heat transferred from the 

systems to the atmosphere is transferred through evaporation. The increase in salinity 

(salt content) and the decrease in temperature make the remaining water denser (heavier 

per unit volume). This means that the cold salt water, which is heavier, occupies less 

space than it would if it were warm fresh water. Because water has been lost directly to 

the air and because the remaining water occupies less space due to increased density, the 
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surface of the water in the systems is actually lowered by evaporation (this is part of the 

negative circulation). This means that as evaporation increases to maximum values in 

NEM season a reversed density gradient develops from the ocean to the shallow inner 

basins in the creeks, the result is negative estuarine condition that produces a reverse 

baroclinic forcing in the creek. Evaporation almost exceeds preciritatioll almost through 

the year. During much of the SEM and even at the times of IMSR the salinity rebounds to 

original high values. In NEM season minimum evaporation occurs, and coincides with 

periods of maximum salinity before the mass influx brings the salinity down to minimum 

values in April-May-June. Thus the monthly change in the mean sea level is essentially 

influenced by the differences between each season averages or net inflow and 

evaporation. 

Elsewhere, there is evidence to support this. For example, Sikora and Kjerve 

(1985) reports of a restricted lagoon, much like the creeks considered here, in Lousiana, 

where the lagoon become totally fresh within two days of the opening a spillway during 

May-July 1973 flood on Mississippi River. After the flood receded and the spillway 

structure was closed, it took three months for the salinity to return to its pre-flood level of 

5. 

It is interesting to note that the rebound in salinity occurs from November to 

March a time when the increase in mean sea level from one month to another is 

appreciable, which can be seen as mirroring the spring tide. Also the minimum net 

inflow takes place in April-July when the mean sea level is decreasing at the creek 

entrances. It appears evaporation and precipitation drives negative and positive estuarine 

circulation. Elsewhere evidence exist, for example, Bogdanova (1974) on his 
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investigation of water exchange in the Red Sea through the Strait of Bab-el Mandab, on 

the basis of observations made by Morcos (1959), found that evaporation drives negative 

estuarine circulation. A schematic showing the type of circulation that is envisaged for 

this 'trans-monsoon' inflow-outflow mechanism is depicted. Fresh water with denser 

sal ine oceanic water in the creek channel results in incl ined isopycnals and isobaric 

surfaces. The surfaces, along the axis of the creek that slope down towards the ocean in 

the surface layer and drive a residual seaward current. 

Moreover in addition to localised evaporation in the creek, relatively warm water 

with high salinity observed in early month ofNEM season, is advected southward by the 

Somali Current (Swallow et aI., 1992) is probably responsible for the increase of salinity 

shown in Figure 5.4.1.2h. For example, in lower Tudor salinity and temperature follow 

similar patterns, during the investigation salinity and tcmpcralure were about 30 and 

28°C respectively. In mid-Tudor the estuary the salinity wcrc shown to be 28. Thus 

along channel temperature remained more and less uniform but salinity varied from 27 to 

30.5 indicating salinity gradient of 3.5 (example, Figures 5.4.1.21' and 5.4.1.1 f). The 

gradient is however not as strong as would be expected during rain period aml suggested 

small rainfall and river influence in the shallow and wide reaches of the inlet at the time 

of study. A front, was observed within the creek between the shallow basin brackish 

water and the channel near Ras Juda, and separates more saline water in the channel from 

the less saline water in the shallow inner basin. The water in this area showed a strongly 

turbulent zone with water tending to rotate clockwise during flood and vise versa during 

ebb near Ras Juda and the disturbances extending a considerable distance down stream. 

The front Illay indicate internal hydraulic control, with sub-critical conditions within the 
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shallow estuarine basin changing to supercritical in the plume. Kazungu (1996) had 

observed similar front occurred in the same neighbourhood. The channel is very dynamic 

part of the creek systems and can be considered as a frontal zone dividing the shallow 

mangrove- fringed inner basin from the ocean. One ean then imagi ne the front bci ng push 

back and forth like a piston in some part of the creek and above the she Irs Iopc. 

7.3	 CIRCULATION, CURRENTS AND TIDAL HEIGHT CHARACTERISTICS, 

AND WATER EXCHANGE 

Baroclinically driven circulation governing net water exchange 

The currents patterns inside the shallow mangrove fringed basins, in the channels and 

beyond are altered by strong baroclinic forcing with the river discharge and runoff. Fresh 

water is appreciably lighter than the salt water and makes its way through the creeks it as 

a surface layer it absorbs and entrains some of the saltier water from below as it 

progresses. Therefore the saltiness of the surface layer increases longitudinally (down

creek) as observed (Figure 5A.t.2e), while that of the lower layer decreases up-creek. In 

this manner there is no loss of salt within the creek as salt entrained and carried seaward 

by the top layer is replaced by an increased inflow of salt in the bottom layer, thus 

creating estuarine circulation. In the creeks investigated a two districts layer situation 

was not evident, there being a small difference between the surface water and the bottom 

water and on account of large tidal prism and small river discharge. However, true 

estuarine circulation, albeit ephemeral and during periods of large runoff and river input 

with would probably occur in the uppermost parts of the secondary creeks that constitute 
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the mouth of the seasonal rivers such as Kombeni and Mkurumuji. Often the "jet" of 

river that enters the mangrove-fringed secondary creeks and the shallow inner basins 

remains partly intact, and moves down the small channel as a thin ribbon of brackish 

surface flow. 

