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Abstract.  21 

A numerical model is used to investigate how the Indonesian Throughflow and tidal mixing 22 

are affecting the seasonal cycle of the Sea Surface Temperature (SST) in the Indonesian 23 

Seas. The SST in these seas is considered to play a major role on the development of the 24 

Australian Summer Monsoon. Based on a quantitative assessment of the heat budget, the 25 

Indonesian Throughflow is found to affect the SST in the western Indonesian Seas 26 

primarily during Austral summer. The Throughflow advects the warm water from the 27 

Pacific and maintains the warm SST when the Northwestern Monsoonal wind induces 28 

coastal upwelling along the northern side of the Nusa Tenggara and cools the SST. Such 29 

balance is supported by observations. The hydrographic sections show the isotherms tilting 30 

upward towards the northern coast of the Nusa Tenggara when satellite observations show 31 

slight decrease of the SST in the region. Tidal mixing is found to cool the SST during 32 

summer the most. This is because the Northwest Monsoonal wind induces coastal 33 

upwelling near where strong tidal mixing above seamount occurs and brings the tidally 34 

well-mixed upper thermocline water to the surface. The surface Ekman flow also spreads 35 

this cool water around the Banda Sea where tidal mixing does not occur. The impact of 36 

tidal mixing on the SST is also found to come largely from that occurring above seamounts. 37 

The impact of tidal mixing on the continental shelves is limited to shelf-breaks because 38 

cold subsurface water is necessary for enhanced vertical mixing to cool the SST. 39 
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 40 

1. The Indonesian Seas and Climate 41 

The Indonesian Seas are a collection of seas that are located between the equatorial Pacific 42 

and Indian Oceans (Figure 1). While the spatial scale of the Indonesian Seas is much 43 

smaller than the Pacific Ocean and the Indian Ocean, these seas are considered to play a 44 

significant role on establishing the tropical precipitation pattern on the basin scale 45 

(McBride et al., 2003; Neale and Slingo, 2003; Qu et al. 2005). This is because the 46 

atmospheric deep convection, the driving force of the tropical atmospheric circulation, 47 

occurs directly above the Indonesian Seas. The warm Sea Surface Temperature (SST) of 48 

these seas serves as one of major sources of heat and moisture for the Austral Summer 49 

Monsoon (Kawamura et al. 2002) and small differences in the SST can lead to significant 50 

changes in the magnitude of the atmospheric deep convection. Understanding the 51 

mechanism behind the seasonal cycle of the SST within the Indonesian Seas is, therefore, 52 

important not only for understanding the local climate variability but also for the basin-53 

scale climate variability. 54 

 55 

a.  The mechanism behind the seasonal cycle of the SST  56 

The Advanced Very High Resolution Radiometer (AVHRR) measurements show that the 57 

largest SST variability in the Indonesian Seas occurs on the seasonal time scale (Figure 2a). 58 

The seasonal difference is about 3.0°C on basin average, with warmer SST observed during 59 

Austral summer and colder SST observed during Austral winter. The basin average of the 60 

Indonesian Seas is taken within 3-9S and 115-140E and the seasons are referred to those in 61 
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the Southern Hemisphere hereafter. The seasonal cycle of the SST in the Indonesian Seas is 62 

associated with significant spatial variability as well (Figure 2b). The zonal difference is 63 

more than 1oC with larger variability is observed to the east, the Arafura Sea, compare to 64 

the west, the Flores Sea. 65 

What are the processes that induce the seasonal cycle of the SST in the Indonesian 66 

Seas? The seasonal cycle of the solar radiation is obviously partly responsible but other 67 

processes are likely as important, especially for creating the spatial variability associated 68 

with the seasonal cycle of the SST. The local Monsoonal winds have historically been 69 

considered as the dominant forcing agent (See Qu et al. 2005 and references therein). This 70 

is because the basin-averaged SST generally correlates well with the direction of the 71 

Monsoonal winds; warm SST period is observed during the Northwest Monsoonal wind 72 

season and cold SST period is observed during the Southeast Monsoonal wind season. The 73 

maximum SST of about 29.5°C is also observed twice, in early summer (December) and 74 

early autumn (April), when the Monsoonal winds die down and change directions. Kida 75 

and Richards (2009) investigated the role of the Monsoonal winds on the seasonal cycle of 76 

the SST within the Indonesian Seas using a numerical model and found that the Monsoonal 77 

winds are indeed the likely primary forcing agent. The large seasonal cycle observed in the 78 

eastern half of the Indonesian Seas is also found likely a product of the strong cooling that 79 

is induced by the Southwest Monsoonal wind through Ekman upwelling (Gordon and 80 

