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Abstract 

Sea surface temperatures in the tropical Indian Ocean have been shown to be 

inversely related to South African summe,r rainfall, making advanced predictions 

of this rainfall practicable. Such predictcability has enonnous potential economic 

benefits. However, these predictions have been purely statistical; very little is . 
currently known about the marine-atmospheric processes in the Indian Ocean 

tropics. 

To address this lack of infonnation,- the structure of the upper ocean and 

lower atmosphere as well as the surface 'heat fltixes in the tropical Indian Ocean 

have been investigated. This was done by a ~pecial measurement programme on a 

research cruise in the region. Global grid~ed meteorological data have been used 

to complement the shipboard observations. 

Heat fluxes have been computed from the cruise· observations and related to 
' 

the main atmospheric patterns at the time. These patterns were identified from 

principal components analysis. Air-sea interaction could thus be estimated over the 

full tropical Indian Ocean. · 

It is found that the thennocline depth is linked to the cyclonic ocean current 

shear and to the overlying distribution. of wind stress curl. The meridional 

advection of air into the central Indian Ocean region is shown to modulate the 

characteristics of the atmospheric boundary layer in the tropical Indian Ocean. The 

maximum turbulent heat and moisture transports to the atmosphere are found near 

cyclonic atmospheric disturbances. -

These are the frrst reliable observations of the heat and moisture fluxes in 

that part of the tropical Indian Ocean implicated in South African rainfall. It is 

clear from this investigation that the synoptic atmospheric systems and the 

meridional flow of air are critical to enhanced atmospheric convection in the 

region. 

.< 
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Chapter 1 

Introduction 

The ocean and atmosphere are inextricably linked. The ocean's circulation is 

driven by wind and by density differences, the latter largely depend..- on the 

lower atmosphere. The atmosphere in tum, for the greater part owes its nature to 

and derives its energy from the ocean. This therefore leads to an interactive 

process. The tropical oceans are regions of heat gain. This heat is exported to 

higher latitudes, which are colder. The manner in which this energy transfer occurs 

is uncertain and has become a subject for numerous research programmes such as 

the Tropical Ocean Global Atmosph~-Coupled Ocean-Atmosphere Response 

Experiment (TOGA-COARE) in the Pacific Ocean and the World Ocean 

Circulation Experiment (WOCE). 

The ocean currents, heat fluxes and cumulus convection are thought to be crucial 

means of transferring energy wi~ the ocean and from the oceans' surface. The 

availability of data from the tropical oceans remains a serious constraint to 

investigating these processes, particularly in the Indian Ocean. The modelling 

studies of Indian Ocean sea surface temperatures (SST) (Tennant, 1996) and long-

term climate forecasts using tropical Indian Ocean SST (Barnston et al., 1996), 
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highlight the importance of air-sea interaction in the Indian Ocean on southern 

African convective variability. 

The Indian Ocean has so(lle of the same circulation characteristics as other 

subtropical basins, but also some unique 'aspects that are a function of its size and 

location. 

1.1 Indian Ocean circulation 

The Indian Ocean is one of the least studied oceans in the world. The northern 

parts of the ocean circulation differ from that of ·t;be comparable Atlantic and 

Pacific Oceans. Due to the very extensive land mass of Asia to the north of the 

ocean, there is a seasonal variation of winds across the equator. The change in 

wind direction (monsoon) mainly north of the ·equator, leads to changes in the 

ocean current velocities. During the NE monsoon (November to March), there is a 

westward flowing North Eq~torial Current from '8°N to the equator. From the 

equator to the 8°S, there is the eastwar4 flowing Equatorial Countercurrent (ECC) 

and from 8°S to between 15° and 20°8, there is the ever-present, westward

flowing South Equatorial Current (SEC): An illustration of these currents appears 

in figure 1.1a. During the SW monsoon (May to September), the flow to the north 

of the equator is reversed and is to the east. This combines with the eastwards ECC 

so that a wide eastward flow result between l5°N to 7°S which is referred to as the 
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SW Monsoon Current (figure l.lb). According.to Pickard and Emery(1982), the 

SEC continues its westwards flow, south of 7°S, and is strongest during the SW 

monsoon. 

An Equatorial UnderCW'rent (EUC) is found in the ·thermocline east of 60°E 

during the NE monsoon period, but is weaker when compared to the undercurrents 

in the equatorial Pacific and Atlantic. The EUC is not evident during SW monsoon 

periods. Oceanographic observations have shown· the changeover from one 

monsoon regime to the other to take approximately four to six weeks. 

At the African shore, during the NE monsoon period, the SEC supplies water to 

both the ECC (north) and the Agulhas Current (south); the latter via the East 

Madagascar Current and the Mozambique Channel (Stramma and Lutjeharms, 

1997). During the SW monsoon, the northward component of the SEC supplies the 

Somali Current along the east African coast. The SEC, Somali Current and 

Monsoon Current then form part of a strong wind-driven gyre in the northern 

Indian Ocean (Pickard and Emery, 1990). Strong upwelling is known to occur 

during this period along the Somali and Arabian coasts. 

In the eastern boundary of the ocean (off western Australia) there is little evidence 

of upwelling. The flow is generally southwards, and different from the eastern 
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boundaries of the other oceans (where flow is northward). During the transition 

from SW monsoon to NE monsoon, the warm and fresh Leeuwin Current flows 

southwards down the coast of western Australia (Pickard and Emery, 1982), and 

then east into the Great Australian Bight(ftgure l.la). 

1.2 The atmosphere overlying the Indi~n Ocean 

The Indian Ocean is bounded at approxilnately 20CW, by the vast land mass of 

Asia. This leads to the enhancement of a meridional temperature contrast which 

drives a seasonal variation of winds. .The northeasterlies dominate during the 

months, November to March, while the southwesterlies are present from May to 

September. Pickard and Emery (1982) identify the SW monsoon winds as a 

continuation across the equator of the SE trades, which continue throughout the 

year, south of the equator. It is this change in wind direction which leads to,. the 

change in the configuration of surface ocean currents described above. 

Tropical cyclones occur mainly in the southern summer and autumn, south of 8°8. 

A large percentage of these disturbances form in the monsoon trough between 

equatorial westerlies and easterlies, overlain by a 200 hPa ridge (Jury, 1993). 

Tropical disturbances mostly take the fo~ of easterly waves and some may 

develop into cold-cored trop~cal storms (equivalent to weak mid-latitude 

depressions). Only a few of these evolve into fully fledged warm-cored tropical 
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cyclones. Typical tropical cyclones are smaller than their extra-tropical 

counterparts, with a diameter of approximately 650 km. Sea level pressure in these 

features may drop to 900 hPa and below. Cumulonimbus clouds organised into 

spiralling bands and with tower heights in excess of 12 km are characteristic of the 

tropical cyclones. As a result, the latter can be very destructive owing to the 

extremely strong winds (magnitude> 50 m s"1
) they produce and because of the 

huge waves and anomalously high tides they generate (Parker, 1995). 

The Inter-tropical Convergence Zone (ITCZ) is a narrow zone of persistent 

convergence of airflow and vigorous cumul~ convection in the lower troposphere, 

and is found in lower latitudes. The structure of the ITCZ is complicated and its 

surface expression is seldom associated with rainfall. Instead, maximum 

convergence, Cllll;lulus convection, cloudiness and precipitation often occur 

equatorward of this zone. Over the ocean, the ITCZ rarely appears as a long, 

unbroken band of heavy cloudiness. It is usually made up of distinct cloud clusters 

(in the order of hundreds of km) which are separated by regions of relatively clear 

skies (Holton, 1972). The ITCZ over .. the Indian Ocean is known to migrate from 

the northern to southern hemispheres between January and July (Preston-Whyte 

and Tyson, 1988). The latter is shown in figure 1.2. Tropical disturbances are 

thought to sometimes originate as baroclinic waves, which move equatorwards and 

gradually assume tropical characteristics. It is also· postulated that in situ 
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' 
disturbances may initiate by baroclinic instability and conditional instability of the 

second kind (CISK). 

Numerous studies have been conducted in the past on the Indian Ocean and its 

remote influence,. via the atmosphere, Qn other regions. This is discussed in chapter 

2. This discussion leads to the identification of specific gaps in our current 

knowledge. The Indian Ocean SST are clearly 'important determinants of southern 

African's summer rainfall. A further investigation of the physical processes in this 

region will lead to improved understanding of the air-sea interaction processes in 

this key region.The remaining key questions are then presented in chapter 3. The 

information on the data sets and analysis te~hniques employed in this study to 

address some of these key gaps in our knowledge are described in Chapter 4. In 

Chapter 5, the results of observations· of the tropical ocean and the lower 

atmosphere, as well as the surface heat fl~es, during a ship cruise are presented. 

In Chapter 6, the vertical structures of the tropical Indian Ocean and its overlying 

atmosphere are assessed to establish some of the mechanisms involved in air-sea 

interaction processes .. Chapter 7 summaris~s the conclusions of this investigation. 
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Chapter 2 
Current knowledge 

The current knowledge of the tropical Indian Ocean improves our understanding of 

this region and enables us to identity areas which have a potential to benefit from 

further research. In this chapter, a s~ary of relevant studies is presented with . 

the aim of outlining the known key aspects of this important region. 

2.1 Importance of the tropical Indian Ocean region 

Unlike the case in the SW- and SE- Atlantic, the quasi-periodic sea surface 

temperature (SST) variability in the SW Indian Ocean is relatively weak (Mason, 

1990). The SST variability in the Agulhas system, in conjunction with the 

overlying atmospheric circulation, has been shown to have some influence on 

summer rainfall variability in southern Afiica {Mason 1992, Jwy and Pathack, 

1993). However, the crucial remote influence of local summer rainfall by the 

tropical Indian Ocean has also been highlighted in the studies of Walker (1990), 

Jwy and Pathack (1991) and Mason (1995). This important influence on southern 

African rainfall patterns is 8s a result of the 'interaetion of the distant SST (tropical 

Indian Ocean)· variability with the rainfall-producing synoptic circulation systems 

for the African subcontinent (Tennant, 1996). 
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The studies of Walker (1990) have demonstrated a contrasting situation where 

lower SST in the western Indian Ocean coincide- with wetter seasons over southern 

Africa. Later, in a climate pattern study, the coo~ing of the equatorial Indian Ocean 

was shown to enhance subsidence there, and suppress the uptake of cross-

equatorial monsoon flow by tropical cyClones. This results in more moisture 

advected westwards to southern Africa (Jury and Pathack, 1993). The strongest 

association of local rainfall with the Indian Ocean SST has been shown by Pathack 

(1993) and Mason (1995) to be located in the western equatorial Indian Ocean. 

D'Abreton (1992) has suggested that the anomalously low SST over the western 

tropical Indian Ocean could serve to modtlJ.ate the Walker cell so that wet months 

were characterised by descending air over the ocean, thereby enhancing the 

horizontal divergence of water vapour from the oceans. The divergent component 

of water vapour transport maintained water vapour over Africa (Hadley and 

Walker cells), while the non-divergent component transported water from the 

convergent region southwards, via cloud bands over so~thern Africa, during wet 

months. 

Rocha (1992) has used the gridded CompreheJISive Ocean-Atmosphere Data Set 

(COADS) SST data set in his principal component analysis studies, which 

included the central Indian Ocean SST. In this analysis, he has identified the first 

SST mode as the El Niflo-Southern Oscillation (ENSO) signal in the central Indian 
' ' 
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Ocean and Eastern Pacific Ocean. Further correlation analyses and General 

Circulation Model (GCM) experiments confinned the critical influence of the 

central Indian Ocean SST on SE African summer rainfall. Later, Pathack's (1993) 

SST and OLR studies have also validated the importance of this region, by 

establishing the central Indian Ocean S$T as 1h:e key detenninant of summer 

rainfall variability over the interior plateau of South Amca. 

The use of central Indian Ocean SST has benefited numerous seasonal rainfall 

forecasts for Southern Africa. Landman (1996) has used canonical correlation 

analysis (CCA) to forecast SSTs in the central Indian Ocean and southern African 

summer rainfall. The SSTs were fed into a CCA rainfall model to forecast 

southern African rainfall. The cross-validation method used in this CCA model 

yielded a moderate forecast skill, which was pronounced in the proximity of the 

equator, with a lead-time of four months. This technique is currently operationally 

used by the South African Weather Bureau (SA WB) for seasonal forecasts. 

The central Indian Ocean SSTs are one of the most significant predictors in the 

multivariate linear regression statistical models used by Jury ( 1996). In these 

models, a group of predictors are selected from over 100 candidates, using their 

statistical significance. A ''jack-knife" skill test is used for validating the output of 

the models. Hastenrath et al. (1995) has used the equatorial Indian Ocean surface 

' 
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winds, SSTs and other parameters as predictors in a southern African rainfall 

forecast. His forecast model uses v.-i,ous techniques which include a stepwise 
' 

multiple regression, linear discriminant analysis and neural networks. The 

predictors of the models were based on empirical-diagnostic analyses and used as 

input in the models. 

In summary, reliable seasonal rainfall forecasts have been made for southern 1 

African using the central Indian Ocean SST as predictors. This indicates the 

importance of the modulation of tropical ·Indian Ocean surface features on 
.. 

southern African convective variability. The studies of Indian Ocean SST 

anomalies and their remote influence could benefit immensely from gen~l 

circulation models. 

