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Abstract. The response of the Indonesian Seas to the Monsoonal winds3

is investigated using a regional ocean model with an emphasis on understand-4

ing the mechanisms behind the observed seasonal Sea Surface Temperature5

(SST) variability. Understanding the seasonal SST variability in the Indone-6

sian Seas is crucial for understanding tropical climate variability since at-7

mospheric deep convection is located directly above these seas.8

Our model results suggest that the Monsoonal winds play a dominant role9

in creating the spatial SST variability and is responsible for inducing about10

half of the basin averaged SST variability. The remaining half is found to be11

caused by conditions in surface heating which is brought about by radiation12

and atmospheric temperature and humidity. The northwesterly wind dur-13

ing Austral summer is roughly uniform over the basin so wind mixing oc-14

curs roughly uniformly and no significant spatial SST variability is forced.15

The southeasterly wind during Austral winter, on the other hand, has a sig-16

nificant spatial variation with a maximum wind speed located in the mid-17

dle of the basin. This spatial variability causes Ekman upwelling and down-18

welling in the north and south of the Indonesian Seas, respectively, and es-19

tablishes a cold SST region in the northeast. The presence of the shallow shelf20

region in the east is also found critical to the formation of this cold SST event.21

Without the shelf, lateral advection of warm water from the west will trap22

the cold SST region to the eastern boundary.23
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1. Introduction

The Indonesian Seas are located between the Pacific and the Indian Ocean near the24

equator, a region known as the Maritime continent (Figure 1). Although these seas cover25

a much smaller area than the Pacific or the Indian Ocean, they are thought to play a26

significant role on the global climate because the Indonesian Seas are located directly27

underneath the region of atmospheric deep convection. The atmospheric deep convection28

is the center of the Walker and Hadley Circulation and is one of the main driving forces29

of the tropical atmospheric circulation. The Indonesian Seas contribute to this deep30

convection as a heat and moisture source [Kawamura et al., 2002]. The Sea Surface31

Temperature (SST) has a strong influence on the magnitude of these fluxes so variability32

of the SST in the Indonesian Seas may, therefore, induce variability in the atmospheric33

deep convection and climate of much larger scales. Numerical experiments indicate that34

the dynamics in the tropics are highly sensitive to the SST in the Indonesian Seas [McBride35

et al., 2003; Neale and Slingo, 2003; Qu et al., 2005; Jochum and Potemra, 2008].36

1.1. Seasonal SST variability in the Indonesian Seas

How does the SST in the Indonesian Seas vary seasonally and what is the main forcing37

mechanism responsible for creating this variability? While significant progress has been38

made recently on understanding the mass balance of the Indonesian Seas [e.g. Arlindo39

Project [Gordon et al., 2003] and International Nusantara Stratification and Transport40

(INSTANT) Program [Sprintall et al., 2004]], the basic circulation within the Indonesian41

Seas or the dynamics that control the SST variability in the region are still not well42

understood. This is due to difficulties associated with observation in the presence of strong43
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tides and that the region is a collection of small seas and islands of which numerical models44

and satellite instruments have traditionally found difficult to resolve. However, recent45

high resolution measurements from the Tropical Rainfall Measuring Mission (TRMM)46

have dramatically improved our knowledge of the temporal and spatial SST variability in47

the Indonesian Seas and allow us now to examine its dynamics in more detail (Figure 2).48

We will hereafter focus on the SST and the circulation of the Banda and Arafura Seas,49

the two major seas of the Indonesian Seas. These two seas are separated topographically50

but are connected over a large area and appear as one large sea at the surface (Figure 1).51

TRMM data show that the Indonesian Seas have a period of warm SST (about 30◦C)52

that lasts from November to April (Figure 2a and c). The microwave SST provided by53

TRMM is capable of observing the SST in this region where it is often covered by clouds54

many months of the year. The warm SST period is associated with a roughly uniform SST55

throughout the basin but a slight cooling event is also observed along the northern coast of56

the Lesser Sunda Islands which decreases the basin averaged SST and creates a secondary57

temperature minimum in the seasonal SST cycle (Figure 2c). The basin averaged SST58

begins to cool in May, reaches its minimum of 27◦C in August, and then warms back to59

30◦C in November. This cold SST period is associated with a strong zonal SST gradient60

that has colder SST to the east of the Indonesian Seas. A minimum temperature reaching61

as low as 25◦C is observed at the northeast corner of the basin (Figure 2b). This SST62

cooling event is observed to be associated with significant upwelling of subsurface water63

which is vital for biological productivity and fisheries [Wyrtki, 1961].64

There are several processes that have been suggested to induce the SST variability in65

the Indonesian Seas (see Qu et al. [2005] and references therein). Seasonal SST variability66
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can certainly be induced by variability in solar radiation and the atmospheric condition.67

SST does roughly follow the solar cycle (Figure 2c). Observation, however, shows that the68

Indonesian Seas have larger seasonal SST variability compared to the surrounding oceans69

and with significant spatial variability when solar radiation and other external heat fluxes70

have limited spatial variation (as in NCEP reanalysis). We must turn, therefore, to other71

mechanisms to account for the observed SST variability within the Indonesian Seas.72

Advection of North Pacific warm pool water by the Indonesian Throughflow has been73

suggested to affect the SST in the Indonesian Seas based in GCMs [Schneider, 1998;74

Wajsowicz and Schneider, 2001]. The Indonesian Throughflow is a mass exchange flow75

between the Pacific and the Indian Ocean occurring through the Indonesian Seas (see76

Gordon [2001] and references there in). Observation, however, reveals that the Indonesian77

Throughflow is unlikely be the primary forcing agent for the seasonal SST variability in78

the Indonesian Seas. The Indonesian Throughflow originates from the Pacific warm pool79

region where SST is roughly stable throughout the year [Wyrtki, 1989]. Therefore, the80

transport of the Indonesian Throughflow must vary in order to induce SST variability in81

the Indonesian Seas. The observed transport of the Indonesian Throughflow, however, is82

greatest during Austral winter and weakest during Austral summer [Meyers et al., 1995]83

so the seasonal SST variability induced by the Indonesian Throughflow is likely to create84

a warm SST period in winter and cold SST period in summer. (The seasons are referred85

to those in the Southern Hemisphere throughout this paper.) This variability is opposite86

to what is observed (Figure 2) and moreover, the transport of the Indonesian Throughflow87

is observed to have a maximum at subsurface (about 150 m), not at the surface [Gordon88

et al., 2003]. Advection of heat from other adjacent seas such as the South China Sea [Qu89
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et al., 2006] and South Pacific may also play some role on the SST [Qu et al., 2005], but90

their transport values is considered much smaller than the Indonesian Throughflow and91

are unlikely to significantly influence the SST throughout the Indonesian Seas.92

Tidal mixing is considered to be strong in the Indonesian Seas compared to the sur-93

rounding oceans and SST is observed to fluctuate on a tidal time scale [Ffield and Gordon,94

1996]. While tidal mixing is likely to be affected by the seasonal variability in the strat-95

ification within the Indonesian Seas, it is unlikely that it can induce SST variability on96

a seasonal time scale by itself. Observations and numerical experiments also indicate97

that tidal mixing is spatially localized [Alford et al., 1999; Ffield and Robertson, 2005;98

Koch-Larrouy et al., 2007] and is thus unlikely to affect SST basin-wide. Tidal mixing,99

therefore, appears unlikely to be the primary forcing agent for creating the seasonal SST100

variability in the Indonesian Seas.101

Seasonally reversing Monsoonal winds have traditionally been attributed as the main102

forcing mechanism of the seasonal SST variability [Wyrtki, 1961; Gordon, 2005; Qu et al.,103

2005]. The seasonal variability in the wind direction does correlate well with that of the104