The estuarine circulation and the circulation generated by wind set-up in some parts 

of the inner basin or by wind blowing directly along the creek channel constitute 

gravitational, non-tidal or residual circulation related to residual sea levels. Some 

evidence for this occurs in Gazi Bay (Figure 5.3.2.9) where the residual oscillations are 

larger than those of Tudor Creek (Figure 5.4.2.1a, panel c) which is more protected from 

wind influence from the open sea. The large shallow water and peripheral lagoons 

observed in the creeks might also give rise to residual or secondary circulation that is 

responsible for net exchange of water between the creeks and the ocean. Casual 

observations revealed that secondary circulation were evident in embayrnents and near 

promontories. For example a known case is one in Tudor Creek ncar KMFRI 

characterized by a clockwise eddy during ebb (Kimaru, 1986). 

Tidal currents, direction and asymmetry 

Tidal current and direction presented, for example in Figure 5.3.2.3a for 

measurement taken close to the height of spring and ending close neap period, show tidal 

currents are greater during spring than during neap and also showed semidiurnal as well 

as diurnal and fortnightly spring neap variations. The greater tidal currents means larger 

volumes of water are exchanged across any given cross-section during spring than during 

neap on account of larger tidal prism. The currents as well as the surface currents were 
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found to change magnitude with time and tidal heights and behaved differently in each 

study site. Currents are fastest during spring than during normal tide and neap tide. This 

of course is expected given the differences in the tidal prism in each creek. Maximum 

current velocities are experienced at mid-high water and mid-low water. Extremely low 

current velocities characterise slack waters. Surface current were greater in the main 

channels, but decrease inside the inner creeks basins on account of channel effect in the 

inlet, and reduced velocity by friction through shoaling depths and widening in each inner 

basin. Currents were found to be slowest in Gazi Bay where no channelling effect is 

present. There is a tendency for the water to rotate clockwise, during flooding stage, in 

the shallow inner basins. 

In Tudor Creek with its peculiar headlands and more coves than the other two 

systems, side eddies were formed in the coves of each side of the headlands and showed 

opposite sense of rotation. One unique characteristic of circulation in Tudor Creek, is the 

presence of, clockwise eddies generated at the entrance of Tudor Creek and carrying with 

them plume suspended from the creek bottom during peak flood stage. Currents in each 

creek showed variations, which were probably, related to the tidal prism differences and 

probably influence of wind or seiches. 

In the mangrove tidal creeks, no strong ebb-flood current asymmetry was 

observed as the magnitude of ebb and flood currents are almost of the same level. 

Measurements conducted during the pre-NEM showed the flood currents to be dominant 

in terms of magnitude and duration as compared to ebb currents. 
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Such currents have been found elsewhere to enhance the export of nutrients from the 

inner mangrove areas to the open waters (Wolanski et aI., 1080; Pylec el al. ]l)l)(); Van de 

Kreek, 1976). 

Diurnal inequality 

Diurnal inequality, that is the difference in height between the higher high water level 

and the lower low water is not equal and, is more pronounced at spring period when the 

fluctuations are largest. Topographic influence was not evident in the tide gauges records 

moored in relatively deeper water near the entrance or mind channel in Tudor and Kilifi 

Creek. However for mooring in the shallow depths for example, in Gazi Bay, and the 

shallow water parts of Tudor Creek (Jomvu Kuu), the lower part of the spring period the 

inequality was removed and the curve distorted due to friction. During neap the 

inequality is less observable particularly in the lower parts of the curve, hence, indicating 

·that the effect felt during spring low water is less felt during neap. However, inequality is 

removed at the top during two to three cycles in neap; probably as ~l result of thermal 

influence as suggested elsewhere in this study. The tidal amplitudes during neap are 

reduced by almost 30% of their spring values. There is also the diurnal inequality 

between lower low water and higher low water and a daily inequality in the time intervals 

between pairs of high tides. 

The tides cause a twice-daily exchange of water between the inner creek basins and 

the ocean. Basically, the changes occurred because the volume of water from the inner 

creek basins and the entrance areas was carried into the middle of the creeks and mixed. 

The simultaneous response of temperature during low (ebb) and high (flood) water for 

example in Gazi Bay, clearly illustrates this point. At low tide the oceanic waler, the mid
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reaches and the water from the inner bay areas all appear to have temperature close to 

each other and relatively lower compared to that in the upper reaches of the bay. During 

high water however the cooler oceanic temperature is found at the entrance and the 

highest temperature in the upper reaches. This also indicates that during flood the 

different water types occur in different parts of the bay. Water types can also occur in 

relation to seasonal characteristics and this has already been pointed out in Section 6 

where it was suggested as a basis for various seasonal water types. During ebb the mixed 

water has lower temperatures and displays more stable water mass reflected by the 

closeness of the temperature curves. 

7.4 THERMOCLINE RESPONSES AND ITS EFFECT ON WATER EXCHANGE 

The circulation off Kenya coast was referrcd to in thl.: introduction. 