2.2 Diagnostic, modelling and predictive studies 

Tennant (1996) has shown in modelling studies, the influence of central Indian 

Ocean SSTs on the general circulation in the southern hemisphere. A wann SST 

anomaly in the central Indian Ocean coincided .with reduced rainfall over southern 

Africa. The cold anomalies in the central'Indian Ocean led to increased sea-level 

pressure and an accompanying decrease in convective rainfall over the region of 

the SST anomaly. Numerical studies by Jury (1995) and Jury et al. (1996), using 

the CSIR0-4 GCM have shown that a wanning in the central Indian Ocean 
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coincided with the strengthening of a mid-tropospheric high pressure cell over 

Botswana and a sustenance of drought over · southern Africa. The cold SST 

anomalies in the central Indian Ocean were shown in earlier studies of Jury and 

Pathack (1993) to be one of the major precursors of flood scenarios in southern 

Africa. The principal component analysis studies of Nicholson and Nyenzi (1990) 

revealed a rough SST coherence between the tropical Indian and Atlantic oceans. 

In essence, positive SST anomalies in the central Indian Ocean' were linked to a 

strengthened high pressure cell over Botswana and reduced rainfall over southern 

Africa. In contrast, negative SST anomalies in the latter region corresponded with 

enhanced sea level pressure in the overl>1ng atmosphere, and increased rainfall 

over southern Afri~a. These studies ~ave highlighted the importance of the 

interactive process between the tropical ocean and the overlying atmosphere. 

2.3 Air-sea interaction 

A number of researchers have focused on oce~-atmosphere responses. The 

studies of Ramanathan and Collins (1991) have shown SSTs to be regulated by 

extensive convective cloud systems which develop and reduce the surface 

insolation, when SSTs increased. The thennodynamic regulation of ocean wanning 

by cirrus clouds was deduced from observations of the 1987 El Nifto. The Central 

Equatorial Pacific Experiment (CEPEX) results indicated a reduction in surface 



2-6 

insolation by tropical clouds. The clouds were found to correlate significantly with 

Pacific SST. The juxtapositioning of maximum SSTs with maximum cloudiness 

(OLR minima) found in the Pacific, was not clearly observed in the tropical Indian 

Ocean (Loschnigg and Webster, 1995; Ramanathan and Collins, 1991). The. 
I 

compositing analyses ofWaliser (1995) have been supportive and revealed that the 

formation of ocean hot spots required suppression of deep convective systems, 

cirrus clouds and anomalously low surface winds. Deep convection and cloudiness 

were necessary for the damping of high SST. The collocation of warm SST with 

deep convection was earlier shown to hold only within a surface temperature range 

(Graham and Barnett, 1987; Lau and Wu, 1995). It has been shown that the SST-

convection spatial coherence was only ~pplicable · when SST remained below 

29.5°C (Gadgil et al., 1984). 

Eichinger et al. (1995) have found from, the CEPEX results that latent heat flux 

generally increased with SST at a rate of 19-22 W m"2 K"1
, while no significant 

relationship was found between the surface wind field and SST. The increase in 

latent flux has however been partially attributed to the increasing vapour pressure 

deficit with SST. In a climatological stUdy of the tropical Indian Ocean by 

Reverdin et al. ( 1986), the circulation over the ocean was identified to be locally 

forced by latent heat release (rainfall) anomalies, which could even originate from 

remote sources. Zhang et al. (1995) have found no significant increase of 
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evaporation (latent flux) with SST in the tropical Pacific Ocean. Large-scale 

weather systems were found to have the potential of suppressing latent heat fluxes. 

Lau and Wu ( 1995) have explored the influence of large scale atmospheric 

circulation in the SST -convection coherence. Their studies have shown that the 

increased cloudiness with high SST (less than 29.5°C) was occasionally 

suppressed by large scale atmospheric systems. Furthermore, the tropical Indian 

Ocean was found to have nearly constant SST, despite the ocean's net heat flux 

gain of 100-150 W m·2 (during the sprlng season). -This has led Loschnigg and 

Webster ( 1995) to conjecture three possible SST regulation mechanisms which 

include: 

1. thermostat hypothesis (where high SST lead to increased cloudiness, and 

cloudiness reduce surface insolation and SST), 

2. atmospheric transports (laterally and vertically away from the ocean surface), 

3. ocean transports (through ocean currents and-vertical mixing). 

The absence of a thermal equilibrium between the ocean and atmosphere via light 

winds, low evaporation and the net flux of heat into the tropical Indian Ocean, 

suggested the importance of ocean transport in SST regulation. 
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2.4 Ocean currents 

The monsoonal wind reversals have diverse consequences for various current 

systems in the Indian Ocean and ~ce propagating signals (Kelvin and Rossby 

waves) that can travel long distances to affect the ocean remotely (Hastenrath and 

Greischar, 1991). Further south, the winds and currents are found to be less 

variable than in the northern ocean, owing to the absence of reversing monsoon 

winds (McCreary et · al., 1993). Under steady SE trades, the westwards South 

Equatorial Current (SEC) at approximately 1 oos is dominantly geostrophic, with 

an additional Ekman contribution_ in boreal summer. The eastward Equatorial 

Countercurrent (ECC) at 5°S is mainly geostrophic, but virtually eliminated by the 

westward directed Ekman component in boreal summer (Hastenrath and Greischar, 

1991; Tomczak and Godfrey, 1994 and Pickard and Emery, 1990). This results in a 

basin scale region of cyclonic circulation, which has also been identified by ocean 
I 

model studies of McCreary et al. (1993) and referred to as the Tropical Gyre. 

Woodbury et al. ( 1989) have suggested ~e tropical gyre to be driven by wind curl 

over the ocean interior and to be associated with the southern hemisphere trades. 

The presence of this cyclonic current shear in the western half of the Indian Ocean 

basin was later confmned by Hastenrath ·an.d Greischar ( 1991) and found to persist 

in varying shapes throughout the year. They h&ve also found this topographic 

trough to broadly coincide with the trough in the wind field during boreal winter. 
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The ocean model of McCreary et al. (1993)_has further shown the variable nature 
,. 

of the ECC, which was influenced by the near-equatorial ocean and zonal wind 

field. Tomczak and Godfrey (1994) have shown that the ECC peaks between 

December and April in response to the prevailing NE monsoon and the absence of 

a westward Ekman drift. Consequently, a region of shallow thermocline was 

observed from the ocean model of McCreary et al. (1993) from 2.5°S to l0°S. The 

model results display the Ekman suction raising the thermocline in this region to a 

minimum depth of35 m through the year. 

South of 7°S, ocean circulations ·reflect the influence of the subtro~_ical 

anticyclone. A great anticyclonic gyre brings cold water to the tropical Indian 

Ocean, west of Australia, and warm water away from the tropical ocean along the 

African coast to the higher latitudes (Taljaard and Van Loon, 1984). Recent works 

of Godfrey et al. (1995) have highlighted the importance of "overturning" in the 

Indian Ocean. 

The "overturning" (thermohaline) circulation refers to the formation of dense 

water by air-sea interaction in the high-latitudes, and exporting of these waters into 

the warmer tropical oceans. The Indian 0~ region north of l5°S, was found to 

be a general region of positive heat flux into the ocean with an annual average of 

0.5 to 1 x 101s W. This necessitated the net inflow of cold water and a 
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corresponding removal of wanned water southward out of the wann tropical 

Indian Ocean. In this regard, Godfrey et al. (1995) have suggested the mean 

horizontal circulation (anticyclonic gyre) to play a secondary role in heat transport, 

since the north and south anns of the gyre were of limited latitudinal extent and 

their temperature difference was insignificant. 

The "high-latitude" waters (into the tropics) are compensated by a wann and light 

return flow at shallow depths. Due to the low-latitude northern termination of the 

Indian ocean, the wann waters are unable to become sufficiently dense (by air-sea 

exchange) to sink to the bottom. This implies that all the abyssal water found in 

this region has a foreign source (Godfrey et al., 1995). The dense waters may be 

traced to the North Atlantic Ocean and Antarctic waters. The Indian Ocean has a 

complex bathymetry which divides the ocean into multiple basins. It is thought that 

the complex bathymetry has an influence on the meridional transport of water. 

Toole and Warren (1993) have identifi~ deep boundary currents in these basins 

carrying newly fonned and recirculating bOttom water, northwards. 

The bottom transport of water in the Indian Ocean continues to be an active area 

of research. The thermocline water is upwelled in the tropical Indian Ocean (coasts 

of Somalia, Arabia, Java, Sumatra and near the tlp of India), in response to wind 

stress forcing. 
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The Indonesian Throughflow (ITF) has been· shown in different ocean models 

(Sverdrup model, 2 ~ layer thermodynamic model) to add more complexities to 

the Indian Ocean dynamics. The inclusion of the ITF in this ocean model and 

. additional studies have led to four possible scenarios, which include the 

strengthening of the SEC, excessive heat loss in the Eastern Indian Ocean, marked 

increases in depth-integrated steric heights thro~ghout the Indian Ocean and the 

warming of the tropical Indian Ocean (Lukas et al., 1996; Schneider and Barnett, 

1997). 

In summary, a region of cyclonic circulation and shallow thermocline has been 

identified between the ECC and the SEC around 8°S. This region has been found 

to coincide with a trough in the overlyin~ wind field. Overturning plays a major 

role in the heat budget at all latitudes, but dominates in the tropical Indian Ocean. 

The ITF has also been shown to have an effect on the tropical Indian Ocean ~ST 

and circulation. 

A number of key aspects of the tropical Indian Ocean region have been explored in 

this section. Some important aspects which remain unknown have however also 

emerged from the present Indian Oce~ literature. Chapter 3 will attempt to 
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identify some of these aspects and will state the research objectives of this 
) 

investigation. 



Chapter3 
Researeh objectives 

It is evident from the previous studies that a lack of knowledge of tropical Indian 

Ocean air-sea interaction mechanisms exists. 

Firstly, the teleconnection studies have focused on .the impact of tropical Indian 

Ocean SSTs on South African summer rainfall, and do not clearly identify the 

mechanisms involved. Secondly, the_ocean and atmospheric model studies reveal 

some interesting results and suggest some 9f the possible mechanisms involved in 

the ocean-atmosphere processes. The model results are however based on limited 

infonnation and require validation with data. Thirdly, heat flux computations of 

high quality, using high spatial and temporal resolution data, have not yet been 

made for the Indian Ocean tropics. A reiation between the computed fluxes and the 

dominant weather patterns has also never been established in this region. Finally, 

most historical ocean current measurements over the tropical Indian Ocean have 

been based on uncertain ships' drift data. The q~ity of the historical ocean 

current data has also been constrained by poor spatial and temporal resolution. 

' ·, 
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Surface fluxes of heat and momentum provide a link in the interaction between the 

ocean and the atmosphere. This relationship is vital to the understanding of 

tropical weather and climate as well as the remote influence of this region. The 

thermocline depth and the horizontal ocean current shear are implicated in the 

regulation of SST. An improved understanding of the horizontal ocean current 

shear in the central Indian Ocean will therefore shed more light on the thermocline 

depth variability. 

3.1 Rationale 

The primary objectives of this investigation are therefore to study the structur~ of 

the upper ocean and lower atmosphere in the central Indian Ocean and to identify 

marine-atmospheric processes and feedbacks, which may be important 

determinants of southern African climate. 

3.2 Hypotheses 

The structures of the upper ocean, lower atmosphere and heat fluxes, have been 
' 

investig~ted during a ship cruise in the tropical Indian Ocean. The data collected 

during this cruise allows for certain hypotheses to be .tested. These hypotheses 

have been presented here in the form of questions. 

i. Does the thermocline uplift occur in the Indian Ocean region which is bound by 

opposing equatorial currents? 
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ii. Does meridional advection of air play a role in the ABL overlying the central 

Indian Ocean? 

iii. Is the maximum energy transfer consistent between the ocean and the 

atmosphere consistent with the cyclonic disturbances in the central Indian 
' -

Ocean? 

iv. Is the wind stress curl corresponding with the thermocline uplift in the central 

Indian Ocean? 

In order to address the above hypotheses, high quality data of the tropical Indian 

Ocean is required. Ocean current and temperature measurements of high spatial 

and temporal resolution are essential for the detennination of a reliable 

thermocline depth and current shear. A detailed analysis of the overlying 

atmosphere, in turn require daily data of high quality and high spatial resolution. 

Daily data is considered to be sufficient for this particular study, although greater 

resolution will be necessary for more detailCxl studies which aim to capture 

features such as the diurnal cycle. In situ measurements of winds, air and sea 

surface temperatures in addition to moisture content, all with very high temporal 

resolution, would be fundamental for an accurate estimation of the turbulent heat 

and momentum fluxes. 



Chapter4 

Data eolleetion and methods 

4.1 Introduction 

. A cruise in which all these data could in principle be collected occured during 

December 1995-January 1996. The data set collected during the WOCE 12 Leg 

covered the important central Indian Ocean region (5°N-10°S, 50°-80°E) which 

has been shown to be closely related to· southern African convective variability. 