SST: warm SST during the northwest wind period and cold SST during the southeast105

wind period (Figure 3). However, much of the mechanism behind this correlation is still106

unresolved. For example, why is the SST cool only during the southeast wind period but107

not during the northwest wind period? The maximum wind speed is of similar magnitude108

in both wind seasons (Figure 3c) so latent heat release induced by the wind is of a similar109

magnitude for both winter and summer. The spatial SST gradient also shows significant110

zonal SST gradient in winter while uniform in summer. Coldest SST is also observed111

north of the wind-speed maximum, not along the wind-speed maximum, as the latent112
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heat flux release would suggest. Observing the upwelling of cold subsurface water lead113

Wyrtki [1961] to hypothesize that the cooling event is established as a result of coastal114

upwelling. However, coastal upwelling results in inducing coldest SST along the coast,115

not in the interior. Gordon and Susanto [2001], using NCEP reanalysis, showed that116

Ekman upwelling is forced in the region and hypothesized that this open ocean upwelling117

is responsible for the cooling event. However, whether Ekman upwelling is capable of118

cooling the SST significantly in the open ocean in the presence of lateral advection remains119

unknown. How the Indonesian Seas and their SST respond to the Monsoonal winds is120

still an open question.121

Our hypothesis for explaining the seasonal SST variability in the Indonesian Sea is122

based on the last hypothesis described above, i.e. it is attributable to the Monsoonal123

winds. We will further hypothesize that the difference in SST spatial variability as well124

as the formation of the strong cool SST region in winter is a result of having different125

spatial patterns in the two Monsoon seasons, which is an extension of that proposed by126

Gordon and Susanto [2001]. However, we will show that the spatially uniform component127

of the southeasterly wind as well as bathymetry are also necessary key components. To128

test our hypothesis, we will first examine whether the Monsoonal winds are a plausible129

forcing agent of the seasonal SST variability.130

1.2. The Monsoonal winds and the SST

To test whether the monsoonal winds are capable of creating a seasonal SST variability131

close to that observed, a numerical model of the Indonesian Seas is constructed using132

the Regional Ocean Modeling System (ROMS) [Shchepetkin and McWilliams, 2005]. The133

model covers from 110E to 145E and 14S to 1S with a 1/8 of a degree horizontal resolution134
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and closed lateral boundaries so that the Indonesian Seas are isolated from the effects of135

water mass exchange between the surrounding seas. The bathymetry is a spatially aver-136

aged product of 2-minute Gridded Global Relief Data [ETOPO2v2, 2006] with maximum137

depth set to 2000 m. Thirty sigma coordinate levels are used with at least 8 grid points138

in the upper 50 m. Surface forcing is imposed through a bulk-flux formula [Fairall et al.,139

1996] using the climatological surface atmospheric temperature, humidity, and pressure140

and incoming short-wave and long-wave radiation from the corrected normal year forcing141

product of Common Ocean-ice Reference Experiments (CORE) [Large and Yeager, 2004]142

and surface wind from QuikSCAT monthly climatological data [Risien and Chelton, 2008].143

The details of the initial condition and the sub-grid parameterizations are described in a144

later section.145

This model experiment, hereafter referred to as Case 1, shows that the local surface146

forcing is likely the main forcing agent for the seasonal SST variability. The model simu-147

lates basin averaged seasonal SST variability and spatial SST gradient analogous to that148

observed (Figure 4). The basin-wide warm SST in summer, the small secondary SST min-149

imum in February, and the strong SST cooling over the northeast corner of the Indonesian150

Seas in winter are as observed. The model, however, has a warm bias in the annual mean151

of about 0.5◦C which may be due to having no tidal mixing in the model [Jochum and152

Potemra, 2008] and with no synoptic-scale wind-forcing. Sea Surface Salinity (SSS) is153

also saltier than that observed. Surface fluxes of freshwater are handled as equivalent salt154

fluxes but this difference in SSS between the model and observation likely originates from155

the model not having freshwater input of river run-off from the island of Borneo rather156

than the way surface fluxes are calculated. Salinity, however, does not appear to affect157
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the seasonal SST variability very much over most of the Indonesian Seas: there is little158

difference (less than 2%) in the amplitude of the simulated seasonal SST variability in159

experiments with or without a prescribed freshwater input.160

To further isolate the role of the seasonal variability in the Monsoonal wind on the SST161

from that imposed externally by the surface heat flux, temporal and spatial variability of162

the heat flux forcing parameters were removed by taking their basin and annual averages.163

We will refer to this experiment as Case 1a. The magnitude of the seasonal SST variability164

simulated in Case 1a is decreased to about half of that from Case 1 but still keeps a spatial165

variability analogous to Case 1 and observations (Figure 4c). While comparison of Case 1166

and 1a shows that seasonal variability of the surface heat flux is an important forcing for167

determining the magnitude of the basin averaged seasonal SST variability, it also shows168

that the Monsoonal winds are an equally important player in determining the magnitude169

of the SST variability and especially its spatial pattern.170

1.3. Questions addressed and the outline

How does the Indonesian Seas respond to the Monsoonal winds? This is the main171

question examined in this paper with emphasis on the seasonal SST variability. We will172

use a numerical model to answer this question but because the dynamics of the region173

involves many complicated features, as observed in Case 1, the bulk of the paper is devoted174

to elucidating the controls on the evolution of the SST through employment of a simplified175

model. The three specific questions we address are:176

1. How does the Indonesian Seas respond to the Northwesterly wind?177

2. How does the Indonesian Seas respond to the Southeasterly wind?178

3. Does the bathymetry matter?179
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We will first describe the simplified model of the Indonesian Seas in Section 2. We180

will then use this model to answer the first question in Section 3 and second question in181

Section 4. The third question is answered within the context of the first two. Summary182

and final remarks are given in Section 5.183

2. The model of the Indonesian Seas

A highly idealized model of the Indonesian Seas is introduced in this section. The184

bathymetry and the wind forcing used in this model are substantially simplified from that185

used in Case 1. To focus on the SST variability induced by the Monsoonal winds, the186

surface heat flux forcing parameters are set constant in time and space by using the annual187

and basin averaged value of the CORE fluxes in the Indonesian Seas which is exactly the188

same as that used in Case 1a.189

2.1. The idealized Indonesian Sea

The domain of the idealized model is a closed rectangular basin that is 625 km wide190

meridionally and 2500 km long zonally with a horizontal resolution of 12.5 km (Figure191

5a). Again, we use ROMS. The model domain has a shelf and an open sea: the shelf is192

50 m deep and is located to the east while the open sea is 500 m deep and is located to193

the west. The bathymetry D(x, y) is set194

D(x, y) = −275.0 + 225.0 · tanh((x− 1875.0)/93.75), (1)

where x and y are the distance from the western and southern boundaries in kilometers195

respectively. A rapid transition of bathymetry from 50 to 500 m occurs with a spatial196

scale of about 100 km. This abrupt change in bathymetry represents the continental197

shelf-break between the Banda Sea and the Arafura Sea (Figure 1). There are 20 sigma198
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coordinate levels with at least 6 grid points existing in the top 50 m. The model domain199

is on a β-plane with a Coriolis parameter, f , −1.0 × 10−5 s−1 at the middle of the basin200

and β = 2.0 × 10−11 m−1 s−1 (where β = ∂f/∂y), a parameter space set close to that of201

the Indonesian Seas.202

Implicit viscosity and diffusion associated with the upstream bias 3rd order advection203

scheme is used. K-profile parameterization (KPP) scheme [Large et al., 1994] is used for204

vertical mixing with a background diffusivity of Az = 1 × 10−5 m2 s−2. These sub-grid205

scale model parameterizations are exactly the same as that used in Case 1.206

2.2. The idealized Monsoonal winds

The spatial and temporal pattern of the wind field is idealized while retaining the207

character of the observed Monsoonal winds (Figure 3). The meridional wind is zero208

throughout the year. The zonal wind profile, U(x, y, t), is a superposition of the wind209

profile of the two Monsoonal wind seasons:210

U(x, y, t) = Uw(x, y) · Tw(t) + Ue(x, y) · Te(t) (2)

where U and T give the spatial and temporal variation and subscripts w and e represents211

the northwesterly season and southeasterly season respectively.212

The observed northwesterly wind is not associated with strong spatial variability com-213

pared to the southeasterly wind and the maximum basin averaged wind speed of about 5.6214

m s−1 occurs from January to February. Uw(x, y) is set therefore to a constant value of 5.6215

m s−1 (Figure 5b) and Tw(t) is set to increase and then decrease the wind in a sinusoidal216

form from December to March (∼ 120 days) with a maximum wind speed occurring at217
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the end of January:218