Various key coastal currents were mention that shift speed and direction with seasons. On 

the discussion referring to seasonal mechanisms that influence the water exchange we 

focus more on the EACC and the Somali Current. Figure 7.4.1 is 3-Dimcnsion schematic 

diagram bringing together the SEM season (Panel (a)) and NEM season (panel b) 

response of current direction, thermocline, and depth range of the BBW-lCW (Section 

6.3.2). Additional responses, which are listed in panel (b), and indicated in panel (a), are 

reversed in SEM season. We now look at the mechanisms underpinning the deepening of 

the mixed layer and the strengthening of the thermocline in the olTshore waters and 

consequently shoaling of the thermocline. 
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A combination of factors mainly related to flow is at play. In SEM season and 

particularly in July-August Southeast winds are in their maximum strength and 

correspondingly the EACC reaches its maximum speed of more than 2ms" (Newell, 

1957, 1959, Swallow et al., 1992) along the coast and mainly directed northwards in 

Gazi-Kilifi shelf area. Viewed in south-north direction, the Southeast winds would 

produce down-welling favourable conditions on the Kenya shelf as indicated in Panel (a) 

in Figure 7.4.1, where the BBW-ICW thermocline is schematised as down welling to 

150m. In the Northern Hemisphere the Somali upwelling occurs during this season. The 

effect of the strong monsoon winds during this period mixing is enhanced and an almost 

homogeneous surface layer and deepening of the thermocline to about 80-120111 occurs 

(Morgan, 1959). We found the themocline to be at 75m during for SEM season. In the 

creeks, during SEM season, the variations of surface temperature, salinity, rainfall, wind 

and waves of the Kenya coast reflect the observed changes. 

The upwelling favourable conditions for NEM season are also schcl11atiscd in the 

three-dimensional Figure 7.4.1. In this schematic the BBW-ICW thermocline is shown to 

occur a depth of 50m. 
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Figure 7.4.1 3-D schematic diagram shoWing the SEM seasonal (panel a), and the 

NEM season (panel b), respnnse of current direction, thermocline, depth range of 

BBW-Iew and other effects. 

366 



We can further speculate on the effect of the offshore currents dynamics on the 

creek-ocean water exchange. Johnson et aI., (1982), argued that vorticity change at the 

North Kenya Banks (NKB) was responsible for switching the EACC. It can be suggested 

that during SEM season the EACC merely serve to increase the distance between two 

juxtaposed ecosystems (EACC and SC) which can be visualised as having two different 

surfaces of constant potential temperature. As the surfaces move apart due to increasing 

wind the EACC overshoots the NKB and greater rate of spin or vorticity ensures. As the 

potential vorticity increases, hence the thermocline deepens and the surface layer become 

homogenous (see shelf slope of Figure S.4.l.Ie and S.4.l.2e) while the sea level falls, as 

water is drawn form the EAB. Increased coastal flow across the entrance to the creeks 

implies rapid exchange as the estuarine plume exiting from the creeks is quickly advected 

from the entrance and replaced by different water. During this period a tongue of low 

salinity from the previous IMLR season, can be observed along the coast near the Pemba 

channel as see in the Indian Ocean Atlas (Wyrtki, 1972). It is likely that such water 

gravitational circulation in the creeks and promotes rapid exchange during IMLR season 

as well as in the earlier period of SEM season. 

During NEM season, the potential vorticity is such that the EACC gallls III 

potential energy, and the flow of the EACC is reduced almost by hal f. The sea level rises 

as the water backs up in the south due to wind reversal and anti-clockwise circulation, 
-~ 

e.g. when NEC is established in the Arabian seas. Note the current is northward of 

IllJrtllwanJ ofT (.la/.i Kilifi ofTshon: area. To the north or Kilili ('I'L'\.'I-; ill the rq;ioll or 

Malindi-Ungwana Bay area the current is to the south (Jonson et a1.. I ()82). During this 

period however an equatorial jet ensures that water is drawn away rl'Olll the coast by the 
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ECC (Find later, 1972). Such a flow and the easterly winds ensure upwelling favorable 

conditions, which may be visualized as schematized in panel (b) Figure 7.4.1 on the 

Kenya shelf. Shoaling of the thermocline occurs after November. as mcntioned by 

Kabanova (I %8), and may be as high as 50m at the peak 0 [' 111l: N I~ M season as 

schematized in panel (b) of Figure 7.4.1. Further evidence is seen in Figure 7.4.2 where 

the isolines (above SOm depth), for different oceanographic parametcrs ill various cross

sections, up-well (Source Dr. R,Y. Fridjof Nansen Data 1982-1985), Thus during the 

IMLR and NEM season the water surface has warmer and lighter water noating on the 

top of a much deeper layer. During this period the main thermocline taken as the basc of 

the surface mixed layer and appeared at 43m its position being estimated as the location 

where the temperature is one degree below that on the sea surface. Morgan, (1977) gave 

the position as SOm. The slight difference could be due to non-specification of the 

explicit month the measurements were made, as the position could be eli rfercilt depending 

on the wind regimes at the time. 

The implication of a shallow thennocline close to the creek entrance is evident. 