Susanto 2001), coastal upwelling, latent heat flux release, and enhanced vertical mixing. A 81 

similar study based on the ocean-state estimated from the Estimating the Circulation and 82 

Climate of the Ocean (ECCO) Consortium supports such mechanism although the 83 
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importance of each processes appears to differ (Halkides et al. 2011). Kida and Richards 84 

(2009) further found that the presence of the shelf-break that lies between the Banda and 85 

the Arafura Sea plays a significant role on the cooling of the SST during winter by 86 

preventing the warm surface water in the Banda Sea from entering the Arafura shelf. The 87 

SST is also likely affected by the seasonal and spatial variability of precipitation as well. 88 

Large precipitation is observed during summer while weak precipitation is observed during 89 

winter. Large precipitation over the islands also results in large freshwater fluxes such as 90 

that around the island of Borneo and New Guinea. These freshwater fluxes will warm the 91 

SST by limiting the latent heat release and mixing at the surface. 92 

 93 

b. Question raised and the hypotheses 94 

The seasonal cycle of the monsoonal winds appear successful in explaining the basic 95 

seasonal cycle of the SST observed in the Indonesian Seas. However, the winds alone 96 

cannot explain the SST during summer, especially in the west. This is because the 97 

Northwestern Monsoonal wind during summer alone will induce coastal upwelling along 98 

the northern side of Nusa Tenggara and cool the SST, as was shown in Kida and Richards 99 

(2009) (see their Figure 4a). Such event will create a strong seasonal cycle there. 100 

Observations, however, show only weak cooling of the SST in the region during February 101 

and the magnitude of the seasonal cycle show minimum values along the northern side of 102 

the Nusa Tenggara (Figure 2b). An additional process that prevents the strong SST cooling 103 

event must co-exist.  104 
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What are the processes other than the Monsoonal winds that are significantly 105 

affecting the seasonal cycle of the SST in the Indonesian Seas? What keeps the seasonal 106 

cycle of the SST in the west much weaker than that in the east? In order to understand the 107 

mechanism behind the seasonal cycle of the SST in the Indonesian Seas, we will extend the 108 

study of Kida and Richards (2009) and examine how the Indonesian Throughflow and tidal 109 

mixing affect the SST in the Indonesian Seas. These processes have been considered as 110 

major processes present in these seas but the details of how they influence on the seasonal 111 

cycle of the SST remains an open question.  112 

 113 

Does the Indonesian Throughflow affect the seasonal cycle of the SST in the 114 

Indonesian Seas?  115 

In the upper ocean, the Pacific water is observed to flow into the Indonesian Seas and then 116 

out to the Indian Ocean. This flow is about 12 to 15 Sv on annual average and is known as 117 

the Indonesian Throughflow (see Gordon, 2005 and reference therein). We will refer to this 118 

flow as the Throughflow hereafter. The Indonesian Seas is the only location where such 119 

flow between the Pacific and the Indian Ocean is permitted near the equator. The 120 

Throughflow has been suggested to affect the annual mean SST in the Indonesian Seas by 121 

advecting the Pacific warm pool water, which is about 29-30°C near the surface throughout 122 

the year (Schneider, 2000). About 8-12 Sv is observed to enter the Indonesian Seas through 123 

the Makassar Strait (the western route) and 2-3 Sv through the Lifamatola Passage (the 124 

eastern route) (Gordon 2005, Gordon et al. 2010). The flow through the Halmahera Sea is 125 

unknown but is considered small. The Throughflow exits to the Indian Ocean with about 1-126 
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2 Sv through the Lombok Strait (the western route) and 12 Sv through the Ombai Channel 127 

and the Timor Strait combined (the eastern route) (Sprintall et al. 2009). While the basic 128 

transport of the Throughflow that enters and exits through various straits are beginning to 129 

be well understood, how it affects the processes within the Indonesian Seas is still unclear. 130 