Tw(t) =

{

−1.0 + 2sin
(

2π t−120

365

)

(0 < t < 90 , 331 < t < 365)

0.0 (91 < t < 330)
. (3)

The observed southeasterly wind is associated with strong spatial variability: maximum219

wind speed is located in the middle of the basin that decays from the southeast part of the220

Indonesian Seas to the northwest. Strongest wind speed is observed from July to August221

with about 9 m s−1 at the maximum and about 5–6 m s−1 along the coast. So Ue(x, y)222

is set to have its maximum wind speed in the middle of the basin that decays toward the223

west (Figure 5c):224

Ue(x, y) = Ua + Ubsin
(

πy

600

)

· exp

(

−
(

x − 2500

1875

)2
)

, (4)

where Ua is 5.6 m s−1 and Ub is 4.0 m s−1. The first term is the spatially uniform wind225

component and the second term is the spatially varying component which has a maximum226

at x=2500 km and y=312.5 km. This easterly wind increases and then decreases in227

a sinusoidal form from April to November (240 days) with the maximum wind speed228

occurring at the end of July:229

Te(t) =

{

0.0 (0 < t < 90 , 331 < t < 365)

−1

3
+ 2

3
sin

(

2π t−120

365

)

(91 < t < 330)
. (5)

We have ignored variations in the meridional component of the wind. The observed south-230

easterly Monsoon has a stronger meridional component than the northeasterly Monsoon.231

The impact of the difference in the orientation of the southeasterly and northwesterly232

Monsoonal winds is discussed in the last section (which is found to have little impact on233

the seasonal SST variability). The zonal wind profile U(x, y, t) is set so that the transitions234

from easterly to westerly (and the opposite) occurs smoothly (Figure 5d).235
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The idealized model of the Indonesian Seas is initially at rest with temperature and236

salinity set to the basin average of World Ocean Atlas 2005 in the Indonesian Seas during237

January [Locarnini et al., 2006; Antonov et al., 2006]. The model reaches a quasi-steady238

state in about 2 years and is further integrated for another 3 years. These last 3 years239

of model integration are used for the model analysis and we will refer to this model240

experiment as Case 2 hereafter. The seasonal SST variability simulated in Case 2 is241

analogous to that observed in Case 1 (Figure 6) with the SST minimum observed in242

August and a secondary SST minimum observed in February. Case 2 also simulates the243

basin-wide warming in summer and cooling of SST in the eastern half of the basin in244

winter, with a minimum SST located to the northeast. In the following two sections, the245

response of the Indonesian Seas during the two Monsoonal wind seasons are examined.246

The sensitivity of the results to Uw and Ue will also be examined.247

3. The oceanic response to the westerly wind

From November to December, the wind transitions from easterly to westerly wind. The248

wind is weak and the SST is warm throughout the basin. As the westerly wind picks249

up, northward Ekman transport is forced at the surface and a spatial SST gradient is250

created. A pool of warm water forms along the northern boundary of the open sea while a251

cold upwelling region forms along the southern boundary (Figure 6b). The pool of warm252

water along the northern boundary gradually begins to advect cyclonicly, at the speed of253

a Kelvin wave, and then occupy the eastern half of the basin. This advection of warm254

water weakens the impact of subsurface upwelling along the southern boundary and thus255

the coldest SST is observed at the southwest corner of the open sea where the advection256

of warm surface water influences the least. Case 2 shows that in the presence of closed257
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zonal boundaries, the westerly wind induces not only a meridional temperature gradient258

but also induces a zonal temperature gradient with a deep surface mixed layer to the east259

and a shallow mixed layer to the west.260

3.1. SST cooling along the southern boundary

While there is some spatial variability in the SST in the open sea interior, the largest261

variability is concentrated along the southern boundary. This SST pattern persists262

throughout the westerly wind season because the surface heat flux and vertical mixing in263

the open sea occur with no significant spatial variability. The formation of the narrow264

cold SST region along the southern boundary is influenced by upwelling of cold subsurface265

water and is observed to reach its minimum about 10–20 days after the time of maximum266

eastward wind speed. The sensitivity of the SST along the southern boundary can be es-267

timated from upwelling of subsurface water (w) based on the divergence of surface Ekman268

flow:269

∆T = w · ∆t · ∂T

∂z
=

ρaCdU2
w

ρfRd

· ∆t · ∂T

∂z
, (6)

where ρ is the density, ρa is the density of air (1.2 kg m−3), Cd is the drag coefficient270

(0.0015), ∆t is the half length of the westerly wind season, and Rd is the deformation271

radius (
√

g′H/f). The over-bar represents the time average over half of the wind season.272

w is assumed to occur within the spatial scale of Rd from the southern boundary. Eq 6273

is found to roughly capture the sensitivity of the SST to the wind strength (Figure 7)274

when wind is reasonably strong and the representative values for the upper thermocline275

in the open sea are used: ρ=1030 kg m−3, f = −1 × 10−5 s−1, g′=0.04 m s−2, H=175 m,276
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∂T
∂z

=0.04 ◦C m−1, and ∆t=60 days. This match to Eq 6 supports that the SST cooling277

event in the model during Austral summer is primarily due to coastal upwelling.278

The SST on the shelf remains warm throughout the westerly wind season and no sig-279

nificant circulation is established there. Not only is the temperature on the shelf roughly280

uniform at the surface, it is also vertically uniform. The surface mixed layer depth along281

the shelf-break is deeper than that of the shelf depth.282

3.2. Comparison with observations

The SST in Case 2 during Austral summer has warm values basin-wide, analogous283

to observations (Figure 2). The shelf occupied by the warm surface mixed layer is also284

analogous to that observed [Zijlstra et al., 1990]. The narrow strip of cold SST along the285

southern boundary in the model, however, is colder than that observed along the northern286

coast of the Lesser Sunda Islands. This cooling event decreases the basin averaged SST287

and is responsible for creating the secondary SST minimum in February. TRMM shows288

only weak support for the formation of this upwelling event but Advanced Very High289

Resolution Radiometer (AVHRR) measurements do show SST cooling of about 1◦C with290

cooler SST to the coast, which is the typical character of the SST associated with a coastal291

upwelling event (not shown). While observations show some hint of coastal upwelling, they292

also suggest that processes other than the local Monsoonal winds are influencing the SST293

in the region.294

4. The oceanic response to the easterly wind

From March to April, the wind transitions from the westerly to easterly wind. The295

wind is weak and the SST is warm with a basin average of about 31◦C (Figure 6a). The296
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shelf is occupied by a warm mixed layer water from the surface to the bottom. As the297

easterly wind strengthens, a cold SST region begins to form on the eastern side of the298

basin, especially on the northern half of the shelf, and decreases the basin averaged SST.299