Air..;sea interactions during the ship's cruise (WOCE 12 Leg) from December 1'995 

to January 1996 over the study region, are investigated. The ship's cruise took 

place during a weak La Nifla condition, favouring convection in the eastern Indian 

Ocean and over southern Africa, and drier conditions. in the central and western 

tropics of the Indian Ocean and the eastern Pacific. 

The effect of two tropical cyclones in the proximity of the ship track, was felt in 

both the eastern and western sections of the tropical ocean. Calm conditions 

occured occasionally, but dominated in the w~tem section which was 

characterised by high surface temperatures, light breeze and smooth ocean surface 

(''mirror-like"). The eastern parts of the tropical ocean were generally dominated 

by convective conditions such as thunderstorms, strong winds and rough seas. 
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There were limited amounts of mid-latitude synoptic systems which penetrated the 

ship track region. 

The research vessel used for this cruise . was the Kno". A total of 168 stations, 

distributed across the tropical Indian Ocean, were taken. The ship's track with a 

total distance of 11 300 km, is shoWn in figure 4.1. 

A brief description of the ins~ents used to record meteorological and 

oceanographic data, and the methods adopted in this study, follows. Table 4.1 lists 

the parameters measured from the ship. 

4.2. Shipboard instrumentation and data 

4.2.1 ADCP data 

Two types of Acoustic Doppler Current .Profilers (ADCP) were used to directly 

measure the horizonta,l velocity structure of the current, in the study region (10°N-

200S, 40°E-11 0°E). The instruments are: 

i. Hull-mounted ADCP which formed part of the ship's equipment and was 

continuously operated during the·entire cruise, from Singapore to Mombasa. 

ii. Lowered ADCP (LADCP) was used during the cruise, only at stations 

which had depths exceeding 300m. 

. ' 
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a) HuH-mounted/ Shipboard ADCP 

This instrument comprised of a transducer, which was mounted at an approximate 

depth of 5 m below the sea surface. A program was used to receive and store· the 

ADCP data, along with the precision code navigation data, from the ship's 

Magnavox receiver and Ashtech GPS receiver. This instrument "pinged" once per 

second, and the collected data was stored as 5 minute averages or ensembles. The 

ship's gyro provided the ship's heading information, for vector averaging over the 

5-minute ensembles. 

b) Lowered ADCP 

This instrument was attached to the rosette system with the CTD, and provided the 

vertical profiles of horizontal velocity components, over the full ocean depth. The 

LADCP used an asynchro signal (i.e. with, alternating sampling intervals of about 

1.2 and 1.8 seconds). The instrument used was a standard R. D. Instruments' self

contained 300 kHz profiler with a special pressure coyer, capable of withstanding 

depths greater than 5.5 km. The method is described more extensively by Firing 

and Gordon (1990). The pressure cover is important for reducing the amount of 

samples contaminated by bottom interference. The vertical shear of horizontal 

velocity was then obtained from t:he "single pmg" ensembles of this instrument. 

The shear estimates were vertically b~ed and averaged for each cast. .J'he 



absolute velocity was then obtained from the combination of the measured velocity 

of the ocean curr~ts (with respect to the instrument), vertical shear and accurate 

shipboard navigation at the start and end of a station (Fisher and Visbeck, 1993). 

The depth estimate was obtained from the mathematical integration of the vertical 

velocity component with time. The CTD pressure record could be used for 
I 

confmnation of the depth calculations through the vertical velocity intergration. It 

should be noted that the velocity profiles are initially differentiated with respect to 

depth. This is done to eliminate the em package's motion. 

Generally, the ADCP experiences "noise" problems at depths greater than 3000m. 

· This can be attributed to the poor instrument range and interference from the return 

of the previous ping (i.e. as the distance between the instrument and ocean bottom 

diminishes). Secondly, the LADCP bas been shown to behave poorly at near 

surface levels. Thus, the instrument could not used in shallow stations. Minor 

problems were experienced with the hull-mounted ADCP in the proximity of the 

Kenyan coast. 

4.2.2 CTD data 

The CTD/02 profilers were mounted on' a rosette together with the LADCP. The 

Sea-Bird CTD rosette instrument collected (during the ascent and descent of the 

rosette) conductivity, temperature an~ measured against pressure, along the water 
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column at each station and processed to 2 dbar averages. A YSI sensor on the Sea

Bird CTD with a Winkler standardization, was used for 0 2 measurements. The 

calibrations for CID temperature, salinity and dissolved 0 2 concentration 

permitted accuracies of ±0.002 °C, ±0.003 psu and ±0.02 ml 1"1
, respectively. 

Greater details on the aspects of the CTD instrument are documented by Chiswell 

(1991). 

In summary, useful ·oceanographic measurements (current velocity, temperature, 

salinity etc.) were made during this experiment. The geographic scope, temporal 

continuity, density of observational coverage, abundance and the accuracy of the 

measurements, qualify the oceanographic data for this study. 
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4.2.3 Meteorological data 

a) Improved Meteorological System (IMET)/ Shipboard weather station 

Surface meteorological data were collected during the cruise by numerous 

sophisticated meteorological equipment (/MET System), which were attached to 

the ship's mast. 

The system consisted of seven microprocessor-based meteorological sensors that 

measured relative wind , speed and direction, air temperature, sea-surface 

temperature, shortwave radiation, relative humidity, barometric pressure and 

precipitation. The meteorological sensors were installed on a tapered aluminium 

bow mast, which could be raised and lowered fo~ servicing. The bow mast offered 

the "cleanest" sampling location on the ship in terms of air flow and local 

disturbances (Hosom and Weller, 1989). The seven sensors and a junction box 

were fastened to a fibreglass grate, so that they had the required configuration. The 

IMET data were collected during the entire cruise and stored as 1-minute averages. 

Distortions to the data were generally found by Hosom and Weller ( 1989) to occur 

in rough weather conditions, where there was sea-spray and rapid motion by the 

ship. Other sources of error in the data could sometimes be attributed to electrical 

faults and computer program "hanging". During this particular cruise, computer 

"hanging" was experienced at a single stage. Some suspect measurements were 

obtained when TC Emma was in the proximity of the ship. The accurate 

magnitudes of absolute wind could be determined from the continuous relative 
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wind and ship velocity data. The ship velocity data was computed from the ship's 

position, heading and speed. The latter, were collec~d per minute similarly to the 

IMET observations. It should be noted that· flux estimations are through the us~ of 

the bulk method, are vulnerable to great variabil~ty. This variability depends on the 

accuracy of the measuring devices, the flow distortion generated by the ship's 

motion and the accuracy of the exchange coefficients used (Blanc, 1985). 

Table4.1 

Variable Units 

Air temperature oc 
. 

Barometric pressure hPa 
.· 

Relative humidity % 
-

Precipitation '' mm 

Short wave radiation W -z .m 

Rei. wind speed and direction m.s·1 

Sea surface temperature oc 

CID Pressure dbars 

CID Temperature oc 

CID Salinity psu 
~ 

CIDOxygen ml.r1 



I 
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b) NCEP Reanalysis data 

The National Center for Environmental Prediction (NCEP) provides analyses of 

meteorological data fields from a stable, invariant analysis system. 

Inhomogeneities in the density and quality ofthe input data have been overcome 

through the necessary integration of real-time weather forecasting analyses. This 

data set is believed to be more reliable than earlier "operational" analyses since: 

i. an improved data assimilation is used, 

ii. more raw data (with a later cut-offt~e) are available, 

iii. an improved quality control system is used, 

iv. the model or data assimilation procedure is unchanged during the entire NCEP 

40 years of reanalysis (1957.:1996). 

There are however still problems associated with this data set eg. 1997 Indian 

Monsoon rainfall, problems with aircraft data for the period January 1976-

December 1978. The reanalysis model is continuously re-run with corrected U,put 

data. The temporal coverage of NCEP started from January 1958-until present, 

with output every 6 hours (due to computer power.restriction). The analysis cycle 

with the use of 6-hour forecasts as a first· guess, is able to to transport information 

from data-rich to data-poor regions ( eg. Indian Ocean tropics), so that even in data 

void areas, the reanalysis can estimate the evolution of the atmosphere over both 

synoptic and climatological scales. 
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A m~re comprehensive account of the NCEP Reanalysis project is presented 
~ ~ 

elsewhere, most notably by Kalnay et al. ( 1996). · 

The grid resolution of the NCEP data is 2.5.o lat X 2.5° Ion. The daily data from 

377 grid points (study region) was used in this study for various statistical analysis. 

The mean field for the study· period was determined and removed for the use in 

spectral analysis. In the absence of radiosonde observations during the research 

cruise, the NCEP model data set was used to assess the structure of the overlying 

lower atmosphere. The parameters which were investigated include air 

temperature, geopotential height, U-V wind, vertical velocity and speCific 

humidity. Table 4.2lists the meteorological parameters analysed in support of the 

shipboard data. 
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Table 4.2 

Variable Units Pressure Level (hPa) 

Air temperature oc '1000 

Geopotential height gpm 1000 
' 

U-wind m.s-1 1000 

V-wind m.s·• 1000 

Vertical velocity Pa.s·• 700 
.. 

Specific humidity g.kg-1 . 1000 

c) Synoptic weather charts 

Synoptic weather charts and other meteorological information were available 

during the cruise, and assisted in identifying the dominant weather systems over 

the ship's route. These products were made available to the ship by: 

i. Bureau of Meteorology, Darwin 

ii. Meteo France, Service Meteorologique de Ia Reunion 
' 

iii. Meteorological Services, V acoas, Mauritius 

iv. South African Weather Bureau 

The weather charts and text messages lulve not been included in this work due to 

the extremely poor picture quality and lack of consistency from the different 
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meteorological services. In certain caSes, text messages/ information was sent to 

the instead of weather charts. 

4. 3 Methods 

4.3.1 Computation of surfaee fluxes of sensible, latent heat and momentum 

· Latent, sensible and momentum fluxes are calculated from the IMET data, based 

on the recent methodologies developed for the Tropical Ocean Global 

Atmosphere-Coupled Ocean-Atmosphere ~esponse Experiment (TOGA-COARE) 

(Fairall et al., 1996). The bulk aerodynamic method is the simplest method used 

for estimating the vertical turbulent fluxes of momentum, heat and moisture. The 

turbulent fluxes are estimated with transfer coefficients which associate the fluxes 

to the averages of commonly measured variables (wind speed, air humidity, air and 
. ; 

sea surface temperatures). The wind stress, sensible and water vapour fluxes are 

mathematically expressed, respectively, as follows: 

r = PaCv(U-U,/ (1) 

QH = PaCpC~-UJ(SST-U) (2) 

Qv = PaCE(U-UJ(q,-q) (3) 

where U, (} and q are mean wind speed, potential temperature and specific 

humidity respectively measured at some reference height z1• U, is the sea surface 

current speed by an ADCP (Rouault et al., 1996). U-U, is representative wind 
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speed relative to the sea surface (De Cosmo et al., 1996). Cv is the drag 

coefficient, while CH and CE refer to dimensionless transfer coefficients for heat 

and water vapour. cp is the specific heat capacity of air at constant pressure. Pais 

the air density. 

8= Ta + 0.0098zl (4) 

where Ta is the air temperature at z1• 

(5) 

SST and qsare mean sea surface temperature and specific humidity (assumed to be 

saturated). qs is derived from the saturation specific humidity (qsat) at the surface. 

The 0. 98 factor is accounts for the reduction in water vapour pressure due to 

salinity (Fairall et al., 1996). The latent heat flux (QE) can be expressed as: 

(6) 

where: Lv =latent heat of vaporisation 

The surface fluxes are calculated from the meteorological parameters at a single 

height in the lower MABL, where the turbulent fluxes are considered to be 

constant and where wind speed, temperature and water vapour supposedly vary 

logarithmically with height. The vertical profiles of wind speed, temperature and 

humidity above the ocean in the latter layer are expressed by Stull ( 1993) in the 

following manner: 

U(z)-U =~[In_:_-"" !...] s K z .,, L 
0 

(7) 
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rtz)- SST= r:· [m~- fSr(!..)] (8) 
K Z0 r L 

q(z)-q =~· In~-;(!..)] (9) 
s K z q L 

oq 

where K= Von Karman constant (0.4) 

U• =friction velocity, 

T. =scaling parameter of temperature, 

q. =scaling parameter of water vapour, 

zor and z0q = functiQns of Reynold's number, 

z0 = relation to velocity roughness length (physical roughness of the sea) 

;, fhand ;q =functions of the stability parameter. Stability parameter(r;) 

Tv= virtual absolute temperature 

is given by: ~ = z/L, where L is the Monin 

Obukhov's (MO)'s length 

1 K.g ( T. + 0.61Tq.) 
I: = 2 T u; . 

(10) 

L is similar to the Richardson number (Rfl. R1 is defined as the ratio of buoyancy 

(stratification) over shear. The equation integrates temperature, moisture and 

frictional velocity (u•) into the stability paramete~. The vertical exchange of energy 

and momentum are influenced by the stability ( r;). This in turn, influences the 
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vertical distribution of winds, temperature and humidity in the boundary layer. 