This is partly because of the difficulties associated with observations where tidal flows are 131 

strong and that the topographic complexity requires high-resolution satellite data or 132 

numerical model to resolve the features within the Indonesian Seas. 133 

We will suggest that the Throughflow affects the SST primarily during summer and 134 

that it is the major process maintaining the weak SST variability observed in the western 135 

Indonesian Seas. The weak seasonal cycle observed along the northern coast of the Nusa 136 

Tenggara matches with the pathway of the Throughflow in the annual mean (Meyers et al., 137 

1995, Wijffels et al., 2008) and with where coastal upwelling is forced by the Northwestern 138 

Monsoonal wind. This implies that the lateral advection of warm Pacific water into the 139 

Indonesian Seas by the Throughflow is capable of weakening the cooling of the SST that is 140 

induced by coastal upwelling. 141 

 142 

Does tidal mixing affect the seasonal cycle of the SST in the Indonesian Seas? 143 

Tidal mixing cools the SST since it mixes the warm surface water with colder subsurface 144 

water. Intense tides observed in the Arafura Seas (Katsumata et al. 2010) and enhanced 145 

vertical mixing suggested above seamounts (Hatayama 2000) are thus likely to affect the 146 

SST. Tidal mixing is also suggested to vigorously mix the Indonesian Throughflow water 147 

(Ffield and Gordon 1996) and by enhancing the vertical mixing coefficient within the 148 
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Indonesian Seas, past numerical models have succeeded in simulating this well-mixed 149 

Throughflow water (Schiller et al. 1998, Jochum and Potemra, 2008, Koch-Larrouy et al. 150 

2007). While the SST in these simulations show tidal mixing cooling the basin averaged 151 

SST, about 1.0oC on the annual mean, the impact of tidal mixing on the seasonal cycle has 152 

not been investigated yet. We suspect that tidal mixing cools the SST more during summer 153 

and winter when the Monsoonal winds are strong. The winds likely deepen the mixed layer 154 

and entrain the subsurface water, where cooling by tidal mixing works more effectively.  155 

Recent studies indicate that tidal mixing occurs intensively in only selected regions 156 

and not basin wide (Ffield and Robertson, 2005). Observations show weak mixing in the 157 

interior of the Banda Sea (Alford et al., 1999) while numerical models suggest strong 158 

mixing over seamounts such as that near the Makassar Strait and Halmahera Sea (Koch-159 

Larrouy et al. 2007). Past modeling studies are mostly based on relatively low-resolution 160 

simulations where the spatial variability of neither the tidal mixing nor the SST within the 161 

Indonesian Seas is well resolved. Is localized mixing capable of influencing the basin wide 162 

SST in the Indonesian Seas? Would its influence be kept localized? A moderate resolution 163 

model with spatially varying tidal mixing show that tidal mixing can impact the SST basin 164 

wide on the annual mean (Koch-Larrouy et al. 2008). However, the underlying mechanism 165 

for such spatial distribution is still unclear. We suspect that the wind-driven circulation is 166 

playing an important role on spreading the impact of tidal mixing because without 167 

advective processes, the impact of mixing is likely to be localized. 168 

 169 
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This study aims to investigate the questions and hypotheses raised above by using a 170 

regional ocean model of the Indonesian Seas. The details of this model will be described in 171 

Section 2 along with a description of the hydrographic observations within the Indonesian 172 

Seas that is used for comparison. The role of the Throughflow and tidal mixing on the 173 

seasonal SST variability will then be discussed in Section 3 and 4 respectively. Summary 174 

and final remarks are given in Section 5. 175 

 176 

2. The model and observations of the Indonesian Seas 177 

A regional model of the Indonesian Seas is constructed using a numerical ocean model 178 

named the Multi-scale Simulator for the Geoenvironment (MSSG) (Takahashi et al. 2006, 179 

Baba et al. 2010). MSSG is developed at the Earth Simulator Center of Japan Agency for 180 

Marine-Earth Science and Technology (JAMSTEC) and is based on a C-grid using the 181 

Latitude-Longitude coordinate in the horizontal direction and the z-coordinate in the 182 

vertical. The model is originally a non-hydrostatic air-sea coupled model but only the 183 

oceanic component is used here with the hydrostatic approximation applied.  184 

 185 

a. The model setup 186 

The model domain covers from 110E to 145E and 14S to 1S with a 1/8 of a degree 187 

horizontal resolution. The bathymetry is a spatially averaged product of 1-minute Gridded 188 