Minimum SST is observed in August, about 30–40 days after the wind speed maximum300

(Figure 6c). The dynamics behind the formation of this cold SST region in the northern301

half of the shelf, termed the cold tongue hereafter, is examined in this section. It will be302

shown that the two key dynamical components responsible for creating this feature are303

the wind stress curl and the shallow shelf.304

4.1. The role of the wind stress curl

The easterly wind forces an Ekman upwelling in the northern half of the basin305

and an Ekman downwelling in the southern half. This spatial pattern of Ekman up-306

welling/downwelling is forced by the Ub component of the easterly Monsoonal wind and307

it establishes a double gyre in the upper ocean: a cyclonic gyre in the northern half and308

an anticyclonic gyre in the southern half. But why is Ub necessary for the cold tongue to309

establish? At the beginning of the easterly wind season, the shelf is preconditioned by310

warm mixed layer water from the surface to the bottom. Therefore, cooling of SST on311

the shelf first requires that the cold subsurface water intrudes onto the shelf. When Ub312

is zero and no Ekman upwelling is induced, the westerly wind forces a southward Ekman313

transport uniformly across the basin. A divergent flow field is thus forced only along314

the northern boundary. As a consequence, the subsurface water intrudes only along the315

northern boundary (Figure 9a). Without the intrusion of the subsurface water onto the316

the interior of the shelf, the wind can only induce mixing within the already well mixed317

water on the shelf so no dramatic cooling of SST occurs. When Ub is non-zero, however,318
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Ekman upwelling is present in the interior of the shelf so cold subsurface water intrudes319

onto the interior of the shelf (Figure 9b). Then, with the presence of cold subsurface320

water, the wind can dramatically cool the SST on the shelf through mixing.321

Sensitivity of the cold tongue to Ub To test the sensitivity of the SST to the322

wind stress curl, the magnitude of Ub is varied while keeping Ua the same as that used in323

Case 2. Our model shows that the spatially averaged SST in the northern half of the shelf324

(Figure 8) decreases as Ub increases (Figure 10a) with the magnitude of the SST changes325

roughly matching with that expected by Ekman upwelling on the shelf:326

∆T = wek · ∆t · ∂T

∂z
= k · (∇× ρaCdU2

e

ρf
) · ∆t ·

(

∂T

∂z

)

. (7)

The stratification representative of that on the shelf during the easterly wind period,327

(

∂T
∂z

)

=0.008◦C m−1, and ∆t=120 days is used. While the magnitude of the stratification328

on the shelf is not independent of the strength of subsurface upwelling and is also time329

variable, a time averaged value of Case 2 is used to grasp the first order sensitivity of SST330

to Ub. The sensitivity of SST to Ub roughly matching with Eq 7 supports the notion that331

Ekman upwelling is playing an important role on the formation the cold tongue.332

Sensitivity of the cold tongue to Ua While Ub is necessary for the formation of333

a cold tongue, Ua is still found to have significant role. The sensitivity of the SST to Ua334

is examined by varying Ua while keeping Ub the same as that used in Case 2. Our model335

shows that the SST decreases as Ua increases (Figure 10b) and with the magnitude of this336

SST change matching well with that estimated from coastal upwelling (Eq 6) provided337

that Ua is not close to zero. When Ua is close to zero, wind induced mixing becomes338
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negligible and the role of surface heat flux on SST becomes so significant that a thin339

surface mixed layer with extremely warm SST develops.340

The sensitivity test shows Ua playing a significant role on determining the temperature341

of the cold tongue although it is not capable of creating the cold tongue alone. In fact, the342

SST is more sensitive to changes in Ua than Ub. This is because Ua raises the isotherms343

near the shelf-break and allows colder subsurface water to intrude onto the shelf. Without344

Ua, a significantly warmer subsurface water will intrude onto the shelf and weaken SST345

cooling on the shelf.346

4.2. The impact of bathymetry on the formation of the cold tongue

The formation of the cold tongue depends not only on the easterly wind but also on the347

bathymetry. This dependence of the SST on shelf depth can be illuminated by comparing348

Case 2 with a flat bottom model, which we will refer to as Case 4 hereafter. This model349

is identical to that used in Case 2 except that the bathymetry is set to a depth of 500 m350

across the basin. Case 4 shows the cold tongue trapped along the eastern boundary during351

Austral winter (Figure 11). The first-order SST spatial pattern is meridionally symmetric352

and reflects the spatial pattern of the easterly wind speed magnitude rather than its curl.353

The averaged SST on the northern half of the region between x=2000–2500 km (which354

is equivalent to the area of the shelf in Case 2) also increases about 0.5◦C compared to355

Case 2. While the SST shows meridional symmetry, the subsurface temperature reflects356

the spatial pattern of the wind stress curl and is meridionally asymmetric (not shown).357

So why does the cold tongue form in Case 2 but not in Case 4? It will be shown that358

changes in bathymetry leads to changes in the upper oceanic circulation and thus its heat359

balance.360
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Sensitivity of the upper oceanic circulation to shelf depth The difference361

of the upper oceanic circulation between Case 2 and 4 can be shown from the vorticity362

balance equation:363

∂ζ

∂t
+ ∇ · ζu + ∇ · fu = ∇× ∂

∂z

(

Kz

∂u

∂z

)

, (8)

where ζ is the relative vorticity and Kz is the vertical viscosity coefficient. By spatially364

integrating this equation across the northern half of the shelf (x=2000–2500 km and365

y=312.5–625 km) and then vertically from the surface to the thermocline depth (z = −H),366

Eq 8 becomes367

∫

0

−H

∫∫

A

∂ζ

∂t
dzdA = −

∫

0

−H

∮

C
uζ · dn−

∫

0

−H

∮

C
uf · dn +

∫∫

A
∇× τs

ρ
dA −

∫∫

A
∇× τb

ρ
dA,(9)

where Green’s theorem is used for the two divergence terms in Eq 8. A is the integrated368

area, C is the lateral boundary of the integrated area, n is the outward-looking unit vector369

normal to the boundary, τs is the surface stress and τb is the vertical viscous stress at the370

thermocline depth or the bottom. Eq 9 shows a balance between tendency on the LHS371

and relative and planetary vorticity flux divergence terms and the surface and bottom372

stress curl terms on the RHS.373

During July and August, Case 2 shows a vorticity balance between planetary vorticity374

flux divergence, surface stress curl, and bottom stress curl (Figure 12a). Case 4, on the375

other hand, shows a balance between relative and planetary vorticity flux divergences and376

surface stress curl (Figure 12b). The importance of bottom stress curl becomes negligible377

while relative vorticity flux divergence becomes one of the balancing terms. These changes378

in the vorticity balance from Case 2 to 4 result in significant changes in the transport of379

the upper oceanic circulation from 3.6 (Case 2) to 16.1 Sv (Case 4) (Figure 12c). The380
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sensitivity of the upper oceanic circulation to changes in the vorticity balance can be381

examined from scaling argument based on Eq 9 and assuming that the circulation in the382

northern half of the shelf region is basically cyclonic with an eastward branch along the383

northern boundary and a westward branch in the middle of the basin (which is valid for384

both Case 2 and 4) (Figure 12d). The planetary vorticity flux divergence term can then be385

approximated by U∆f ' UβLy where U is the horizontal transport of the eastward and386

westward upper oceanic circulation across x =2000 km and ∆f = βLy is the difference387

in planetary vorticity between the two branches using Ly, the meridional length scale of388

the domain. The transport of the eastward and westward flows are assumed to be same389

since there is no significant mixing forced across the thermocline. Similarly, the relative390

vorticity flux divergence term can be approximated by U∆ζ, where ∆ζ is the difference391

in relative vorticity between the two branches and is negative for both cases. Based on392

these approximations and Eq 9, we can derive a scaling for U :393

U ' 1

βLy + ∆ζ

∫∫

A
∇× τs − τb

ρ
dA. (10)