Since the ebb current speed may reach close to lms· l
, it is likely, to lift the thermocline 

water from a depth SOm and entrain it in the lower part of the plume and later drive the 

seawater into the inlet during flood. The mechanism has been referred to as tidal pumping 

(Wolanski, 1980) and has been shown, for ebb currents of lms· l
, water can be drown 

from a depth of 100m. We note also that the upwelling is probably initiated in October by 

an eastward equatorial jet caused by westerly winds (Findlater, 1972; Wyrtki,] 973; 

Duing and Schott, 1977; O'Brien and Hurburt, 1974), which appears during the inter-

monsoon months. 
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Figure 7.4.2 Composite diagram showing cross-section (I-IV) for temperature, 
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To add more on the evidence to support upwelling favourable conditions wc point out 

that Stomel et al., (1992), has shown that there is a tendency lor ollshorc watcr to leave 

the coast, between Pemba and Malindi. In addition from heat budget. 11~lstcmath and 

Lamp, (1980) have argued that the area north of 100 S along the East i\ frican Coast and 

Arabia playa substantial role in the heat budget and vertical motion of the northem 

Hemispheric Indian Ocean for the year as a whole. 

Another reason is that the three study areas are close to the upwelling equatorial 

region. It has been estimated the total heat loss from May to August is -2.8±2.0 x 1021 J 

whereas the net heat gains from September to April is -4.6x I021 .J (Hastcnrath and Lamb, 

1980). 

7.5 MECHANISMS OF WATER EXCHANGE IMPLICATION TO ENHANCED 

BIOLOGICAL PRODUCTIVITY 

Biological scientists from the region have insisted that the physical 

oceanographers explain to them the physical mechanism leading to the occurre'nce of 

high biological productivity on the shelf both in terms of plankton and fish landing, 

particularly in the immediate slope waters near the creek entrances, during NEM. Recent 

observation (Ruwa, per comm.) indicates that the waters in the creeks are more 

productive in the SEM season whereas waters at the entrance and coral reef areas are 

more productive in NEM season (see Pugh, 1984). Pugh attributed the unusually enriched 

water to decay matter related to periods of exposure in the inter-tictal 70ne. Biological 
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enhancement in the reef area can be related to periods of submergence and exposure of 

the inter-tidal areas. 

It can also be related to localized upwelling in reef channels such as noted by 

Wolanski et al. (1980), on study of tidal flow through Ribbon Reels ill Lhe northern Great 

Barrier Reef of Australia. However, these two explanations in pan explain enrichment 

process. There other explanation most likely is caused by intricate interplay between the 

terrestrial and oceanic influences on in Lhe coastal ecosystems, alld particularly as iL 

relates to water exchange processes and circulation mechanisms. 

The response of the shallow inner mangrove basins to seasonal dynamics related 

to the monsoon can be understood better by comparing the response Lo Lidal rhythm. The 

high sea level in the NEM season and low sea level in the SEM season can be viewed as 

similar to flood and ebb tides. Thus the meeting of the EACC and SC resembles like 

'backs up' of the acts like flood tide, albeit on annual time scale. Sn the waleI' nil the shell' 

and in the creeks 'floods' during the NEM season whereas it 'eblls' during the SEM 

seasons. We can infer from this argument that, as a general rule, the shallow mangrove 

fringed basins dynamics and creek morphology are controlled by lowering of the sea 

level during SEM season. Thus we associate the creek scouring and erosion processes in 

the creeks with the SEM season, since ebb tides are associated with this processes 

phenomena (Ranwell, 1972). Similarly accretion processes can be seen as occurring in 

the NEM season. There are inshore and offshore circulation patterns or mechanisms 

associated with this seasonal 'floods' and 'ebbs'. The mechanisms can be linked with 

biological enrichment. Figure 7.5.la are presented for the purpose of suggesting 

mechanisms responsible for biological enhancement and fish landings. During Lhe NEM 
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season, excess weather conditions lead to the occurrence of highest salinity and 

temperature in the creeks and in the offshore (see Figures S.4.1.le and S.4.1.2e). The 

hypersaline condition occurs in the creeks shallow basins due to excess evapo

transpiration. This condition is enhanced by diminished of fresh water input Juring NEM 

season. The result is the production of dense water, which locally induces a net clockwise 

circulation in the shallow water basin, as shown in Figure 7.S.1a ccll A. At the ocean 

side warm water of high salinity and temperature albeit of slightly lower valucs than 

those observed within the creek are transported into this region from the northwestern 

Indian Ocean. During this time the sea level is high and the thermocline is close to the 

surface (See Schematic 7.S.1a). Because of temperature, and reduction of density 

between the base of the thermocline and the surface water, increase in vertical transport is 

expected (cell B of Figure 7.S.1.a) hence the nutrients move (diffuse) from lower water to 

the surface. Evidence for the circulation B, the upwelling NEM upwelling favorable 

condition is shown in Figure 7.4.2 by upwelling isolines in the surface layer (a-Sam). 
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During SEM season the fresh water condition are much weaker (Figure 5.4.l.2g). 

Plausibly, the gravitational circulation pattern that is set up within the creeks and ocean 

water at the slope is that of dry condition and is depicted in Schcmatic Figure 7.5.lc. 

Figure 7.5.1 d is a COMEC-model schematic for the SEM season down-welling favorable 

conditions. 
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Figure 7.5.1 c Schematic model showing internal creek circulation during SEM 

season when positive estuarine conditions prevails and thermocline down-wells. 