Positive ~ values imply stable conditio~, where stratification opposes turbulent 

production. ~values in the range of -0.3 to 0, are characteristic of neutral stabpity 

(Roault et al, 1996). ~values which are less than -0.3 indicate unstable conditions, 

with convective activity. In this case, the buoyancy force dominates the mixing 

process. In this particular study, only stability functions which obey the prescribed 

convective limit of Fairall et al. (1996) were considered. 

The MO similarity theory has allowed the relation of the turbulent fluxes to the 

three scaling parameters u., T. and q. (Stull, 1993; Geernaert, 1990): 

QE = -pJ.,,u.q. (13) 

The use of simultaneous equations ·(from previous equations) permits the 

expression of transfer coefficients in the bulk form\lla as: 

(14) 
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(15) 

(16) 

The surface heat fluxes are then compu~ using equations 1, 2, 6, 14, 15 and 16 in 

an iterative process. The iterative process is initiated with an arbitrary value for the 

fluxes corresponding to neutral atmospheric stability. The first estimates of the 

Monin Obukhov's length (10) and the stability parameter(~ are then obtained. 

The transfer coefficients and fluxes are recalculated and then used as input in the 

iterative process, to yield a solution (after a few iterations). 

The bulk parameterization of air-sea fluxes for tOGA-COARE by Fairall et al. 

( 1996) resolved critical factors such as: · 

i. SST for cool skin and warm layer, 

ii. different specification of the roughness or stress relationship, 

iii. gustiness velocity to account for the additional flux induced by boundary 

layer scale variability, 

iv. adjustments of constants specifying.the relationship between scalar and 

velocity transfer coefficients, 
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v. contributions of the sensible heat carried by precipitation and the requirement 

of having the net dry mass flux, to equal zero ie. Webb correction. 

This algorithm allowed for the determination of vertical profiles of wind velocity, 

temperature and humidity above the ocean's surface, at any height (within the 

constant flux layer) even ifthe meteorological measuring devices were at different 

heights. The results are however presented for the standard height of 10 m. Ten

minute averages of the required parameters were created before applying the bulk 

formulae. The variability of the estimated fluxes has been attributed by Blanc 

(1985, 1987), to the accuracy of the measuring devices, the flow distortion 

generated by the ship's rapid motion and the accuracy of the exchange coefficients 

used. The absolute wind velocity was determined from the relative wind and ship 

velocities. This required the accurate knowledge of ~e ship's position (at least 

every 10 seconds) from the ship's GPS;;.position, heading and speed at these short 

time intervals, to obtain a correct estimate of the ten-minute averaged absolute 

wind velocity. It should be remembered that factors such as "pitching and rolling" 

of the ship, the change in altitude d~e to acean waves, present distortions to the 

bulk flux estimations. These distortions are limited by the use of ship-deck 

measurements which are also taken at short time intervals, for correction. 



4.3.2 Principal Component Analysis (PCA) , 

a) Introduction 
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This is a time series analysis method commonly ilsed by meteorologists ,and 

oceanographers to analyse spatial and temporal variability of physical fields. The 

spatial complexity of unfolding variations of the geophysical fields can be 

overwhelming. It is this difficulty which has led scientist to develop this analysis 

method over the recent decades. 

b) Simple Algebnic description of PCA 

Algebraic essentials of PCA · can be described as in Preisendorfer ( 1988), as 

follows: 

Let z (t,x) be sea level pressure· (SLP) at p(>sition x, in an ocean at time t. Let ·this 

measurement be taken over the set of locations x = l, ... ,p at times t = J, ... ,n. Thus 

the individual SLP readings or "snapshots" referred to above are anomalies from 

the long term mean. z(t,x) can be considered, as time series of grid points from the 

domain of interest. These collections could be thought of asp x 1 (i.e. column) 

vectors ~t = [z (t,J), ... ,z (t,p)]T forming a swarm of points about the origin of a p

dimensional euclidian space Ep- The symbol "T" denotes the transpose operation. 

A covariance or correlation matrix §. can be fonned from the grid time series. The 

matrix will have the dimension of p x p. §. can be expressed as: 
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~ = '!:.z(t)z(t)r (17) 
t=1 

This is the correlation (where anomalies are standardised) or the covariance matrix 

(no standardization of anomalies). Eigenvalues and their associated eigenvectors 

can be calculated from the covariance or correlation matrix(~). The matrix has a 

set of p orthonormal eigenvectors: 

These are sometimes referred to as the "empirical orthogonal functions (EOF' s) 

with the following properties: 

fei(x)ek(x) = {o ifj ¢k, or 1 ifj = k andj, k=l, ... ,p (19) 
j=1 

The time scores are given by: 

aj(t) = i:z(t,x)ei(x) (20) 
Z•l 

The time coefficients aj(t) are important for forecasting and for investigatio~ of 

mechanisms involved in physical processes. Each principal component 

(eigenvector) is associated with an eigenvalue, symbolized by A.;. 

The variance explained by each ·eigenvector is given by :. x 1 OOo/o .The total 
. LA, 

1•1 

variance is expressed by !A, . The variance of each eigenvector expresses the 
1•1 
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amount which each component explains. This is helpful when identifying 

significant patterns from physical fields. 

The ability of PCA to resolve complex patterns in the various science disciplines 

and to be so succinctly stated,, is remarkable. In this particular study, PCA is used 

to identify the major modes of variability in the central equatorial Indian Ocean 

during the 62-day period (WOCE 12 Leg,. December 1995-January 1996). In turn, 

these modes will allow for the study of the physical mechanisms involved in the 

atmospheric circulation of this region. The statistical links, such as lag-correlation 

between the various PCA scores, would further · elucidate on significant 

relationships and on the order of which these mechanisms occur. Genstat software 

was used for running PCA on the NCEP data (Payne et al., 1993). The parameters 

which were investigated are presented in Table 4.2. The data considered in the 

analysis is for the 1000 hPa level, except 700 hPa for vertical velocity (w). The 

levels near the surface would therefore reflect on the marine-atmospheric boundary 

layer features. There are· various criteria used for assessing the significance of the 

individual principal co:rnponents f~:Dd these include, the Guttmann, scree and Monte 

Carlo tests (Guttmann, 1954; Kaiser, 1958). In this study, only the frrst 5 modes 

were selected for analysis using a scree test method for discriminating against 

insignificant modes of variability .. The scree. test is the more rigid method and 

looks for a sharp break in eigenvalue magnitude, and a flattening of the eigenvalue 
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curve (Cattell, 1966). During the analysis,' only orthogonally rotated loadings and 

scores were considered~ Rotation of axes allows for improved identification of 

patterns. The rotation of the loadings and scores was motivated by the fact that 

more meaningful results were yielded and easily interpretable in the studies of 

North et al.(1982). Further examples which elucidate the latter are also 

documented in these studies. During the rotation, a hypothetical factor structure is 

used as an ideal to which the real data is moved as close as possible (Nicholson 

and Nyenzi, 1990; Johnston, 1992). 

The PC scores of the various parameters were then correlated with each other, to 

identify possible relationships which existed. 

4.3.3 Correlation Analysis 

A NAG subroutine was used for the correlation analysis (NAG Fortran Library, 

1990). This subroutine computes the means and standard deviations of the 

variables, sums of squares and cross-products of deviations from means, and a 

Pearson product-moment correlation coefficients for the data set. The correlation 

coefficient, R;~c is obtained from: 

'j,k = 1, 2, ... ,m (21) 

where: ~/c indicates the !;urns of squares, and cross-products of deviations from 
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means. 

SD and Sa are standard deviations 

Significance tests of correlation levels are presented and discussed in the 

correlation analysis results section, in the next chapter. 

4.3.4 Spectral analysis 

Spectral analysis has been used by Mason (1992) and Makarau (1994) to find 

statistically significant periods and amplitudes. This method is useful for 

determining temporal characteristics of important climatological parameters. 

According to Asnani (1993), this analysis technique has contributed immensely to 

the understanding of easterly waves since the 1960s. This method of analysis 

however assumes that the non-linear interactions between different wave numbers 

are insignificant, so that a total perturbation can be defined as a linear combination 

of different wave numbers. Spectral analysis has been widely applied in 

meteorology and oceanography. A detailed description of the method can be found 

in Bloomfield (1976) and Jenkins and Watts (1968). A careful interpretation of 

results is therefore essential. 

In this investigation, the dominant cycles are sought from the PC scores (of" the 

' 
selected PC modes), in an attempt to ·determine the temporal characteristics 

associated with dominant weather systems during the WOCE 12 Leg. A statistical 
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computer software, Statistica was used to detrend, remove the mean and taper the 

data, before the data was subjected to the analysis. The software package however 

did not allow for significance tests to be conducted. 

4.3.5 Stability of the water masses 

Stability tests were conducted to estimate the s~gths of the equatorial currents 

(ECC and SEC). As stated earlier, it is thought that the horizontal current shear is 

related to the thermocline depth. A study of the thermocline will therefore require 

some knowledge of the strengths of the ocean currents. The stability parameter (E) 

is given by the following expression: 

-1 
E= dv/ -pgy, 

p( 'ldz> 

where: p = density of water 

g = gravitational acceleratiQn 

z = height of mixed layer . 

Yn = compressibility factor 

(22) 

More accurate calculations of E however require the use of temperature and 

salinity profiles, instead of the above simple expression. A reasonable 

approximation of E for near-surface waters is thus given by: 
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The values of a and P were extracted from Gill (1982). The equation implies that 

E depends on the vertical variation of temperature and salinity. E values less than 

0, implied unstable conditions, while tho~ above 0 showed regions of stability. 

E=O was typical of neutral stability conditions. 

4.4Summary 

In summary, various data sets were used in this· s~dy to test the hypotheses posed 

in chapter 3. The data sets include; ship~ard ADCP, CID and IMET data; 

synoptic weather charts to identify dominant weather systems around the ship's 

track, and the gridded NCEP Reanalysis data to investigate the structure of the 

overlying lower atmosphere. 'IJle analysis methods ll5ed included: computation of 

heat and momentum fluxes (based on 1J?.e TOGA-COARE methodologies), 

principal component analysis, correlation analysis and computation of a stability 

parameter for the upper ocean. In the next chapter, the results for the upper ocean 

and atmosphere are presented and discussed. 
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ChapterS 
Meteorology and heat fluxes over the Indian Oeean: 

two contrasting examples. 

5.1 Introduction 

This chapter investigates a plan view (x, y) of the ocean and atmosphere. Initially, 

the computed heat fluxes will be summarised, and a contrast will be made between 

heat fluxes in sunny weather, with those .in convective conditions. Secondly, the 

observed surface ocean currents (during the cruise) will be described. Finally, the 

overlying atmosphere will be investigated to identify· dominant weather patterns 

during the WOCE 12 Leg. This chapter will highlight the effect of meridional 

advection of air on the marine-atmospheric boundary layer, and describe the areas 

where maximum heat fluxes were located. 

5.2 Heat fluxes over the tropical Indian Ocean 

The ocean and atmosphere interact with one ~oth~ through heat, moisture and 

momentum fluxes. A thorough study of turbulent heat_ fluxes is vital to the 

understanding of weather and climate in the tropics. McPhaden (1982) has stressed 

on the importance of the· heat fluxes over the central Indian Ocean. His studies 

have shown that a large percentage of vapance of the mixed layer temperature 

were accounted for by the surface heat fluxes. This section will briefly describe 
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the structure of the turbulent fluxes in the tropical Indian Ocean during the WOCE 
' 

12 Leg, and contrast selected cases of fluxes_ under light wind conditions with 

fluxes under convective conditions. 

5.2.1 A summary of the turbulent heat fluxes 

' 
The turbulent flux results are enormous (available for approximately 60 days), and 

indicate the interactive process ~een . this important ocean index and the 

overlying atmosphere. Due to the enormous amount of results and diagrams, the 

following summary is presented to give a general description of main events 

observed in the fluxes. These events are compared and contrasted with the 

prevalent synoptic weather systems. 

The turbulent fluxes of heat and momentum. were generally low, owing to the 

weak wind speeds and low temperature differences between the sea surface and 

the overlying air (SST-Ta). The wind had a positive influence on the latent l.teat 

flux, as expected. The maximum latent heat nux values (- 400 w m-2 
) were found 

in a region close to a tropical cyclone (TCEmma) with the strongest winds during 

December 9 and 10, 1995 (figure 5.1). Weak wind speeds were occasionally found 

with highly variable directions, as in 25 December 1995 (figure 5.2). In such 

cases, the SST-Ta difference was enhanced due t9 the lack of mixing. This was 

found to be accompanied by an increase in the magnitud~ of sensible heat fluxes 
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and the moisture content of the air. Reduced windS, with variable directions 

(higher sensible and lower latent heat flux magnitudes) coincided with high -~ 

values. This implied that convective conditions in the MABL were characterised 

by large SST-Ta differences, enhanced moisture content and reduced wind speeds. 

Furthennore, it should be noted that diurnal cycles are enhanced in environments 
,. 

of weak winds. In the heat flux and ~ diagrams (figure 5.3), the increase in ~ is 

shown to coincide with~ similar values of the latent and sensible heat flux curves, as 

evident during December 15 and 16, 1995. On average, the computed wind stress, 

latent and sensible heat fluxes were of the order 0.05 N m·2, 90 W m"2 and 5 W m· 

2
, respectively. Strange peaks were sometinies observed in the curves of the 

turbulent fluxes. Such cases were carefully retnoved from the analysis, after 

identifYing the erroneous data. A univariate statistical interpolation was then used 

for the "objective" analysis of atmospheric data. Jbe statistical interpolation 

algorithm initially uses a first guess of missing value, which is then followed by 

successive corrections of an analysis equation. This technique is derived and 

described more elaborately by Daley (1993). 