This scaling shows that U will increase when bottom stress curl decreases or when ∆ζ394

decreases and the increase in upper oceanic transport observed from Case 2 to 4 likely395

occurred because of both these factors. The decrease in relative vorticity flux divergence396

from Case 2 to 4 is dynamically consistent with bottom friction playing less of a role in397

damping momentum as the shelf depth gets deeper and thus resulting in an increase in398

the magnitude of relative vorticity. Further model experiments confirm a gradual increase399

in the transport of the upper oceanic circulation with increase in shelf depth. However,400

when bathymetry is deeper than the thermocline (' 175 m), the upper oceanic transport401

becomes insensitive to changes in bathymetry. The transport within the mixed-layer also402
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reflects this sensitivity of oceanic circulation on bathymetry (Figure 12c). Note that mixed403

layer depth is defined where the temperature is 0.5◦C below that of the surface and the404

average Ekman transport during July and August between x=2000–2500 km is southward405

with a transport of about 7 Sv.406

The upper oceanic circulation and the heat balance When the circulation407

of the upper ocean changes, so does the heat balance. The heat balance equation in the408

model is409

∂T

∂t
+ u · ∇T + w

∂T

∂z
=

∂

∂z

(

Az

∂T

∂z

)

+
∂Q

∂z
(11)

where Q is the external buoyancy input. By integrating vertically over the mixed layer410

following Qiu and Kelly [1993], Eq 11 becomes411

hm

∂Tm

∂t
+ (Tm − Td)

∂hm

∂t
+ ∇ · UmTm −w†Td = −

(

Az

∂T

∂z

)

z=−hm

+ Q, (12)

where hm is the mixed layer thickness, Tm is the temperature averaged over the mixed412

layer, 1

hm

∫

0

−hm
T (z)dz, Um is the layer integrated horizontal velocity, w† is the flow across413

the bottom of the mixed layer, w+u ·∇hm, and Td is the temperature at the bottom of the414

mixed layer (Figure 13). The depth of the mixed layer is defined to be where temperature415

is 0.5◦C below the SST. Taking a spatial integral and using the Green’s theorem, Eq 12416

becomes417

∫∫

A

(

hm

∂Tm

∂t
+ (Tm − Td)

∂hm

∂t

)

dxdy = −
∮

C
Um(Tm − Tref ) · dn +

∫∫

A
w†(Td − Tref )dxdy

−
∫∫

A

(

Az

∂T

∂z

)

z=−hm

dxdy −
∫∫

A
Qdxdy. (13)

Notice that the advective heat flux terms are rewritten by using a reference temperature418

of Tref , which is the spatially averaged SST over the integrated domain C following Lee419
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et al. [2004]. Further separating the lateral advective heat flux term to its incoming420

(Um · dn < 0) and outgoing (Um · dn > 0) components, Eq 13 becomes421

∫∫

A

(

h
∂Tm

∂t
+ (Tm − Td)

∂h

∂t

)

dxdy = −
∮

Ci

(T − Tref)Um · dn−
∮

Co

(T − Tref )Um · dn

+
∫∫

A
w†(Td − Tref)dxdy −

∫∫

A

(

Az

∂T

∂z

)

z=−h

dxdy −
∫∫

A
Qdxdy, (14)

where Ci and Co represent locations for incoming and outgoing flows respectively. Eq 14422

now shows a heat balance between the SST tendency term plus a correction of entrain-423

ment/detrainment due to changes in the mixed-layer depth on the LHS and incoming and424

outgoing lateral advective heat flux, vertical advective heat flux, vertical diffusive flux,425

and surface buoyancy input on the RHS.426

When the spatial integral is taken over the northern half of the shelf (x=2000–2500427

km and y= 312.5–625 km), Case 2 shows the surface heat flux playing a dominant role428

on heating and cooling the SST there (Figure 14a). When the easterly wind strengthens429

around April, SST begins to cool primarily by surface heat loss. As the wind speed430

reaches its maximum, SST is further cooled by subsurface upwelling but also warmed by431

incoming lateral advective heat flux. Vertical diffusion appears not to influence the SST432

significantly. The time average of the heat balance during the cooling period (from April433

to August) also show the SST tendency term primarily balanced by surface heat loss with434

secondary role of advective heat fluxes (Figure 14b). Case 4, on the other hand, shows the435

SST cooled by the surface heat loss and subsurface upwelling from April to June but then436

starts to be strongly warmed by the incoming lateral advective heat flux. The impact of437

this lateral advective heat flux is strong enough to make the SST begin warming roughly438

a month earlier than Case 2 (Figure 14c). The time averaged heat balance from April to439

August in Case 4 also shows a smaller SST tendency and larger incoming lateral advective440
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heat flux compared to Case 2 (Figure 14d). The magnitude of the surface heat loss is441

similar to Case 2 and subsurface upwelling has increased somewhat although not as much442

as lateral advective heat flux.443

The difference in the magnitude of the incoming lateral heat flux term between Case 2444

and 4 arises due to bathymetry changing the upper oceanic circulation, as shown earlier445

in this subsection. The sensitivity of SST to changes in the incoming lateral heat flux due446

to shelf depth changes can be estimated from Eq 14 as447

∫∫

A
hm∆

∂T

∂t
dxdy = −

∮

Ci

(T − Tref)∆Um · dn, (15)

where ∆∂T
∂t

is the change in SST tendency, ∆Um is the change in the oceanic circulation,448

and all other remaining terms in Eq 14 are assumed not to change with shelf depth.449

Scaling this equation using Ts for SST on the shelf, To for SST in open sea, and Uo for450

incoming transport (Figure 13), the equation becomes451

hm

∆Ts

∆t
XY = −(To − Tref)∆

(
∮

Ci

Um · dn
)

= (To − Tref )∆Uo,

∆Ts =
(To − Tref)

hmXY
∆t∆Uo, (16)

where X and Y are the zonal and meridional lengths of the northern half of the shelf452

respectively, and ∆t is the length in time. This equation shows that the SST on the shelf453

will decrease when Uo decreases, thus when shelf depth shallows.454

Model experiments show Ts decreasing as shelf depth decreases which matches well with455

Eq 16 when taking (To − Tref ) as 0.2◦C and hm as 50 m, as observed both in Case 2 and456

4, with the match being best between the mixed-layer depth (' 50 m) and thermocline457

depth (' 175 m) (Figure 15). The SST is somewhat warmer when the shelf depth is458

shallower than 50 m but this is likely because the magnitude of subsurface upwelling also459
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diminishes as observed in the heat balance of Case 2 and 4 (Figure 14). The experiments460

show that the presence of the shallow shelf is crucial for the formation of the cold tongue461

because bottom friction becomes significant and limits the warm surface water in the open462

sea from entering the shelf which would then enable the surface heat flux and subsurface463

upwelling to cool the SST significantly.464

4.3. Comparison with observations

The spatial variability of the SST during Austral winter in Case 2 (Figure 6) is analogous465

to Case 1 (Figure 4) and that observed (Figure 2). Minimum temperature is observed not466

along the coast or where the wind speed maximum is located but within the interior of467

the basin but north of the wind speed maximum. The major difference between the SST468

in our model and observation during Austral winter is the presence of a moderately warm469

SST region on the southern half of the shelf, along the southern boundary of the Arafura470