The SEM season hydrographic conditions in the creeks are such that a net 

clockwise (gravitational) circulation induced by fresh water condition dming the IMLR 

season persists. The brackish water conditions gradually recede into thc creeks with the 

diminishing fresh water and the gradually encroachll1g southern ocean oceanIc conditions 
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The upwelling tendency coupled with Ekman transport produces an upwelling 

favorable circulation scenario at the shelf slope as mentioned earlicr, thus causing 

nutrients to be available at the slope. Gradual increase in salinity inside thc creeks imply 

that the net Illovelllcnt 01' water is frolll thL: ocean Into the cred;s. a process that is 

probably speeded by the Equatorial Jet stream (Findlater, 1973) associated the Ekman 

process. In addition higher values of sea level in NEM, implies increased flow and hence 

more stirring of the bottom sediment on the leeward side of the reeL A large volume of 

seaweed on beaches, during NEM season, indicates increased speed of currents on the 

shelf edge and in the lagoons (Fishery Dept. comm.). Increased currents Illay mean 

greater out-welling estuarine and coral plume in inlets that cut across the fringing coral 

reef, thus again favoring higher biological productivity scenario. 

Thc foregoing arc just simple explanations of an otherwisc intricate response ol~ 

the shallow ecosystems (ceo-response) to the inter-l1lonsoon and 1110l1S00n Cycles. Figure 

7.5.1 b depicts a cross-shelf eco-process schematic for transect across the coast illustrating 

the processes of the upwelling favorable scenario, created as the result of ocean-ward 

drift, albeit of the sub-surface layer, following the convergence of the SC and the EACC. 

Notice that the cross-section cuts across a number of coastal ecosystems e.g. the shelf

slope, the coral reef, the seagrass and the mangrove-creek environment, which constitute 

the most important critical habitats (Ruwa, 1996) in these equatorial internal waters. This 

can be referred to as 'Creek-Ocean-Monsoon Eco-process model' in short 'COMEC

model' which is a conceptual presentation of multi-process conditions that lead to hydro

meteorological variability that in tum lead to enrichment of coastal waters and fisheries 

of the EAB. The implication is that shelf-break upwelling occurs. intense tidal mlx111g 
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and pumping at leeward of the fringing coral reefs, elevation of the thermocline is due to 

the enhancement of the vertical motion north of lOllS as pointed out by Hastenrath and 

Lamp (1 (80). The events can also be linked to monsoon driven Kelvin waves (Gill, 1(82) 

along the East Africa Coast. The outcome of this process is that the hiological activities 

and fish landings for both commercial and artisanal fishery (Nzioka, 1979) arc enhanced. 
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Figurc 7.5.1 b Eco-proccss schematic of a typical crcc!\.- to-Ol'CHII cross-scctiOIl 

during the thermocline 'upwelling favorable conditions' (NElVI season) in Kcnya 

coast. 



into the creeks. The down welling of the thennocline is reminiscent of anti-clockwise 

circulation near the entrance, the situation is similar to dry condition described e.g. by 

Wolanski (1993). Thus an upwelling tendency occurs within the LIpper reaches of the 

creek and down-welling condition at the entrance-slope area. The evidence lor this is the 

low sea level that occurs during the SEM season (Figure 5.4.2.3). 

__' _SIfIC AIR COOLING,. 
--------- - --------~--------------~-------------~ 

T~MP::Rt, IUf~E ,t::,-'Kt.:,~-_·Ir,'~-· 

(co rj l..; ~ J .' 
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Figure 7.5.1 dEco-process schematic of a typical creek- to-ocean cross-section 

during the thermocline 'downwelling favorable conditions' (SElVl season) in Kenya 

coast. 
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These patterns of circulation sccnarlo favors cnhanccd producti\'ity in thc inncr 

creek area and limited productivity at the entrance and slopc watcr arc,\. III addition it can 

bc speculated, that 'the terrestrial influence' characterizcd by enhanc\..'d I'resh water influx 

during IMLR season, result in high nutrient concentration in the creeks. which prohahly 

remain trapped in the upper reaches of the creeks due to a receding frontal feature. 

During IMLR and SEM season the presence of rainfall, lower temperatures, stronger 

coastal current means that salinity difference between the surface layer and the base of 

the mixed layer is increased leading to suppressed vertical transport. Hence, low 

concentrations of nutrients appear in the surface of water at this time, hence the scenario 

is the reverse of the one occurring offshore during NEM season. The annual progression 

of the hydro-meteorological parameters is shown in the integrated Figure 7.5.1 e, which is 

a complex plot. The Purse seine and artisanal fish landing are also shown in the lower 

panel. High fish landings along the coast occur between October and February IMSR and 

NEM seasons when the thermocline is shallow. It is suggested that the presence of large 

marine games near the creek is a result of water circulation dynamics. Particularly the 

upwelling favorable conditions established during the NEM season bring them close to 

the creek entrances (Fishery Dept. personal comm.). Their southward movement further 

south into EAB later in the season, may be due to enhanced upwelling tendencies related 

to arrival of less saline water via SEC in the earlier parts 0 IMLR season and calmer 

waters in the EAB south ofPemba. 
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CHAPTER EIGHT 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

8.1 SUMMARY AND CONCLUSIONS 

Water exchange, circulation and heat budget in a shallow bay and two relatively 

deep creeks in the Kenya coast were investigated. To understand bettcr the forcing factors 

governing water exchange and circulation were quantified and discuss in the context of 

inter-monsoon long rain season (IMLR), Southeast monsoon (SEM), the inter-monsoon 

short season (IMSR) and the Northeast monsoon (NEM). The climate of the study areas 

is shown to be monsoon related. Rains occur in May and November with maximum in 

May, winds change direction and blow almost in east-wcst direction in April and 

October- November but at the peak of each SEM-season and N EM season (hey arc strong 

and blow from Southeast and Northeast respectively. Highest wind spceds are in July

August and lowest in April and November, whereas air temperatures are highest in 

February-March and lowest in August. 