5.2.2 Two contrasting examples 

A variety of synoptic weather types were encountered during the WOCE 12 Leg. In 

this section, the air-sea processes are irlvestigated under different meteorological 

settings. The two different meteorological settings include: 



• light south easterly winds and; 

• convective conditions in the proximity of a tropical cyclone (TC Bonita). 

a) Light wind conditions 

On December 17, 1995 in a region to the west of Indonesia (marked with a black 

dot in figure 5.4 a and b ie. - 88°E, 1 0°S), light conditions were identified. This 

region was dominated by a meridional pressure gradient (: ) and weak 

southeasterlies. A trough was dominant over the Indonesian region and in a narrow 

' zonal band around the equator, while the South Indian High was relatively intense 

further southwards. The , shipboard meteorological station (IMET) measured 

consistent weak southeasterly winds ofthe magnitude range, 0-3 m s·•. The air and 

sea surface temperatures were generally of similar magnitudes, with a relatively 

large maximum difference of approximately 1.5°C at 23 hrs (figure 5.5). The 

relative and specific humidities were generally lo\v (figure 5.6). The resulting 

magnitude of heat fluxes was relatively low, with the maximum latent heat flux 

approximately 75 W m·2• Sensible heat flux was far below the latent flux and 

averaged approximately 2.3 W m·2• The maximum sensible flux (10.61 W m·2) was 

found at approximately 23 hrs, when SST-Ta difference was maximal (figure 5.7). 
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b) Convective conditions 

January 7, 1996 was considered a day of strong convective activity. The effects of 

a tropical cyclone Bonita could be felt fror,n the ship through strong winds, rough 

sea state, poor visibility and declining barometric pressure readings. The station 

position is marked by a black dot on figure 5.8a. Heat flux measurements were 

taken at approximately 60°E, 8°S in tbe proximity of an intense cyclonic cell 

(fJiure 5.8b ). The South Indian High was domin~t to the SE of this cell. Further 

northwards, the area generally had low geopotential heights. A strong pressure 

... 
gradient was found to the southeast of this cell at approximately 70°E. IMET 

measurements included lower pressure readings, increased wind speeds from 3 to 

10 m s"1 during the 24 hour period. SST-Ta differences were occasionally high 

reaching 3°C. The moisture content in the air was high (high specific and relative 

humidity), latent and sensible heat fluxes were also relati~ely high as shown in 

figure 5.9. Sensible flux however reinained a small fraction of the latent flux, 

reaching a maxima which corresponded with highest SST-Ta differences. The 

gradual increase of latent heat flux d~g the 24 hr period was sympathetic with 

the corresponding winds. 

5.2.3 Sensible Heat Flux 

The bulk formula for sensible heat flux (Q8 ) which appears in equation 2 (in 

Chapter 4) highlights the critical temperature term: .(SST-8). Q8 has been shown to 
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be relatively low for the entire tropical Indian Ocean. The only term which does 

not feature in the wind stress and latent flux expressions (equation 1 and 6 of 

Chapter 4) is the (SST-0). This implies therefore that air and sea surface 

temperatures in the tropical Indian Ocean were s~lar and responsible for the low 

sensible flux values. To illustrate the importance of the temperature term, during 

December 31, 1995 at approximately 72°E,2°S; SST-Ta differences were found to 

be in the order of 4°C. This coincided with high relative.humidity and a maximum 

sensible flux of 41.37 W m"2 as shown in figure 5.10. The increased moisture 

indicates less vertical gradient, ih contrast with th.e increasing latent heat. In the 

meantime, wind speed has been shoWn to increase, following the passage of a 

synoptic system. This indicates the importance of winds in the regulation of the 

latent beat fluxes. 

In summary, heat fluxes were generally low ~ the tropical Indian Ocean at this 

time. The sensible heat fluxes were much smaller than the corresponding latent 

heat fluxes, and increased in sympathy with the difference of air and sea surface 

temperatures without discounting the important effect of wind speeds. The 

occasional low latent heat fluxes observed were associated with weak winds. 

Unstable atmospheric conditions (high -; values) were dominant during the 

periods when OE and <m were of similar magnitudes. 



5-7 

5.3 Upper Ocean 

The upper ocean in this study refers to the first upper 200 metres. The structure 

observed is based on the ADCP and CTD measurements made during the WOCE 

12 Leg Experiment. 

5.3.1 Surface Current Distribution · 

The dominant features over the study area during the ship's cruise were two, 

relatively strong opposing currents (opposite directions). The opposing currents 

were identified as the Equatorial Coun~c~ent (ECC) and South Equatorial 

Current (SEC), respectively; in agreement with McCreacy et al. (1993), Pickard 

and Emery (1990), and Tomczak and Godfrey (1994). Ramage (1984) has shown 

the equatorial zone to be dominated by the eastward flowing ECC, between 

October and December when depressions to the north and south of the equator 

cause westerly winds to prevail, and between May and September when it merges 

with the SW Monsoon current, farther northwards. McCreary et al.(l993) has 

shown the ECC to extend to the north. of the equator and to be driven by the wind 

stress curl in the northern ocean. 

An analysis of the near-surface ocean current structure during the WOCE 12 Leg 

shows an eastwards flowing equatorial counter-current (ECC) with an approximate 

speed of0.9 m s-1 (shipboard results), between 3° and 7°S. The ECC was observed 

in the N-S sections of the cruise (72°E and 88°E, figure 5.11). This suggested that 
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the ECC extended across the width ,of the western tropical ocean. Further south 

(between 9° and 12°8), the westward-flowing SEC was found with a lower speed 

of0.8 m s·1 (shipboard results). The presence of this current was also confirmed in 

the 45 and 88°E, N-S sections of the cruise. The current velocities of the ECC and 

SEC were consistent with the historical December/ January means of 0.5 and 0.35 

m s·1 ,respectively (Hastenrath and Greischar, 1989). An estimate of the SEC based 

on ships' drift data has been documented by Wedepohl (1996) to range between 

0.3 and 0. 7 m s·1 in the western Indian Ocean and approximately 0.3 m s·1 further 

eastwards. To the NW of Madagascar, the SEC was found during the WOCE 12 

Leg to have a slight northward component and took a northwesterly course. Further 

westwards, a southward component in this current ensured that some of the 
' 

tropical Indian ocean waters were fed into the mouth of the Mozambique Channel. 

The rest of the flow maintained the westwards direction to the East African coast. 

This bifurcation of the SEC was earlier reported by Taljaard and van Loon (1984), 

who suggested that Madagascar represented· a physical barrier which forced the 

·westward flowing current to split. Recent studies of the greater Agulhas Current 

system (Stramma and Lutjeharms, 1997) suggest that a minor source of the 

Agulhas Current is the SEC via the Mozambique Channel and East Madagascar 

routes. 
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An intermediate region between the two dominant currents was found, with 

reduced and variable current velocity. This region stretched approximately 

between 7° and 9°S, and had a cyclonic circulation which was observed during the 

N-S sections at 45° and 88°E, as shown in ftgUre 5.12. This region has been 

identified in recent studies (McCreary et al. 1993) as the tropical gyre in the Indian 

Ocean. Hastenrath and Greischar (1991) have found this region to prevail 

throughout the year in different shapes, in sympathy with the overlying trough in 

the wind field (mainly during boreal winter). Earlier, Hastenrath (1985) showed 

that an uplift of the thermocline resulted under a cyclonic wind stress. In addition, 

the model results of McCreary et al. (1993) showed the total exchange of water 

across the base of the upper layer (We ) to be positive in the interior of the ocean 

from 2.5°S to 14°S, where Ekman suction,raised the depth of the mixed layer (h1) 

to a minimum of 35 m, throughout the year. 

In summary, the two equatorial currents (ECC and SEC) were identified during the 

cruise, and found to exist across the western tropical ocean. The intermediate 

region was found to have a characteristic cyclonic circulation, which was 

identified in previous model studies of the tropical Indian Ocean. Some coherence 

between the upper ocean and lower atmospheric structures in this intermediate 

region, has been captured in some model studies and documented (McCreary, 
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1993). In these studies, links were identified between the cyclonic ocean 

circulation and cyclonic winds in the overlying atmosphere. 

5.4 Lower atmosphere 

The surface circulation of the world ocean has been acknowledged by Hastenrath 

(1985) to be closely related to the wind systems of the lower atmosphere. It is 

thought that the wind stress directly forces a~ Ekman layer, which in turn drives 

the currents in the deep ocean. The ~portant role of ocean-atmosphere coupling 

on the quasi-permanent· circulation systems of the lower atmosphere necessitate a 

thorough study of the lowet atmosphere in the central Indian Ocean. In this 

section, the mean circulation and dominant features in the lower atmosphere 

circulation will be identified. The mechanism/s which drive the latter will also be 

investigated through the use of statistical analysis <;>f daily NCEP gridded data for 

the period December 1995 to January 1996. 

5.4.1 Mean Circulation at 1000 hPa 

a) Temperature 

The entire tropical near-surface atmosphere was relatively wann, as expected. The 

minimum temperatures were found in the southeast, while temperature maxima 

were located over the Somali basin and East J\frican coast as shown in figure 

5.13a. The highest variability in air temperatures occurred in the southeast (100-
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ll0°E, 20°S), and extended to NE Madagascar. Stable temperatures were 

identified in a zonal band stretching from the Arabian Sea to the Bay of Bengal 

(figure 5.13b ). 

b) Geopot4'ntial heights 

A general area of low pressure was found close to the equator, in a zonal band 

which spread from the east African coast to the lndone~ian region as displayed in 

figure 5.14a. The maximum geopotential heights CO-located with the Arabian 

Ridge (ERR) and South , Indian High (SIH) areas, leaving a zonal trough in 

between. The highest variability in pressure was observed mainly in the 

Mozambique Channel and east of Madagascar. The area south of the Bay of 

Bengal exhibited the most stable geopotential heights as shown in figure 5.14b. 

c) Specific humidity (q) 

The high specific humidity values were also observed in a zonal band close to the 

equator with a maxima over Madagascar and Malaysia. Figure 5.15a shows tOe q 

minima to occur over the SIH and AR regions. Highest variability in q was 

observed to the north and south of the stable zonal band (outside the ITCZ) as 

shown in figure 5.15b. 
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d) Zonal winds 

A band of westerly winds was dominant between the equator and 10°8. To the 

north and south of this band, strong easterly winds prevailed. The mean U-wind 

field is shown in figure 5.16a. The westerly band appeared to be highly variable, 

particularly to the NE of Madagascar and west of Indonesia, unlike the more stable 

easterly winds (figure 5.16b). 

e) Meridional winds 

Northerly winds were prevalent to the north of the equator, while southerly winds 
' 

were dominant further southwards, between l 0° and 20°8 with a maxima south of 

Indonesia as shown in ftgUre 5.17a. The southward extension of the northerly 

winds in the western half of the tropical ocean, follows the East African coast. The 

variability of the v-wind field was relatively high in a zonal band (at approximately 

10°8), with maxima located over the Mozambique Channel and to the east of 

Madagascar. The standard deviation of the v-wind is displayed in figure 5.17b. 

t) Vertical motion (at 700 hPa) 

The mean vertical velocity field captured the maximum upward velocities over 

East Africa. Further eastwards, the vertical velocity fields were generally low 
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although alternating zonal bands of upward and downward motions were observed 

(ftgure 5.18a). These tropical Indian Ocean trough-ridge systems were previously 

identified by Krishnamurti et al.(l992). During the study period, the highest 

variability in vertical velocity was restricted to the area above Madagascar (figure 

5.18b). The variability of vertical velocity over topographies such as Madagascar, 

could be linked to the deviation of zonal ~ds, adjacent to the physical barrier. 

In summary, a prominent zonal band (at approximately O-l5°S) of high 

temperatures, specific humidity, low pressure and relatively strong westerly winds 

was evident. The band also coincided with an area where northeaster lies with a N. 

Hemisphere origin converge with the southeast trades from the S. Hemisphere. 