Sea. This is where the Indonesian Seas connect to the Indian Ocean in the real ocean but471

are closed in our model. This region is known to have a southwestward along-shelf flow472

with peak transport in Austral summer after the Northwesterly wind weakens [Cresswell473

et al., 1993]. Since our model can not simulate this southwestward along-shelf flow in the474

presence of a closed boundary, the SST in this region may have lost one of its heat sinks475

resulting in a warm SST.476

5. Summary and remarks

The dynamics of how the Indonesian Seas respond to the Monsoonal winds were inves-477

tigated in this study with an emphasis on the seasonal SST variability. Three questions478

were raised in the beginning and now we summarize the results:479
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1. How does the Indonesian Seas respond to the northwesterly wind? The480

northwesterly wind is not associated with significant spatial variability so wind induced481

mixing occurs uniformly across the basin and thus SST also remains roughly uniform.482

The wind, however, induces coastal upwelling along the northern coast of the Lesser483

Sunda islands which will cool the SST and create a weak basin-averaged SST minimum484

in February.485

2. How does the Indonesian Seas respond to the southeasterly wind? The south-486

easterly wind has a maximum wind speed located in the middle of the Indonesian Seas.487

This forces Ekman upwelling and downwelling in the north and south of the basin, respec-488

tively, and forces a double gyre. A zonal SST gradient of about 1–2◦C is created that is489

associated with a strong SST cooling event in the northeast where the bathymetry is ex-490

tremely shallow. Ekman upwelling forces subsurface water to upwell onto the shelf where491

the wind is capable of mixing it with the warm surface water and therefore decreasing the492

SST. The spatially uniform wind component enhances the magnitude of this SST cooling493

significantly by forcing the isotherms to lift in the eastern half of the basin and allow494

colder subsurface water to upwell onto the shelf.495

3. Does the bathymetry matter? The bathymetric difference between the Arafura496

and Banda Sea results in significant difference in the magnitude of the bottom stress497

applied to the upper oceanic circulation between the two seas. Because bottom stress498

in the shallow Arafura Sea is much stronger than the deep Banda Sea, water exchange499

between the two seas is limited. This affects the SST on the shelf, especially during500

Austral winter, because the warm surface water in the Banda Sea is prevented from501

entering the shallow Arafura Sea where subsurface upwelling and surface heat loss cool502
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the SST. Without the bathymetric difference, warm surface water of the Banda Sea would503

enter the Arafura Sea with significant transport and limit the cold tongue to the eastern504

boundary.505

Our model results support the hypothesis that the Monsoonal winds are one of the506

primary forcing agents of the seasonal SST variability in the Indonesian Seas, especially507

in creating its spatial variability in Austral winter. The local atmospheric and radiation508

conditions also play an important role in controlling the magnitude of the seasonal SST509

variability but they have a too large spatial variability scale to create the observed spatial510

variability within the Indonesian Seas. Our idealized model experiments (Case 2–4) did511

not include the difference in the orientation of the two Monsoonal winds as mentioned512

in Section 2. When the model is forced with a southerly wind component in addition513

to Ue during Austral winter, the SST became colder about 0.5oC. This is likely because514

the addition of a southerly wind enhances the latent heat release and coastal upwelling515

(since Ekman transport associated with the southerly wind is toward the west). However,516

the southerly wind component alone cannot induce the cold tongue alone as an uniform517

easterly wind component cannot induce the cold tongue. It is the presence of the wind518

stress curl that is essential for the formation of the cold tongue rather than the changes519

in the main wind axis.520

Because this study focused on the impact of local Monsoonal winds on the SST, the521

influence of lateral advection from adjacent seas was neglected. While we have shown that522

Monsoonal winds are likely to be the main forcing agent of the seasonal SST variability523

over most of the Indonesian Seas, our study also suggests lateral advective processes may524

be important along the northern coast of Lesser Sunda Islands and the Java Sea: as in-525
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dicated by the large difference of SST between Case 1 and observation during Austral526

summer in the region. This region is the main pathway of the Indonesian Throughflow.527

Flows from the South China Sea and Java Sea entering the Indonesian Seas often have528

contrasting SST and SSS which may also play some role in inducing seasonal SST vari-529

ability. High resolution GCMs that resolve flows from adjacent seas do appear to show530

significantly weaker SST cooling during Austral summer (e.g. as revealed in the SST531

distribution of Ocean GCM for the Earth Simulator c.f. [Masumoto et al., 2004]). The532

mechanisms, however, that are responsible for weakening the cooling effect by coastal533

upwelling needs further investigation.534

Tidal mixing is another process that was neglected in our model. The basin averaged535

vertical diffusion in the Indonesian Seas is considered to be on the order of Az=1×10−4
536

m2s−2, which suggests a diffusion time scale of few years [Ffield and Gordon, 1996]. Ob-537

servation and modeling, however, suggest tidal mixing is not uniform but rather localized,538

although the specific location and strength is still unknown [Gordon, 2005]. Our model539

simulations have a background vertical diffusion coefficient set to Az=1×10−5 m2s−2 which540

is a value commonly used in ocean GCMs. When increased by an order, the SST de-541

creased about 0.3oC basin wide, likely because vertical mixing with deep colder ocean542

was enhanced, (similar to that achieved by Jochum and Potemra [2008]). The impact543

of basin-wide increased tidal (vertical) mixing on the seasonal SST variability, however,544

was small especially on the spatial variability. The stratification in the interior, on the545

other hand, significantly reduced on a time scale of a few years, which indicates lateral546

advection from adjacent seas such as the Indonesian Throughflow is required to maintain547

the basic stratification in the presence of strong tidal mixing. Though tidal mixing and548
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lateral advection may not be the main processes affecting the seasonal SST variability549

over the Indonesian Seas, they are nonetheless crucial in maintaining the basic water550

mass structure.551

This study focused on the climatological seasonal SST variability, not on the inter-552

annual variability but here we give brief remarks on this topic based on what we have553

learned in this paper. Our study shows the cold tongue during Austral winter is sensitive554

to changes in both the magnitude of wind speed maximum and its curl (Figure 10).555

NCEP reanalysis shows the inter-annual variability of the wind speed maximum is about556

± 1 m s−1 and its curl is about half the climatological mean. These values suggest557

inter-annual SST variability of about 0.5◦C based on our model results (Figure 10). The558

NOAA Optimum Interpolation SST V2 [Reynolds et al, 2002], indeed, shows inter-annual559

SST variability of about 0.6–0.8◦C in the cold tongue region. Variability in the local560

Monsoonal winds appears capable of inducing the inter-annual SST variability observed561

in the Indonesian Seas. Remote forcing effects, on the other hand, may not be capable562

of inducing notable changes in the SST. When the thermocline depth of our model was563

varied by 10 m, close to the inter-annual variability observed at the Makassar Strait [Ffield564

et al., 2000], the SST changes only about 0.1◦C. While the magnitude of remote forcing565

effects may be different on the Indian Ocean side, our model suggests that an inter-annual566

variability of thermocline depth of more than 50 m is required if it is to impact on the567

inter-annual SST variability in the Indonesian Seas as observed.568

Acknowledgments. The authors thank Dr. Bo Qiu and two anonymous reviewers for569

many useful comments. This study was supported by the Japan Agency for Marine-Earth570

D R A F T December 22, 2008, 2:29pm D R A F T



KIDA ET AL.: SST IN THE INDONESIAN SEAS X - 29

Science and Technology through its sponsorship of the International Pacific Research571

Center at the University of Hawaii at Manoa.572

References

Alford, M. H., M. C. Gregg, and M. Ilyas, 1999: Diapycnal mixing in the Banda sea: Re-573

sults of the first microstructure measurements in the Indonesian throughflow. Geophys.574

Res. Lett., 26(17), 2741–2744.575

Antonov, J. I., R. A. Locarnini, T. P. Boyer, A. V. Mishonov, and H. E. Garcia, 2006:576