The temperatures and salinity show seasonal fluctuations. Flood tides brought 

cool temperature and waters of higher salinity from the ocean and lowered the creek 

temperature by I-3°C and salinity by 1PSU. During ebb tide water of lower salinity was 

found near the entrance and vice versa during flood tide. Water tell1peratlll"cs were also 

higher during neap than spring periods. High salinity bubbles were also fOllnd during ebb 

tides at the entrance and indicated entrained pockets of high saliniLy watcr I'rom inner 

parts of the creeks. Seasonality was also observed on monSOOIl scale. 

379 



Heat flux estimate for Tudor Creek, showed that the net value for advective heat 

flux was 6Wm-2 into the creek and diffusive heat flux of 17Wm-2 out of the creek. 

Therefore a net heat flux of 11 Wm-2 when a net volume flux of 62m\-1 and typical 

temperature difference of I.SoC between the creek and the ocean were useu. 

NEM season reflected highest salinity and sea temperatures than the other three 

seasons. The high salinity was caused by excess evaporation in the creeks as well as the 

presence of oceanic water masses of high salinity probably from the Sc. Lowest salinity 

occurred in IMLR season as a result of rainfall and invasion of water of lower salinity 

brought by the EACC. The surface mixeu layer anu the thermocline sho;t/ed (upwelled) 

during NEM-season but deepened during SEM season. Observations showed lower and 

higher salinity in the inner basin of the creeks than the ocean during 1M LR (wet) season 

and NEM (dry) season respectively. Salinity differences produce density diflcrence anu 

generate baroclinic circulation with surface current always directell lHlt 01' the bay i.e. 

estuarine circulation. Salinity within the inner shallow basin increases dUrIng the dry 

season as a result of evaporation from the mangroves and muddy inter-tidal areas at a rate 

of O.Gcmd- 1 of water. Then a salinity maximum zone is created. and an internal 

circulation set up, that may effectively isolate the inner basin from the coastal water. 

Semi-diurnal tide (M2) with strong diurnal inequality dominated the tidal 

circulation in the three study sites. Thus the dominant flow was barotropic. Flood 

currents were stronger than the ebb currents with a maximum of the order 01' 40cms- 1 in 

Tudor and Kilifi Creeks entrance area but less by half the value in Ga/i Bay. The stronger 

currents were attributed to narrower channel effect in the two creeks whereas the weaker 

currents in Gazi Bay were due to the wide entrance. In the three-study siks spring tidal 
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currents were higher than neap currents and diurnal and fortnight inequality was also 

observed in the currents corresponding to the tidal inequality. Tidal excursion was 

estimated at 2.5km. Tidal asymmetry was evident in all the study sik'i and \\~lS attributed 

to the presence of shallow mangrove areas and mud flats with thl' ned: illner hasins. 

Gazi Bay was found to be ebb dominant with ebb tide duration exceeding Ilood duration, 

where as Tudor and Kilifi creeks showed flood dominance. The tidal currents arc 

asymmetrical in Tudor and Kilifi Creeks with swift flood currents of shorter duration 

than the ebb currents of small magnitude and longer duration. Tidal asymmetry tended to 

disappear during neap periods in Gazi Bay. Tidal ranges were found to be variable, for 

instance, in Gazi Bay, the spring, neap and mean tidal ranges were 4.1 m, 3.1 m and 104m 

3respectively and spring volume flux of 1757 m 3 
S·l, neap volume flux of 692 m S·l and 

mean volume flux of 1224 m 3 
S·l. Sea level in Tudor Creek was found to be higher than in 

the ocean, a difference that was attributed to tidal oscillations within the shallow inner 

basin of the creek, in the same creek 'over-bank tides' or llood pUISl'S ",",ere clwractcrized 

by narrow current velocity spike of up to 30cms· l
. Slight ebb pulses occurred probably 

due to shoaling of depth as the tidal level recedes. 

On seasonal scale, sea level was higher during NEM season than during SEM 

season, this phenomenon was attributed, in part, to the 'back up' or the coastal water 

when the SC meets the EACC and non-local forcing possibly related to monsoon Kelvin 

wave events in the region. The creeks were found to flush in less than 3 days although the 

uppcrmost reaches or the crceks might take longcr periods to Ilusll. Oil longer lime 

scales, however, the creeks are well ventilated in IMLR and SEM hut less so in N EM 

season on account of opposed gravitatio:1al circulation which can Iw described in two 
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fold mechanisms: the dowelling favorable conditions and upwelling !~lVor,lble conditions 

during SEM and NEM scasons respeclivcly. The mcchanisms arc glvcn lllC acronym: 

Creek-Ocean Monsoon Eco-process models (COMEC modcls) and scl1cl11ali/cd as long

term internal and onshore gravitation circulation. In SE.M scason the circul,ttion is such 

that water exchange is more enhance and internal circulation enhances 'Iocalizcs 

upwelling' inside the creeks thus enhancing biological productivity there, but of/shore 

water 'down wells' as evidenced by deepening of the thermocl ine. In NEM season 

internal gravitation enhance trapping in the creeks and the set up circulation pattern that 

favor upwelling at the entrance and in the offshore thus enhancing biological activities. 