Warm air mainly originated from theN. Hemisphere, while the colder air had the 

South Indian High as its origin. Some evidence of transient easterly waves was 

found in the mean temperature, u-and v-wind, specific humidity and geopotential 

height fields, at 50° and 95°E. Highest variability in geopotential height, u and v

wind fields were found to occur in the O-l5°S band. The PCA analysis is expected 

to identify loadings in the region of maximum temporal variations, approximately 

where the E-W gradient of most atmospheric variables is relatively strong. 
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5.4.2 PCA modes of variability 

The PCA modes assist with the identification of dominant features (during this 

period) in the lower atmosphere, overlying the tropical ocean using daily NCEP 

Reanalysis data. In this section, the first three significant modes of each parameter 

are analysed and described. No long-term means have been removed in the PCA 

analysis. Shading in the spatial loading diagrams has been done to highlight the 

regions of minimum and maximum loadings.' In _cases where further significant 

modes (>3) are considered to be important to this air-sea interaction study, the 

modes have been included in the analysis. 

a) Temperature 

The first temperature mode explained 34.7% of the variance with a major loading 

located in the southwest of the tropical ocean. This mode generally highlighted the 

gradual warming in this region (ftgure 5.19a). The PC scores for this mode 

indicated a warming trend in this area, during the period of the cruise (figure 

5.19b). The second mode (11.6%) captured mainly, the intense warming in the·SE, 

south of Indonesia. A warming trend was also . obtained in this region (ftgure 

5.20a,b ). The high meridional thermal gradient, north of this region suggested the 

enhancement of westerly winds, in response to the warming trend. The third PC 
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mode with a percentage variance of 7.5% captured the major loading in the eastern 

half of the tropical ocean, with a maxima over Indonesia (figure 5.21a). The 

resulting zonal temperature gradient around 90°E implied a variability of the 

circulation in this region. The PC scores identified no particular trend of 

-
temperature in the Indonesian region (figure S.2lb). The fourth mode (7.3%) 

highlighted the cooling over East Africa (figure 5.22a). The gradual decline of 

temperatures ~ this region is evident in the PC scores (figure 5.22b ). The fifth PC 

mode (4.6%) identified a major loading in the critical central Indian Ocean, and 

has thus been included in the analysis (filure 5.23a). A moderate reduction of 

central Indian Ocean temperatures as shown by the PC scores in figure 5.23b was 

observed during the study period. 

b) Geopotential height 

The fll'St PC mode had a very high percentage variance of 69. 7%. The high 

percentage explained by this mode highlighted the stationary nature of pressure in 

the tropical ocean. The major loading m this mode was located above the 

Mozambique Channel. The PC scores suggested an downward trend of 

geopotential heights over the Madagascar region, and pressure increases over the 

Cocos Island region (figure 5.24a,b), in agreement with the dipole relationship 

suggested by Hastenrath et al. (1993) ~een the western and eastern tropical 

Indian Ocean. The second PC mode (14.2%) had a major loading in the southeast 
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of the tropical ocean. The accompanying PC scores (figure 5.25a,b) showed a 

rising pattern of geopotential heights in this region. The third PC mode explained 

3.72% of the variance, and identified a NE-SW axis of declining geopotential 

, heights across the tropical ocean. Meanwhile, a steady rise of pressure was 

restricted to the western half of the central Indian Ocean (ftgure 5.26a,b). 

c) Specific humidity (q) 

The first mode explained 26.71% of the variance and showed a reduction of 

moisture (q-values) in the central Indian Ocean spreading to the SE sector of the 

ocean. Further west, increased moisture above the Mozambique Channel was 

observed. The positive trend in PC 1 scores impli~ a steady reduction of moisture 

over the central Indian Ocean and increased moisture over the Mozambique 

Channel, with time (figure 5.27a,b). The second mode of variability (12.16%) 

identified generally drier areas over the tropical ocean. No trend was apparent in 

the PC2 scores (figure 5.28a,b). PC3 (9.19%) resembles the mean q-field. The 

-
zonal distribution of q, stretching from Indonesia along 5-10°8 had an inverse 

relationship with q values over India. PC3 scores did not identify any particular 

trend (ftgure 5.29a,b). 
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. d) Zonal winds 

The first PC mode explained 26.74% and identified the strongly contrasting zonal 

winds in the western half of the tropical ocean. Figure 5.30a showed westerlies to 

dominate at approximately 0° -8°S, while easterlies were common further south (9-

16°8). This is coherent with the velocity of surface ocean currents (ECC and SEC). 

The corresponding PC scores showed this wind pattern to reverse over time 

(figure 5.30b). The second PC mode (16A8%) had a similar loading as in PC1, 

although the zonal wind contrast was shifted ~~er eastwards (75-90°E). The 

accompanying PC scores showed easterlies (2°S) and westerlies (1 0°S) to 

dominate at the beginning of the study period. The pattern was later reversed and 

was then coherent with the ocean, surface current velocity (figure 5.31a,b). The 

third PC mode with a percentage variance of 10.54% highlighted the modulation 

of winds, north of Madagascar by the SIH, during its longitudinal shift. A defmite 

trend was not observed from the PC3 scores (figure 5.3la,b ). The fourth mode 
'•' 

(7 .11%) is important since it captures a major lo~g in the central Indian Ocean. 

The PC4 scores showed the variability of the wind direction in this region (figure 

5.33a,b ). A strong easterly component in the southeast trades allowed for cyclonic 

circulation in the central Indian Ocean. 
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e) Meridional winds 

. 
The first PC mode explained 23.41% of the variance and captured a major loading 

in the proximity of the East African· coast (figure 5.34a,b ). This suggested an 
' . 

increasingly northerly flow of air in the western half of the tropical ocean. This 

mode also identified a wave-like pattern of v-wind field across the tropical ocean 
' 

(alternating northerly and southerly winds) with a wavelength of approxitnately 

3000 km. The second PC mode with a percentage variance of 14.48% highlighted 

a loading which showed the variability of meridional winds in the central Indian 

Ocean (figure 5.35a). The corresponding PC scores (figure 5.35b) showed the 

dominance of a series of episodes. PC3 (9.24%), in the eastern half of the tropical 

ocean reflected the location of cyclonic circulations (figure 5.36a). Furthermore, 

PC3 scores indicated a 20-day variability of meridional winds in this region (fig 

5.36b). 

t) Vertical motion (Omega) 

The first PC mode (14.46%) identified a 'major loading (downward) over the 

Mozambique Channel. Meanwhile, another loacJing (upward) was dominant in the 

central Indian Ocean, which spread eastwards in a band between 0° and 10°8. The 

PC scores indicated a reversal of the paitem with time (figure 5.37a,b). The 

second PC mode with a percentage variance of 9.2% identified a loading over 
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Malaysia. Figure 5.38a showed a series of episodes in this mode, during the study 

period. A loading over Cocos Island region, which ~as in phase with the region 

east of Madagascar (downward) was identified by the third mode (8.05% ). These 

two regions were seperated by an area of upward velocity around the central Indian 

Ocean. The accompanying PC scores (ftpre 5.39a,b) indicated some variability in 

this loading with a wavelength of approximately 30 days. 
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Table 5.1 Summary of the various PC modes, percentage explained and loadings 

Variable PC %explained Loading 
-

Temperature PC1 34.7% east of Madagascar 

PC2 11.6% south of Indonesia 

PC3 7.5% E. half of tropical ocean 

PC4 7.3% East Africa 

PC5 4.6% central Indian Ocean 

Geop. Heights PC1 69.7% Mozambique Channel 

PC2 14.2% Indonesia 

PC3 3.7% NE-SWaxis 

Spec. Hum. PC1 26.7% central Indian Ocean 

PC2 12.2% south of Indonesia 

PC3 9.2% zonal band over ocean 

U-Wind PC1 26.7% W. half of tropical ocean 

PC2 16.5% E. half of tropical ocean 

PC3 10.5% N. of Madagascar 

PC4 7.1%, central Indian Ocean •• 
V-Wind PC1 23.4% W. half of tropical Ocean 

PC2 14.5% central Indian Ocean 

PC3 9.2% E. half of tropical ocean 
\ 

Vertical Motion PCI 14.5% Mozambique Channel 

PC2 9.2% Malaysia 

PC3 8.1% Cocos .Island region 

' 
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In essence, the PC modes highlight warming in the southwest sector of the tropical 

ocean. This wanning was associated With a decline in geopotential heights and a 

rise in moisture content, all consistent with the seasonal onset of the NE monsoon. 

The warming to the south of Indonesia, coincided with enhanced south-westerly 

winds, upward movement of moist air and cyclonic shear. Meanwhile, the 

temperature loading over Malaysia showed some relationship with the geopotential 

heights and moisture loadings in that region. A summary of the PC modes, 

percentage explained and the loadings are· presented in table 5.1. The exact 

relationship between these modes is investigated in the next section through 

correlation analysis. The cycles which are· evident from the PC scores will be 

"objectively" determined in the spectral analysis section. 

5.4.3 Correlation analysis 

Correlation analysis has been used in this study to identity possible relationships 

between the various PC scores. A summary of the correlation coefficients between 

the most important PC modes is presented in table 5.2. From table 5 of (Underhill, 

1981) giving the significant values of correlation coefficients, R-values greater 

than 0.40 are considered to be significant at 99.9% confidence limit (for 60 

degrees of freedom). In this particular study, only R-values in excess of 0.80 are 

considered, for brevity and identification of strong relationships in the central 

Indian Ocean. R values > 0.8 have also been chosen as a crude way of downward 
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adjustment of the degrees of freedom, due to the dominance of long period 

variations in the data record. Long-lag autocorrelation is another method of 

estimating the time scale for the synthesis of a new degree of freedom. 

Table 5.2 

PCMode#l PCMode#2 R-values 

PC2 Geopotential height PC 1 Specific humidity -0.87 
-.~~ .. 

PC2 Geopotential height PC2 V-wind +0.84 

PC3 Geopotential height PC1 V-wind -0.81 
' 

PC2 Temperature PC2 Specific humi4ity -0.80 

PC4 Temperature PC1 V;.wind -0.88 

PC5 Temperature PC 1 Specific humidity · -0.81 

PC5 Temperature PC2 U-wind +0.81 

PC8 Temperature PC3 U-wind - -0.85 

PC 1 Specific humidity PC2 u.:wind -0.86 

PC4 Specific humidity PC1 V-wind +0.81 

PC2 U-wind PC3 V-wind -0.85 

The correlation analysis shows that warming in the -southeast of the tropical ocean, 

coincided with an increase in moisture content (T2-q2). The reduction of moisture 
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content over the central Indian Ocean required dominant anticyclonic circulation in 

the southeast. This anticyclonic circulation in the southeast allowed for the 

pressure gradient in the eastern half to enhance easterlies (GH2-U2). Central 

Indian Ocean cooling was associated with a reduction of moisture content (TS-q 1 ). 

In the western half, easterlies associated with the South Indian High, coincided· 

with a lowering of temperatures over the central ocean (U2-TS}. The cooling over 

East Africa was comparable with reduced northerlies in the western half (T4-Vl ). 

Meanwhile, the reduction in geopotential heights in a NE-SW axis occurred with 

stronger northerlies in the western half of the tropical ocean. In the eastern half of 

the tropical ocean, an increase in easterlies with time, coincided with the 

enhancement of southerly winds ( convergiilg with northerlies in the central Indian 

Ocean}, leading to a cyclonic cell formation (U2-V3). The correlation results on 

the central Indian Ocean modes are summarised in table 5.3. 
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Table 5.3 

Convective central Indian Ocean Calm central Indian Ocean 

strong northerlies (N of central ocean) strong southerlies (S of central ocean) 

enhanced easterlies (E of central ocean) reduced easterlies (E of central ocean) . 
wanning over East Africa coast cooling over East African coast 

anticylone in the eastern half · anticyclone in western half 

cooling in the SFJ Indonesia - wanning in the SFJ Indonesia 

weak southerlies in the SFJ Indonesia strong southerlies in the SEI Indonesia 

5.4.4 Speetnl analysis 

The spectral analysis results highlighted three dominant cycles and these include: 

21-day cycle, 6-day cycle and a 3 day cycle. The 21-day cycle could be the bi-

weekly cycle earlier identified in the tropics by Krishnamurti and Bhalme (1976). 

The 20-day oscillation can also be linked to the localised effect caused by 

interaction between ocean and atmosphere (Krishnamurti et al., 1992). The 

remaining 3-6 day cycles could be attributed to the advective synoptic scale 

features eg. frontal systems and easterly waves (Preston-Whyte and Tyson, 1988). 

The period of analysis ( 62 days) is too short for reliably resolving relatively low-

frequency features (30 days). Consequently, cycles with periods greater than 30 

days, were eliminated from the analysis. A major peak is defined by the speetral 

density, so that the first major peak has the highest spectral density (apex of 

curve). The second major peak has the second highest spectral density etc. Great 
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caution is necessary when intetpretmg · speetr& analySis results of a short data 

record such as this. The spectral analysis results for the first three major peab.are 

presented in table 5.4. 
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Table 5.4 A summary of the specttal analysis results. 