World Ocean Atlas 2005, Volume 2: Salinity. NOAA Atlas NESDIS 62 , S. Levitus, ed.,577

U.S. Government Printing Office, Washington, D.C., 182pp.578

Cresswell, G., A. Frische, J. Paterson, and D. Quadfasel, 1993: Circulation in the Timor579

Sea. J. Geophys. Res., 98(C8), 14379–14389.580

ETOPO2v2, 2006: 2-minute Gridded Global Relief Data, U.S. Department of Commerce,581

National Oceanic and Atmospheric Administration, National Geophysical Data Center.582

Http://www.ngdc.noaa.gov/mgg/fliers/06mgg01.html.583

Fairall, C. W., E. F. Bradley, D. P. Rogers, J. B. Edson, and G. S. Young, 1996: Bulk584

parameterization of air-sea fluxes for tropical ocean-global atmosphere Coupled-Ocean585

Atmosphere Response Experiment. J. Geophys. Res., 101, 3747–3764.586

Ffield, A. and A. L. Gordon, 1996: Tidal mixing signatures in the Indonesian Seas. J.587

Phys. Oceanogr., 26, 1924–1937.588

Ffield, A. and R. Robertson, 2005: Indonesian Seas Finestructure Variability. Oceanogra-589

phy , 18, 108–111.590

D R A F T December 22, 2008, 2:29pm D R A F T



X - 30 KIDA ET AL.: SST IN THE INDONESIAN SEAS

Ffield, A., K. Vranes, A. L. Gordon, R. D. Susanto, and S. L. Garzoli, 2000: Temperature591

Variability within Makassar Strait. Geophys. Res. Lett., 27(2), 237–240.592

Gordon, A., 2005: Oceanography of the Indonesian Seas and their throughflow. Oceanog-593

raphy , 18, 14–27.594

Gordon, A. and R. D. Susanto, 2001: Banda Sea surface-layer divergence. Ocean Dynam-595

ics , 52, 2–10.596

Gordon, A. L., 2001: Interocean Exchange. Ocean Circulation and Climate, G. Siedler,597

J. Gould, and J. Church, eds., Elsevier Science & Technology Books, 307–310.598

Gordon, A. L., R. D. Susanto., and K. Vranes, 2003: Cool Indonesian Throughflow as a599

consequence of restricted surface layer flow. Nature, 425, 824–828.600

Jochum, M. and J. Potemra, 2008: Sensitivity of tropical rainfall to Banda sea diffusivity601

in the Community Climate System Model. J. Climate, in press.602

Kawamura, R., Y. Fukuta, H. Ueda, T. Matsuura, and S. Iizuka, 2002: A mech-603

anism of the onset of the Australia summer monsoon. J. Geophys. Res., 107,604

doi:10.1029/2001JD001070.605

Koch-Larrouy, A., G. Madec, P. Bouruet-Aubertot, T. Gerkema, L. Bessiares, and R. Mol-606

card, 2007: On the transformation of Pacific Water into Indonesian Throughflow Water607

by internal tidal mixing. Geophys. Res. Lett., 34, L04604, doi:10.1029/2006GL028405.608

Large, W. G., J. C. McWilliams, and S. C. Doney, 1994: Oceanic vertical mixing: a review609

and a model with a nonlocal boundary layer parameterization. Review of Geophysics ,610

32(4), 363–404.611

Large, W. G. and S. G. Yeager, 2004: Diurnal to decadal global forcing for ocean and612

sea-ice models: the data sets and flux climatologies. NCAR Technical Note: NCAR/TN-613

D R A F T December 22, 2008, 2:29pm D R A F T



KIDA ET AL.: SST IN THE INDONESIAN SEAS X - 31

460+STR. CGD Division of the National Center for Atmospheric Research .614

Lee, T., I. Fukumori, and B. Tang, 2004: Temperature Advection: Internal versus Exter-615

nal Processes. J. Physc. Oceanogr., 34(8), 1936–1947.616

Locarnini, R. A., A. V. Mishonov, J. I. Antonov, T. P. Boyer, and H. E. Garcia, 2006:617

World Ocean Atlas 2005, Volume 1: Temperature. NOAA Atlas NESDIS 61 , S. Levitus,618

ed., U.S. Government Printing Office, Washington, D.C., 182pp.619

Masumoto, K., H. Sasaki, T. Kagimoto, N. Komori, A. Ishida, Y. Sasai, T. Miyama,620

T. Motoi, H. Mitsudera, K. Takahashi, H. Sakuma, and T. Yamagata, 2004: A Fifty-621

Year Eddy-Resolving Simulation of the World Ocean Preliminary Outcomes of OFES622

(OGCM for the Earth Simulator). J. of the Earth Simulator , 1, 35–56.623

McBride, J. L., M. R. Haylock, and N. Nichols, 2003: Relationships between the maritime624

continent heat source and the El Nino-Southern Oscillation phenomenon. J. of Climate,625

16, 2905–2914.626

Meyers, G., R. J. Bailey, and A. P. Worby, 1995: Geostrophic transport of Indonesian627

Throughflow. Deep-Sea Res. I , 42(7), 1163–1174.628

Neale, R. B. and J. M. Slingo, 2003: The Maritime Continent and its role in the global629

climate: A GCM study. J. of Climate, 16, 834–848.630

Qiu, B. and K. A. Kelly, 1993: Upper-Ocean Heat Balance in the Kuroshio Extension631

Region. J. Phys. Oceanogr., 23, 2027–2041.632

Qu, T., Y. Du, and H. Sasaki, 2006: South China Sea throughflow: A heat and freshwater633

conveyor. Geophys. Res. Lett., 33, L23617, doi:10.1029/2006GL028350.634

Qu, T., J. Strachan, G. Meyers, and J. Slingo, 2005: Sea surface temperature and its635

variability in the Indonesian region. Oceanography , 18, 50–61.636

D R A F T December 22, 2008, 2:29pm D R A F T



X - 32 KIDA ET AL.: SST IN THE INDONESIAN SEAS

Reynolds, R. W., N. A. Rayner, R. M. Smith, D. C. Stokes, and W. Wang, 2002: An637

improved in situ and satellite SST analysis for climate. J. Climate., 15, 1609–1625.638

Risien, C. M. and D. B. Chelton, 2008: A global climatology of surface wind and wind639

stress fields from 8 years of QuikSCAT scatterometer data. J. Phys. Ocean., in press.640

Schneider, N., 1998: The Indonesian Throughflow and the Global Climate System. J. of641

Climate, 11, 676–689.642

Shchepetkin, A. F. and J. C. McWilliams, 2005: The regional oceanic modeling sys-643

tem (roms): a split-explicit, free-surface, topography-following-coordinate ocean model.644

Ocean Modelling, 9, 347–404.645

Sprintall, J., S. Wijffels, A. L. Gordon, A. Ffield, R. Molcard, R. D. Susanto, I. Soesilo,646

J. Sopaheluwakan, and Y. Surachman, 2004: INSTANT: A New International Array to647

Measure the Indonesian throughflow. EOS Transactions., 85(39), 369–375.648

Wajsowicz, R. C. and E. K. Schneider, 2001: The Indonesian Throughflow’s Effect on649

Global Climate Determined from the COLA Coupled Climate System. J. of Climate,650

14, 3029–3042.651

Wyrtki, K., 1961: Physical oceanography of the Southeast Asian waters. Naga Report652

Volume 2. Scripps Institution of Oceanography, 195pp.653

— 1989: Some thoughts about the West Pacific Warm Pool. Proceedings of Western654

Pacific International Meeting and Workshop of TOGA COARE , 99–109.655

Zijlstra, J. J., M. A. Baars, S. B. Tijssen, F. J. Wetsteyn, J. I. Witte, A. G. Ilahude,656

and Hadikusumah, 1990: Monsoonal effects on the hydrography of the upper waters657

(<300 m) of the eastern Banda Sea and northern Arafura Sea, with special reference to658

vertical transport processes. Netherlands Journal of Sea Research, 25(4), 431–447.659

D R A F T December 22, 2008, 2:29pm D R A F T



KIDA ET AL.: SST IN THE INDONESIAN SEAS X - 33

110 120 130 140 150E

−15

−10

−5

0

5

10

15N

Banda Sea

Arafura Sea

Pacific Ocean
South 

China 

Sea

Lesser Sunda Islands

−2000

−1600

−1200

−800

−400

0 [m]

Indian Ocean

Figure 1. The bathymetry of the Indonesian Seas contoured from 0 to -2000 m every 200 m.