The shoaling of the thermocline during NEM season is the evidence advanced for this 

circulation scenario. 
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8.2 RECOMMENDATION AND FUTURE WORK 

Management of the shallow water ecosystem as well as the time depended 

currents off Kenya coast and the rest of the East Africa Bight should be based on a sound 

understanding of the key aspects of water circulation, water exchange and variability of 

the physical and biological components. Water circulation and exchange control the 

advection and dispersion of eggs and larvae from fish, crustaceans and corals when they 

are in pelagic dispersal phases. Water circulation also controls the shulliing of fish in and 

out of the creeks and lagoons on tidal scales and inter-monsoon scales and the southern 

movement of the migratory fisheries into and out of the East Africa Bight. There is urgent 

need to collate the bight-wide existing oceanographic data in order to explore further the 

seasonal processes that enhance the upwelling and down welling favorable conditions 

and produce a more detailed link between the fisherics and the physical processes. It 

appears that there are specific periods in the year that the crustacean larvae lind their way 

into the creek systems and leave the creeks for recruitment further olTshorc or within the 

deeper parts of the creek systems. The time needs to be determined ,lI1el the related water 

conditions established for better management or the crustaceans. Morc over watcr 

circulation and exchange controls the transport of pollutants such as nutrients from 

sewage. The circulation also controls agricultural runoff, pesticides, and mud from 

dredging of harbors and also erosion and accretion of on the shoreline e.g. in Malindi

Ungwana Bay and Dar es Salaam and in turn affect marine life. Circulation and re

suspension of silt in shallow entrance or shelf area could be responsible for fish kills 

often reported along the coast (Wawiye, 1996 per comm.) is due to si It re-suspension of 
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sediments in some parts or the shelf edge due to strong bursts or tidal currents and 

residual circulation. 

To improve our understanding and answer pressing management questions more 

field data need to be gathered which should bc done together with raising the awareness 

of fishermen on the benefit of research so as to limit loss or interference of any deployed 

research equipment. Future research should concentrate on mechanism governing mixing 

processes and causing plankton patchiness in the creeks and in back reef lagoons. 

Detailed work needs to be done in numerical modeling of the creek systems in order to 

simulate circulation and assist in the description of the hydrodynamics or the creek. 

Proper bathymetric surveys campaign should also be carried out in creeks, 

lagoons and bays of interest and information archived to ensure beltcr geomorphologic 

infomlation, that can facilitate more detailed research in these ecosystems, lor cxample in 

accessing suitable positions for deploying equipment e.g. current mcter. 
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Appendix A 

Heat Exchange 

Radiation balance 

Flood usually implies that colder oceanic water is brought into the Tudor creek system 

while the ebb removes mixed creek water containing excess heat. Since the water 

exchange and the temperatures of the different waters have been measured (both within 

the hydrographic survey program and through tide gauge measurements), it is 

principally possible to calculate heat flux through the channel. We shall also establish a 

heat bUdget for the area. 

The average heat flux through the Tudor channel per unit surface area is given by 

where, 

Qsr is the solar radiation input, 

Qrsr is the reflected solar radiation, 

Qlrbr is the net longwave back radiation, 

Qehl is the heat loss by evaporation , 

Qhcf is the heat loss by conduction, biological processes etc. 

Qsr is given by ~Scos(crt)cos(A.+o) ,Qsr > 0 or otherwise zero (see Pugh and Rayner 

1981, Sultan and Ahmad, 1993, Reeds ,1977, Reeds, 1983, Gill, 1982) ,where ~ is the 

atmospheric extinction coefficient, which is approximately 0.7 for vertical transimission 

(Defant, 1961). S is the solar constant which is equal to 1390Wm-2 , (j is the solar 

angular speed. A. is the solar declinatin, 0 is the station latitude. Since the creek is near 

the equator we set A. and 0 equal to zero. Qrsr is 10% of Qsr and may be negleted. Q sr 
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Using Brunts formula 

where \jI is the Stefanal-Bolzman Constant. Tw is the water temperature,ea is the vapour 

pressure of air in mb. Taking ea' of 25 mb and Tw, of 25°C, Qlrbr = 62Wm2. 

Qehl=(11.2 +4.1W)(es-e ) (see Pugh and Rayner ,1981), a

where W is the wind speed in m s-1, ea is the air vapour pressure, and es is the 

saturated vapour air pressure at the sea temperature. Taking 8s at 33 mb (75% saturated 

2at 25°C and wind at zero, Qehl =90 W m- . 

Q hcf = 0.47(11.2 + 4.1 W)(Ts-Ta) W m-2 
, 

,where Ts is the water temperature, and Ta is the air the air temperature. 

Ts-Ta is 1.25 0 C. Qhcf:::: 15 W m-2. The net heat balance becomes Q~ 0sr - 0lrbr 

Qehl- 0hcf = 180-62-90-15 = 13W m-2.
 

Or can be interpreted the heat flux (adv + diff) through the channel which thus can be
 

calculated from the observations.
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Appendix B 

Advective and diffusive flux 

The ebbing water must on average be warmer,by an amount BT, than the flood water. 