Variable PCMode 1st Major peak (days) lad Major peak (days) 3rd Major peak (days) 

Temperature PC1 21 8 5 

PC2 21 9 - ' 

PC3 6 - -
PC4 21 10 4 

PC5 12 3 -

Geop. heights PC1 15 5 7 

PC2 9 4 -

PC3 21 5 3 

Spec. hum. PC1 21 6 3 

PC2 9 4 -
-

PC3 15 3 -
U-wind PC1 10 6 4 ' 

PC2 4 - -

PC3 5 '~ - -
I 

PC4 12 4 -

V-wind PC1 21. 6 4 ., 

PC2 6 - -
PC3 15 6 3 

Vert. motion PC1 16 5 3 

PC2 5 7 3 

PC3 21 6 3 

' 
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5.5Summary 

In this chapter, a time series of surface fluxes and plan view (x, y) of the ocean and 

atmosphere, during the period of the WOCE 12 Leg were presented. Heat and 

momentum fluxes were found to be generally low over the tropical Indian Ocean, 

except in areas with strong winds (high~), high SST/air temperature differences 

' ' 

(SST-Ta) and high specific humidity (high Qa). The upper ocean was dominated 

by two equatorial currents, ie. Equatorial counter current and South Equatorial 

Current. The two surface currents were separat(fd by a region of cyclonic current 

shear. The recorded speed of the sUrface equatorial currents during the WOCE 12 

Leg was similar to the historical mean' speeds (Hastenrath, 1989) for that time of 

the year. The mean lower atmospheric structure was described and analysed. The 

variability of the lower atmosphere over the central Indian Ocean was analysed 

with the aim of finding links with the atmosphere overlying the broader tropical 

ocean. Frontal and bi-weekly oscillations were observ~d during the study period. A 

convective central Indian Ocean was shown to be ocassionally associated with the 

warm air advection from the north, W&.rql and moist easterly winds from the .SE/ 

Indonesian region, and reduced penetration of cold, dry air from the south, into the 
,_ 

central Indian Ocean. Non-linear processes. are also active and may offer 

contrasting results. The variability in winds can. be quantified in further analyses. 

The next chapter will explore the vertical structure of the ocean and atmosphere, 

during this period. 
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Fig 5.27 
PC1 (26.7.,,) Specific humidity at 1000 hPa 
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Fig 5.28 
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Fig 5.29 
PC3 (9.2%) Specific humidity at 11i0o hPa 
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Chapter& 
Vertical structure of the tropical Indian Ocean and the overlying 

atmosphere · 

6.1 Introduction 

The ability of the ocean to store and gradually dissipate heat, and perturb the 

overlying atmosphere is one of the key detenninants of climate variability (Jury 

1995). Numerous studies have been conducted which indicate that SST anomalies, 

particularly in the tropical band, force adjustments in l,ltmospheric circulation, 

which in tum lead to changes in the balance of matine and continental rainfall. ·The 

pertinent statistical associations which have been found between regional SST and 

. ' 
South African rainfall suggest the impoi'Qmce of ocean-atmosphere interactions in 

the central Indian Ocean. ln. this chapter, the structures .of the tropical Indian 

Ocean and its overlying atmosphere are investigated to establish some of the 

mechanisms involved. 
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6.2 Upper Ocean .i 

The upper ocean in this study refers to the first upper 200 m depth of the ocean. 

The structure observed is based on the-_ADCP and CTD data collected during' the 

WOCE 12 Leg cruise. The an8lyses of the upper ocean would shed more light on 

the thennocline doming and SST regulation. In addition, more information on the 

stability of ocean currents could be found. These analyses would help explain the 

mechanisms involved in the air-sea interaction process involved over this 

important region. 

6.2.1 Surface Current Distribution 

The dominant features over the study regi~n were the two opposing near-equatorial 

currents, viz. the Equatorial Counter-Current (ECC) and the South Equatorial 

Current (SEC). In this section, the vertical structure of the ~urrents will be 

analysed, to investigate the continuity of the equatorial currents and the depths at 

which the currents are dominant. 

a) N-S sections 

The vertical current structures, in N-S se,ctions at 45°, 52° and 88°E are examined 

in this section. The N-S section at 45°p consisted of 29 stations (St. 1216-1244), 

approximately between 40° and 49°E. In this section, the Equatorial 

Countercurrent (ECC), was restricted to ,_narrow latitude band between 4° and 5°S 
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with a maximum speed of 0.5 m s·• slightly above 50 m depth (figure 6.1a). 

Variable current velocities were observed further south, between 5° and 9°S. The 

westward-flowing SEC was ·round over a relatively wider latitude range (9.5-

11.50S), with a maximum speed of 0. 7 m s·• at an approximate depth of 150 m. 

The meridional component of the ECC showed a deep and strong velocity gradient 

in the proximity of the East African coast between 4° and 5°S. A slight northward 

component in the SEC was also noted (figure 6.1b). 

In the N-S section, to the NE of Madagascar (-52°E), the westward-flowing SEC 

was identified. The maximum speed of the current was approximately 0.25 m s·• 
. . 

and dominated around the depth of 150m. (figure 6.2), in agreement with the 

fmdings of Wed~hl (1996). The associated meridional component of the 

currents in this section was relatively small. 

The 88°E meridional section comprised of a total of 19 stations. The ECC was 

bound in its southernmost boundary {7°S) by the northward extension of the SEC. 

The magnitude of the SEC was relatively weaker, with a maximum speed of 0.3 m 

s"1 located at approximately 100 m (1 0.5°S). The weakening of the SEC east of 

52°E has been suggested by Wedepohl (1996). Unlike the SEC which had a weak 

and variable meridional component in this section, ,the ECC had a consistent 

southward component with a magnitude of0.2 m s·• (figure 6.3b). 
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b) Zonal Sections 

The zonal sections across four different ~gions in ~e tropical Indian Ocean are 

analysed .. The regions are: Seychelles region (54°-72°E), Diego Garcia region (70-

840E), (84°-94°E) and SW of Indonesia (94-106°E), all at the approximate latitude 

of 8°S. 

In the Seychelles section, there were a total of 42 stations made. The region was 

dominated by westward-flowing waters ,with maximum magnitudes of 0.2 m, s·• 

(figure 6.4a). Eastward flow was found at approximately 54°-56°E, 65°-68°E and 

at 71 °E. In the 54°-56°E longitude range, the ei!Stward flow (0.1 m s·1) was found 

below the depth of 100m. A southw~d component of0.2 m s·• was also recorded 

in this region (figure 6.4b ). A mass of water with a SE flow and a magnitude of 

0.2 m s·• was found between 65° and 68°~. At 71°E, a deep and narrow column of 

water with an eastward component (O~l m s·1
) was found extending to depths 

deeper than 1 000 m. 

The Diego Garcia' region was also dontitlated by ~ upper ocean with a westwards 

li flow. The maximum westwards flow (ftgure 6.5a) of 0.25 m s·• was located at 

approximately 100m (82°E). An eastward flow (0.1 m s·1) was restricted further 
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east at approximately 84 °E. The meri~onal component of the flow in this region 

was generally weak, with the exception of the southward flow of 0.25 m s"1 (150 

m) at 74°E (figure 6.5b). 

In the 84-94°E zonal section, the western sectOr (figure 6.6a) was dominated by 

weak westward flow (0.05-0.1 0 m s"\ unlike the eastern sector which was 

' ' 

dominated by eastward flow (0.1 m s"\ The maximum southward components 

(0.15 m s"1
) were located in the eastern sector of this section (figure 6.6b). In this 

eastern sector, a narrow, shallow northward flow (0.15 m s"1
) was observed at 

approximately 93°E (100m). 

To the southwest of Indonesia, weak alternating east- and westward flows were 

observed (figure 6.7a). The maximum eastwards flow (0.2 m s"1
) was found at 

98°E, while a northwards maximum (0.2 m s"1
) was located at approximately 

102°E (ftgUre 6.7b). 

In summary, the'N-S sections were able to capture the ECC and SEC and reveal 

the currents to be continuous throughout the width of the western ocean basin. The 
~ . 

ECC was concentrated, stronger and more elaborate in the east (88°E). To the NW 

of Madagascar (~ 45°E), the SEC was deep, wider and stronger. The current 

velocity shear was slightly more pronounced in the 45°E N-S section with a 



magnitude of 2 x 10-6 s"1
• At 88°E, the perpendicular distance between the two 

surface currents was relatively shorter, but the magnitudes of the currents were 

reduced, resulting in a reduced curren~ velocity shear of 1.56 x 10-6 s·1
• J'he 

perpendicular distance refers to the horizontal distance between the approximate 

maxima of the ocean currents viz. ECC and SEC (along the same longitude). High 

shear values would imply stronger current velocities and/or wind stress and/or 

reduced perpendicular distance, and the consequent effects on the thermocline 

uplift and SSTs. Flow was generally weak in the 8°S zonal sections. 'There was a 

general tendency for a weak w~stwards flow in the western sector (54°-84°E), and 

alternating east- and westwards flows in the eastern sector (84 °-1 06°E). The 

meridional components of the flow were generally weak, and alternating north-

and southwards throughout the ocean width. CTD measurements allowed for' the 

determination of the thermal and salinity structures for these vertical sections. 

6.2.2 Thermal structure in N-S Sections 

The ocean temperature section at 45°E (figure 6.8a), showed maximum 

temperature (29°C) to occur in the upper 50 m between 6° and 10°8, and also in a · 

-
narrow band north of 5°S. Steep thermal gradients were found in the northernmost 

part of this section i.e. approximately 5°S. Temperature minima were also located 

in this part (-5°S) at depths below 150 m. The maximum temperatures (28°C) in 

the 88°E section (figure 6.8b) were spread t_o a deeper layer of 70 m (-5°S). The 
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depth of this layer decreased further south, up to 10.5°8. Steep thennal gradients 

(~) were again found ~ the northernmost part of the section (- 5_~8). 

Temperature minima (14°C) were found at depths greater than 150m in the 5°S 

region. The apparent discontinuity at appr:oximately . 8°S is as a result of the 

exclusion of a small zonal section there, from the analysis. This is an illustration of 

the importance of temporal variability on the thermal structure of the upper ocean. 

6.2.3 Salinity structure in N-S Sections 

In the 45°E section (figure 6.9a), the s-.linity maxima roughly coincided with the 

temperature maxima i.e. in the uppermost layer between 5° and 6°S, and between 

7° and 10°8. The salinity minima (35.05 °/00) were observed at approximately 

11°8, in the upper 100 m of depth. In contrast, salinity minima in the 88°E section 

(figure 6.9b), were dominant at the surface (up to 50 m) between 5.5° and 7°S. 

The more saline waters were found between 50 and 150m (5-6.5°8), creating a 

strong salinity gradient (:) in the n~rthern most part of this section. Further 

south, the region was characterised by relatively fresh waters, with an absence of 

strong salinity gradients. 

In summary, near-surface temperatures were generally higher in the northernriiost 

parts <- sos) of the meridional sections. steel> thermal gradients along the upper 



6-8 

ocean depth were also limited to the northernmost parts of the N-S sections. The 

temperatw'e minima ( ...... 14 °C) were in both cases located at depths greater than 150 

m, at approximately 5°S. In both meridional sections, salinity maxima were located 

around 5°S, whereas fresher waters were domin~t further south (...... 11 °S). The 

salinity minima at 6°S in the "88°E section coincided with fresh water input from 
,. 

prevalent rainy conditions during that period. In the 88°E section, salinity maxima 
} 

were dominant at depths between 50 and 150 m, in contrast to the surface maxima 

in 45°E section. The strength of the equatorial currents observed in these 

meridional sections also depended on_ the thermodynamic stability (density 

differences) of the water masses (Stowe, 1983). Pressure differences exists in the 

ocean as a result of the coriolis deflection of surface currents. The lighter surface 

water flows into an elevated sea surface or ''mo~d", while the dense deeper 

waters accumulate under a "depression". In this case, the shoaling of the 

thermocline between the ECC and the SEC, is necessary to provide the meridional 
' 

pressure and density gradients required to geostrophically balance the coriolis 

force (provided by the zonal current). The stability of these water masses is 

explored in the following section to estimate the variation of p with height (dp/dz). 

6.2.4 Stability of the water masses 

Stability tests were conducted to determine the strengths of the equatorial currents 

through the use of reliable methods described in Chapter 4. These tests also 
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estimate the influence of the differing water masses on equatorial currents ie. ECC 

-
and SEC. Stable regions would indicate 'some resistance" in the flow strength, 

while unstable regions would would provide "easy passage" and enhance flow 

strength (Stowe, 1983). 

In the 45°8 section (figure 6.10), stable regions were found at approximately 5°-

8°S in the upper 40 m of depth, at 8°-12°8 at depths greater than 60 m, and also in 

the upper 20 m at approximately 10°8. The region of ma,ximum stability exten,ded 

at depths between 60 and 140 m in the latitude band 10°-12°8. A region of 

instability was found (5°-10°8) at depths between 40 and 100 m. This region 

extended upwards to a shallow depth of 20 m at approximately 11°8. Maximum 

instability was limited to the region 5° -6°S at depths 60 to 100 m. 

In the 88°E section (figure 6.11), the stable region was found in the upper 70 m, 

with a maxima located at 5°S (50 m). At depths greater than 70 m, this region of 

stability was found only south of 8°S, up to approximately 160 m. An unstable 

layer was found at depths greater than 70 m, to the north of 8°S. The maxirilum 

instability was located at approximately 140 m in the northernmost part of the 

section (-5°S). It is important to note that some interpolation is necessary when 

estimating the values of a and p, from the table of physical properties of the 

ocean (Gill, 1982). The interpolation is thought tQ be the source of the unexpected 
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large spatial patterns of negative E values of both sections (at 45° and 88°E). The 

maximum errors in density on a straight linear interpolation are 0.013kg m·3 for 

both temperature and pressure interpolation, while it is 0.006 for salinity (when 

salinity ranges between 30 and 40°/00)Abundant infonnation on the vertical 

structure of the surface c~nts in the tropical Indian Ocean has been found. In the 

next section, the most important aspects of the upper ocean are presented. 