Solid contour is the coastline. The Banda Sea and the Arafura Sea, the two of the largest seas

of the Indonesian Seas, are drastically different in depth.
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Figure 2. The climatological SST in the Indonesian Seas observed from TRMM contoured

every 0.25◦C during (a) January–February and (b) July–August. Warm SST is observed basin

wide in (a) whereas significant spatial variability is observed in (b). (c) The annual cycle of the

SST in the Indonesian Seas (boxed region in (a) between 3–9S and 115–140E, solid) compared

with its source waters: North Pacific warm pool (between 7–12N and 124–129E, dotted) and

South Pacific water along the coast of New Guinea (between 2N–3S and 136–141E, dashed).
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Figure 3. The climatological wind pattern in the Indonesian Seas observed from QuikSCAT

during (a) January–February and (b) July–August plotted on top of the wind speed magnitude

contoured every 2 m s−1. The northwesterly Monsoonal wind in (a) is not associated with signif-

icant spatial variability. The southeasterly Monsoonal wind in (b) is observed with its maximum

wind speed located at the southeastern part of the Indonesian Sea that extends northwest to-

wards the equator. (c) The annual cycle of the basin averaged wind over the Indonesian Seas

(boxed region in (a) between 3–9S and 115–140E) shows the Monsoonal wind reversing from

winter to summer with roughly equal magnitude in both seasons.
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Figure 4. The mean SST simulated in Case 1 during (a) January–February and (b) July–

August contoured every 0.25◦C. A weak cold SST region is observed north of the Lesser Sunda

Islands in (a) whereas a strong cold SST region is observed in (b) to the east of the Indonesian

Seas with minimum SST located in the northeast corner. (c) The annual cycle of the SST in the

Indonesian Seas (boxed region in (a) between 3–9S and 115–140E). Case 1 (solid) compares well

with that observed from TRMM (dot) and Case 1a (dot dashed) shows a smaller SST variability

than that of TRMM and Case 1.
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Figure 5. The model setup used in Case 2: (a) The domain is rectangular and has a continental

shelf (50 m depth) to the east and an open sea (500 m depth) to the west. The shelf-break is

located 500 km from the eastern boundary. (b) Spatial profile of Uw(x, y). The westerly wind is

uniform throughout the basin. (c) Spatial profile of Ue(x, y). The easterly wind is strongest at

the middle of the basin (y=312.5 km) and decays exponentially from the east to the west. (d)

Seasonal variability of U(x,y) at two locations, the western boundary A (x=0 km, y=312.5 km)

and eastern boundary B (x=2500 km, y=312.5 km).
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Figure 6. Model results from Case 2: (a) Seasonal variability of the basin averaged SST (solid)

shows strongest temperature minimum in August and a weaker one in February. This annual

cycle is similar to that observed in Case 1a (dashed) while warmer by about 0.5◦C throughout

the year. (b) Averaged surface flow field and SST during January and February. Warm SST

is observed throughout the basin and an eastward flow forms along the northern boundary.

(c) Averaged surface flow field and SST during July and August. A cold tongue forms in the

northeast and a double gyre circulation is established. The boxed region shows where SST of

the cold tongue is estimated. Note the difference in color scale compared to Figure 2 and 4.
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Figure 7. Sensitivity of the SST, spatially averaged over the southern half of the open sea,

when Uw is varied. The model experiments show a decrease in SST as Uw increases (asterisks)

which roughly follows that estimated by Eq 6 (solid line).
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Figure 8. The mean SST during July and August contoured every 0.25◦C when Ub is zero

(Case 3). A cold SST region develops along the northern boundary of the open sea but not on

the shelf. The shelf remains warm.
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Figure 9. (a) Bottom temperature on the shelf for Case 3 contoured every 0.25◦C. Cold

subsurface water does not intrude onto the interior of the shelf but is concentrated along the

northern boundary. (b) Bottom temperature on the shelf for Case 2 contoured every 0.25◦C.

Intrusion of cold subsurface water onto the northern half of the shelf is observed.
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Figure 10. Sensitivity of the SST on the northern half of the shelf when (a) Ub and (b) Ua is

varied separately. Model experiments (asterisks) show the SST decreasing as Ub and Ua increases

which roughly matches with that estimated from Eq 6 (solid line).
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Figure 11. The average surface flow field and SST during July and August when the bottom

bathymetry is set uniformly to 500 m (Case 4). The cold tongue is trapped along the eastern

boundary and a strong cyclonic circulation forms in the northern half of the basin.
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Figure 12. (a) The vorticity balance on the northern half of the shelf in Case 2 during

July-August from Eq 9 showing (A) Tendency, (B) Relative Vorticity divergence, (C) Planetary

Vorticity divergence, (D) Surface Stress curl, (E) Bottom Stress curl, and (F) RHS-LHS, the

residual of the vorticity balance estimation. The primarily balance is between terms C, D,

and E. (b) The vorticity balance for Case 4. The primary balance is between B, C, and D.

Compared to (a), term E has become negligible while term B has become one of the main

balancing terms. (c) The averaged zonal component of the transport across x=2000 km during

July and August against shelf depth (hb). The mixed layer component (asterisks) and total upper

oceanic component (circles) both show the zonal transport decreasing as shelf depth shallows.

(d) A schematic of the incoming and outgoing lateral vorticity fluxes in the northern half of the

shelf, which is where spatial integral A is taken.
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Figure 13. A schematic (a) bird’s eye and (b) side views of the parameters defined in the

heat balance of Eq 14. Dotted box in (a) shows where spatial integral A is taken, which is the

northern half of the shelf. Um is the flow in and out of A, To is the SST in the open sea, Ts is the

SST within A, and X and Y are the zonal and meridional lengths of A. hm is the mixed layer

thickness, Td is the temperature below the mixed layer, w+ is the flow across the mixed layer

depth, hb is the shelf depth, and Q is the surface heat flux.
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Figure 14. (a) Annual heat balance on the shelf for Case 2 from Eq 14 showing (A) SST

tendency, (B) lateral advective heat flux divergence, (C) subsurface upwelling, (D) surface heat

flux, (E) vertical diffusive heat flux, and (F) RHS-LHS, the residual of the heat balance estima-

tion. A 30-day running average is taken. Term A is primarily balanced by term D. (b) Averaged

heat balance from April to August, the cooling period. Term A is, again, primarily balanced by

term D. Note that term B is separated into incoming (Bi) and outgoing (Bo) components. (c)

Annual heat balance for Case 4. Term A is primarily balanced by terms C and D from April

to June but term B also becomes important from July to October. (d) Averaged heat balance

from April to August for Case 4. Compared to Case 2, the magnitude of term A has decreased

while term Bi has increased significantly.
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Figure 15. Averaged SST of the cold tongue (Ts) during July and August against shelf depth.

The model experiments show SST decreasing as shelf depth shallows (asterisks). These changes

in SST roughly matches Eq 16 based on Case 4 (solid line), where the change in the upper layer

transport is based on Figure 12c.
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