That is the net heat output by the water exchange equals the net heat gain from 

radiation. The net heat flux can be estimated from the sum of the advective and the 

diffusive flux (~Oradv +Ordif) as follows: 

Cradv Ac =pcpQeTo,/Ac and AcOrdif =pcpQmaxBT/Ac 

Oradv is the advective heat flux, Ordif is the diffusive heat flux, 0max (aproximately 01 is 

the net volume flux, BTis the temperature difference from the creek and the ocean during 

North peak dry season. 0e is the evaporative volume flux ,Ac is the surface area of the 

creek 

To is the temperature in the ocean side,p is the density of the sea water,Cp is the specific 

heat of the sea water , 

3cp =4000 J(kgOCr1;p =1000 kgm-3, 0e= 1.6 m3s- 1,T0= 27.SoC , A =22x1 06 m .c

Therefore the value for advective heat flux Gradv = 6Wm-2 (inwards) and diffusive heat 

flux OTdif = 17 W m-2 (outwards) the net heat flux is 11 W m-2 . 

The results from the calculation of heat flux must be treated with great caution. It is based 

on measurements of temperature during day time, while during the night the difference in 

temperature is probably smaller ( fig.10). The estimate of 0max is also made on too few 

data and a not very precise estimate of 0e. However, it indicates the correct order of 

magnitude of the heat flux or the budget equation qiven above. 

Alternatively the heat flux can be calculated from the current meter data simply by using 

the formula: 

QT = f pCpAxsU(l)T(l)C 

where U is velocity and T is temperature, and T is the period of observation, which has to 

be of the order of the residence time. 
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Appendix C 

The Bottom Layer at the Exchange Section 

Estimations of friction velocity,drag coefficient and the depth of the 

boundary layer. 

The pendelums measurements nearest to the bottom in the mid channel position ( figs. 

4.1.2a-b.) were placed 1, 2 , 3 and 4 (corresponding to pendelum # 20,19,18 and 17 in 

, meters from the channel-bed . These current measurements, made twice a month 

during three months at flood and ebb and at spring and neap periods, provide 

motivation for a simple study of the bottom friction layer. Fig.12. show some of the profiles 

of the measurments from the pendelums measurements From the profiles U(z) we try to 

determine the friction the bottom stress, the roughness depth and the quadratic drag 

coefficient and the depth of the logarithmic layer. 

The expression for the friction layer is as follows: 

U(z) =(U*/k) In(zlzo)' 

where U(z) is the horizontal velocity profile in the boundary layer. U" is the friction 

velocity and k is a universal constant known as von Karman's constant (0. 42). In our 

above interpretation 

z is the vertical distance from the sea bed. 

zQ is the roughness length, which is a function the bottom stucture. 

The friction velocity,U" can be defined by the expression 

uo=.,n 
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from which 

where 't is the bottom shear stress and p is density of water. 

The quadratic drag coefficient (Cd) is given by the expression, 

where Uo is the velocity outside the boundary layer, 

thus 

The above parameters were determined from a matlab program that estimates the 

friction velocity and roughness length by least square fit of the current data to the 

logarithmic profile (fig.12). This was done by rearranging equation 4.4.1 a as follows: 

u· U· 
U (z) = -In z - -In z

k k 0 

and performing linear regression to the straight line equation; 

y =mx +C 

where 
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u· 
the slope =

k 

. u· 
the mtercept C =- "kIn Zo 

and 

Uo is the mean velocity in the layer above the friction layer and was estimated and used 

in the program for each set of measurments. Table 8 shows the values for the 

parameters. 

The exponential depth scale of the bottom friction layer 

Wang and Craig (1993), point out that the depth scale of the constant eddy viscosity 

layer (the bottom friction layer) can be calculated, if the frequency (00) of the dominant 

tidal component and the eddy viscocity (ll) are known, from the expression 

where 0 is the exponential ~epth scale of the constant eddy viscousity layer, ll, the 

friction 

coefficient. It should be noted that the eddy viscosity layer is above the constant shear 

stress layer ( the logarithmic layer) of which length can be estimated as from 0-4m above 

the sea-bed. 
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Common representation of the interior eddy viscosity (Wang and Craig,1993) is 

~l=cU*H, where H is the depth of tl"le water and U* the friction velocity. c is a constant 

ranging from 0.01 to 0.1. From the logarithimic profiles (fig.12) , almost constant velocity 

occur in the range from near the surface to about 11 m below the surface. The curves 

suggest that the depth of the constant eddy viscosity layer lies between 4m 

and 9m above the sea· bed. Thus conveniently chosing the value for c as 0.01 allows 

us to determine the value for D. When the values for U* of 0.04m s·1 from previous 

calculation (assuming this is the value at the base of the eddy viscous layer) and H taken 

as 20 m coincinding with the general depth of the channel at the mooring site. The value 

for ~ is found to be 0.0082 m2s·1. Wang and craig foud a value of 0.0028 m2s· 1for 

similar system. When ill is taken as 21t/T, where T is 12.42 hrs, the value for the depth of 

the eddy viscocity layer is 10.8 m, this is compares well with the values of 9m obtained 

by Wang and craig for similar system. This shows that the currents in the channel do 

reach constant values towards the surface. The observations also confirm that the 

position of RCMs 10m was suitably selected and further that the three lowest pendelums 

were within the boundary layer. 

It should also be noted that the depth of the constant eddy viscous layer can be taken 

as the height where the mean flow velocity in the upper layer drops to about 90% of it's 

value. In some cases the boundary layer never gruws to its maximum steady state value 

because it's build up (growth) time is close to the tidal cycle i.e. the current switches 

direction before the boundary layer is fully developed.. 
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