6.2.5 Summary of upper oe"an 

In summary, in the 45°E section, the stability at 5°8 (upper 40 m) could be 

attributed to the high salinity values characteristic of the ECC. The positive E

values in the south( ...... 12°8) were in sympathy with the increasing salinity, with 

depth. In the 88°E section, the stability distribution was more pronounced, with E

maxima coinciding with the strong ECC. This stability could be attributed to high 

salinity values between the depths, 50 and 150 m. The low E-values at the surface 

( ...... 12°8) coincided with low surface salinity, while the instability at 5°8 at depths 

greater than 70 m coincided with reduced salinity (with depth). 

The thermal structure was investigated using two N-8 sections of the cruise at 

45°E and 88°E. Along the 45°E section, the upperinost layer of the ECC region 

was found to be relatively wann and saline (less stable). Further southwards, in the 

SEC band, the temperature remained high in the near-surface layer, but less saline 
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(stable). Along the 88°E meridional section, relatively stable conditions were 

maintained from 5 to 12°8, in the near-surface waters. The column of stable water 

mass increased further southwards to approximately 12°8. The SEC therefore 

appeared to be more stable than the ECC~ Tomczak and Godfrey (1994) have also 

.. 
shown in their composite studies of equatorial Indian Ocean currents, that duting 

December and January months, the ECC was either weak or non-existent. The 

interannual variability of this current is P,Otentially significant, when considering 
' ' 

the recorded current velocity in this region during the WOCE 12 Leg. A depth-

temperature plot of this section (figure 6.8b ), shows a "dome structure" between 

the two current systems, reflecting a ·shallower thermocline between 5-8°8, as 

shown earlier by ocean model studies of~cCreary et al. (1993). The variability of 

the thermocline depth in this region is important to the air-sea interaction process 

(heat transport) and has consequences to southern African rainfall. The westerly 

and easterly winds in the ABL above the ocean currents (ECC and SEC) lead to 
' 

' ' 

inward Ekman transport. The converging transpQrt results in upward Ekman 

pumping and pressure differences. In the Ocean boundary layer (OBL), the Ekman 

transport is outward and thu8 results in upward Ekman pumping in the lower ocean 

depths. Consequently, the pycnocline rises, ~ the region which corresponds with 

the Ekman pumping-formation of the dome struc~. 
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Similarities between this ocean region and the overlying atmosphere have been 

documented by Hastenrath and Greischat (1991) and McCreary et al. (1993). In the 

next section, the corresponding vertical structure of the lower atmosphere is 

explored using the NCEP gridded data. 

6.3 Lower atmosphere 

The important role of ocean-atmosphere . coupling on the quasi-permanent 

circulation systems of the lower atmosphere forces an elaborate study of the lower 

atmosphere in the central Indian Ocean. In this section, five mean atmospheric 

sections which correspond to the surface observations (during the WOCE 12 Leg) 

are analysed (i.e. vertical sections from 1000 to 700 hPa). The sections are: 

• Section A: zonal section, southwest of Indonesia (90°-105°E, 7.5°S) during 4-

13 December 1995, 

• Section B: meridional section at 87.5°;E, (2.5°-12.5°S) during 14-19 December 

1995, 

• Section C: zonal section at 7.5°S, (70°-90°E) during 20-27 December 1995, 

• Section D: zonal section over the central Indian Ocean at 7.5°S, (52.5°-70°E) 

during 3-10 January 1996, 

• Section E: meridional section at approximately 45°E, (2.5°-12.5°S) during 14-

21 January 1996. 
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6.3.1 Section A 

The maximum temperatures (299 °K) were found at the swface leve! at 

approximately 100°E (figure 6.12a). There was an absence of sharp gradients in 

the temperature, geopotential height and specific humidity fields (figure 6.12a, b 

and c). The entire column was dominated by westerly winds with a maxima (4.3 m 

s·1) in the western sector, west of l00°E (figUre 6.12d). Figure 6.12e shows 

stronger northerly winds in the eastern sector, while the western sector had weaker 

southerly winds. The upward motion of air was evident throughout the section, 

with the maximum vertical velocities dominant between 800 and 850 hPa (figure 

6.12f). 

6.3.2 Section B 

In this N-S section, maximum temperatures were found a~ the swface, as expected. 

A steeper thermal gradient with height was e~~ent at approximately 2.5°8 (figure 

6.13a). The geopotential height field was fairly uniform, while maximum moisture 

content was dominant at the surface at 2.5° and 12.5°8, above the equatorial 

current zones. The relatively higher moisture content at 2.5°8 was maintained 
.,1. 1 

~ throughout the column up to 700 hPa (figure 6.13b and c). Southeasterly winds 
.j(. ., 
j were dominant in this section, although weaker northwesterly winds were found 

above 850 hPa, north of 7 .5°S (figure . 6.13d ·and e). Figure 6.13f shows the 
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upward velocity of air to be restricted to the area north of 7 .5°S with maximum 

upward velocities located at approximately 850 hPa (2.5°8). 

6.3.3 Section C 

In this section, a relatively uniform structure, was found in the tempera4Jre, 

geopotential height and specific humidity tiel~ (figure 6.14a, b and c). Figure 

6.14d shows the eastern sector of this seCtion to be dominated by easterly winds, 

while the western sector was dominated by westerly winds. A southerly component 

in the winds was dominant throughout this section; with a maxima at 70°E (700 

hPa). The V -wind maxima co-located with the maximum upward velocity of the 

air (ftgure 6.14e and f). 

6.3.4 Section D 

Similar uniform patterns of temperature, geopotential height and specific humidity 

were found in the central Indian Ocean (~re 6.15a, band c). This section was 

dominated by relatively strong northwesterly winds, with maxima at approximately 

70°E (figure 6.15d and e). The upward velocity of the air was evident throughout 

the column, with a maxima located between 60° and 65°E at 850 hPa (figure 

6.151). 
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6.3.5 Section E 

In this N-S section, uniform structures in the-temperature and geopotential height 

fields were again observed (figure 6.16a and b). A relatively strong gradient of 

specific humidity with height, was evident at approximately 2.5°8 (figure 6.16c ). 

This gradient co-located with the U-wind maxima imd subsidence of air at 2.5°8 

(850 hPa) (figure 6.16d and f). Figure 6.16e· showed strong northerly winds close 

to the surface, which weakened with height. Weak upward motion of air was 

restricted to a narrow band at appro~tely 12.5°8 (700 hPa). 

6.3.6 Summary of lower atmosphere 

In these vertical sections, the temperature, geopotential height and specific 

humidity fields were fairly uniformly distributed with height, indicative of 

convective mixing. The maximum vertical motion. of air was found mainly 

between 800 and 850 hPa. In the 88°E meridional section, the maximum moisture 

(0.016 kg kg-1
) was located above the warm equatorial currents. In the 45°E 

' 

section, maximum moisture (0.017 kg kg-1)-was only dominant over the ECC. 

A rough comparison of the NCEP parameters with the surface IMET data 

revealed certain parameters to be in general agreement. Wind velocities exhibited 

the closest values from the two different data sources. The specific humidity and 

geopotential heights were moderately similar. The temperatures were however 
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slightly underestimated by the NCEP model data, .by up to 1 oc at certain instances. 

The comparison of ~e atmospheric variables from the two sources is fairly rough, 

especially when one considers the fact that IMET data is collected from a moving 

platfonn and at extremely short time scales. 

An interesting analysis here would be the comparison of the lower atmosphere 

from a single location (NCEP time s~es) in the cruise track, with the IMET data 

from the moving platfonn. This wo~d give some indication of how temporal 

variability was expressed in terms of spatial variability in the shipboard 

observations. This is however beyond the scope of this study. 
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Chapter7 
Conclusions 

The central Indian Ocean region has been frequently linked to the southern African 

climate. This has necessitated the ,acquisition of quality data from this region. The 

WOCE 12 Cruise (December 1995-January 1996) allowed this kind of high quality 

data to be collected. The surface turbulent, fluxes and oceanographic parameters 

were reliably determined and fuvestigated in this study. NCEP reanalysis data was 

also used to complement the surface observations from the ship. 

The major features which have emerged from tlns study include the effect of 

meridional advection of air into the central Indian Ocean on the characteristics of 

the atmospheric boundary layer, the co-location of maximum turbulent fluxes with 

cyclonic disturbances, and the maintenance of a semi-permanent uplift zone (near 

the Seychelles) by the wind stress curl distribution. Based on these results, the 

following conclusions, subsequent to the hypotheses proposed in Chapter 3 (3-2 to 

3-3), can therefore be reached. 
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7.1 Does the thermoellne uplift oeeur in the ocean region whieh is bound by 

the opposing equatorial eurrents? 

In the meridional sections of the ·cruise (ie~ at 45°E and 88°E), the eastward 

flowing ECC was shown to occur between 4 ° and 7°S, while the westward SEC 

was dominant between 9° and l2°S. This resulted in a cyclonic ocean current shear 

in the intermediate region, between the two dominant surface currents. In the 88°E 

meridional section, where both surface currents were strong and wide, a dome

structure (temperature) was observed. At approximately 7°-9°8 cooler waters 

appeared to penetrate shallower depths, such that w8rm.er waters were dominant at 

latitudes of the surface currents. A similar dome structure in the 45°E meridional 

section was not observed. The narrow and weaker ECC in this latter section, is 

thought to probably be responsible for the absence of this dome structure following 

the reduced current shear in ,this region. 

It is important to note however, that an outward Ekman transport in the OBL, due 

to the curl of wind stress (geostrophy), also results in the upward Ekman pumping 

od "deeper waters" into the OBL. Thi~ Ekman suction raises the pycnocline/ 

thermocline and results in the dome structure. 
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7.2 Does meridional advection of air play a role in the ABL overlying the 

central Indian Ocean? 

The dominant surface winds in the central Indian Ocean during the period of the 

cruise were the northeasterlies (NE Monsoon) and southeasterlies (SE Trades). 

The winds converged over the warm tropical ocean. The periods in which the 

warm, moist northeasterly winds strengthened and extended into the central Indian 

Ocean, coincided with increased air temp(ntures, reduced barometric pressure and 

enhanced convective activity in the central Indian Ocean. Cooling and stable 

conditions were observed in this region when the relatively colder SE trades. 

strengthened. 

7.3 Is the maximum Energy transfer consistent with the cyclonic disturbances 

in the central Indian Ocean? 

The heat and momentum fluxes were generally low throughout the tropical ocean, 

except in regions of strong winds (in the proximity oftropical cyclones) and where 

large differences between air temperature and SST existed. The sensible heat 

fluxes amounted to an expected small fraction of the latent heat fluxes. The 

occasional large differences between SST and air temperatures were common in 

regions of variable wind velocity, and coincided with enhanced moisture. The 

highest heat flux magnitudes were obtained under convective conditions. 
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7.4 Is the wind stress curl corresponding with the the~ocllne uplift in the 

central Indian Oeean? 

A strong principal components mode of zonal winds was found to dominate in the 

western half of the tropical ocean. This was the first mode and explained the 

largest percentage variance of 26.74%. "In this mode, westerlies were dominant 

between 0° and 8°S, while easterlies were found between 9° and 16°8. Although 

the PC scores showed the wind direction to vary. over time, wind velocities were 

generally consistent with the underlying ocean current velocities. This supported 

the idea of Ekman pumping which favoured the doming of the thermocline, 

through the overlying wind stress curl. 

The mechanisms involved in the central Indian Ocean dynamics are indeed 

complex. Further investigations of ~s region will assist in filling the gaps in our 

current knowledge. 

7.5 Future directions 

• Further ship's cruises. The data Used in this investigation covers a limited 

period of two months only (December and January). The appropriateness of 

extrapolating the results to other months can only be confirmed with data for 

these respective months. In addition, our understanding of the interannual 
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variability of features in the regioq can only benefit from a longer data record 

of high quality. More data of this quality will therefore allow for a more 

elaborate study of the relationship which exists between the thermocline depth, 

surface currents and SST. 

• Data from radiosonde balloons. During this investigation, there were no 

radiosonde.measurements made. More accurate data (from radiosondes) for the 

atmospheric profile directly above the. surface measurements are ideal because 

of their ability to capture rapid, meso-scale systems. Data collected from such 

radiosonde observations could be compared to model outputs and satellite 

observations. 

• Other data sources. Ship measurements are very expensive to collect and yet 

are necessacy for the accurate studies of air-sea interaction in the Indian Ooean 

tropics. Data sources like satellite imagery and satellite-tracked buoys could be 

used to minimise the costs and reco~ the important heat flux variables and 

surface ocean currents in this region of data scarcity. 

• Regions of weak winds were common in the ~tudy region. This implies the 

presence of diurnal cycles. Further analysis usin~ fine-detailed data such as the 

IMET data can benefit our understanding. of diurnal cycles in this important 

region. 

• Coherent variations of wind, humidity and temperature can be obtained from 
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further analysis using analysis techniques such as multivariate PCA. 

• In the estimation of the time scale of a new degree of freedom (where there 

is a dominance of long period variati~ns in the data ~ord), long-lag 

autocorrelation can be used. 

A serious consideration of the above suggestions for future research will en~ure 

that more conclusive results may be drawn, and benefit the seasonal rainfall 
' . ' 

forecasts of southern Africa and other parts of the world which are affected by the 

global El Niflo phenomena. 

i ' 
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