Global Relief Data (ETOPO1, Amante and Ekins 2009) with the maximum depth set to 189 

2000 m. 40 vertical levels are used with a resolution of about 5 m in the upper 100 m. 190 

Partial cells are used at the bottom (Adcroft et al. 1997). The Indonesian Seas in this model 191 
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are connected to the South China Sea, the Pacific Ocean, and the Indian Ocean but the 192 

connection to the Pacific Ocean through the Lifamatola passage and Halmahera Sea are 193 

closed. This is because the transports through these straits are not well understood, 194 

especially near the surface. While the transports are considered small, we chose to close the 195 

channels and set their impacts on the SST to zero for simplicity.  196 

Initial temperature, salinity and velocity fields are set to the climatological January 197 

values of SODA 2.0.4 output (Carton and Giese, 2008). The Throughflow is simulated by 198 

prescribing the temperature, salinity, and velocity fields to monthly climatological values of 199 

SODA 2.0.4 output at the lateral boundaries with a restoring region of 50 km along the 200 

boundaries. The water mass properties and the transport of the Throughflow at the 201 

Makassar Strait are therefore strongly dependent on this lateral boundary condition. SODA 202 

is used because we find it to simulate the annual mean transport of about 10 Sv and an 203 

annual cycle of 6 Sv, which is close to observations (Lee et al. 2010, Tillinger and Gordon, 204 

2010). We find these properties of the Throughflow reproduced in our model as well, which 205 

we will describe them in more detail in Section 3. The error due to spatial interpolation is 206 

less than 1 Sv, which is smaller than the magnitude of the annual mean and the annual cycle 207 

and not significant. The Throughflow at the Lombok Strait, the Ombai Channel, and the 208 

Timor Strait in our model are less constrained by the lateral boundary condition. This is 209 

because the model prescribes temperature, salinity, and velocity fields out in the Indian 210 

Ocean and not at these straits.  211 

Surface forcing is imposed through a bulk-flux formula (Fairall et al. 1996). The 212 

surface atmospheric temperature, humidity, and pressure and incoming short-wave and 213 
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long-wave radiations are based on the corrected normal year forcing product of Common 214 

Ocean-ice Reference Experiments (CORE) (Large and Yeager 2004). The incoming 215 

shortwave radiation is further varied diurnally. QuikSCAT monthly climatological data 216 

(Risien and Chelton 2008) is used for the surface winds with a daily random noise (max 5.0 217 

m s−1) that represent local variability and weather. 218 

The subgrid scale lateral viscosity and diffusion are based on the Smagorinsky type 219 

parameterization with a coefficient of 0.4 and minimum viscosity and diffusion coefficients 220 

of 100 m2 s−1. The subgrid scale vertical viscosity and diffusion are based on the Mellor-221 

Yamada 2.5 level vertical mixing scheme with a background viscosity and diffusivity 222 

coefficients of 1×10−5 m2 s−1 (Mellor and Yamada, 1982).  223 

 224 

b. Tidally induced vertical mixing 225 

Tidal mixing is implemented by enhancing vertical viscosity and diffusion coefficients near 226 

the Makassar Strait, Halmahera Sea, Timor Strait, and the continental shelves (Figure 3). 227 

These regions are where tides are suggested to enhance vertical mixing (Ffield and 228 

Robertson, 2005, Koch-Larrouy et al. 2007). The tidal mixing above seamounts is 229 

parameterized by enhancing the vertical viscosity and diffusion coefficients locally and 230 

uniformly in depth with a maximum value of 5×10−4 m2 s−1, a value similar to those that 231 

have been used in past numerical studies on basin average (e.g. Schiller et al. 1998). Such 232 

localized tidal mixing parameterization is suggested capable of simulating the vertically 233 

well-mixed water of the Throughflow on the annual average (Urabe and Masumoto, 234 

personal communication). Tidal mixing on the continental shelves is parameterized by 235 
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enhancing the vertical viscosity and diffusion coefficients exponentially near the bottom. 236 

The thickness of this bottom boundary layer is set to 50 m with a maximum viscosity and 237 

diffusivity coefficients of 1×10−3 m2 s−1 at the bottom. The spatial variability and the 238 

magnitude of tidal mixing on the continental shelves of the Indonesian Seas is not well 239 

understood and so the values are set to those that has been observed on the continental shelf 240 

elsewhere where tides are strong (Yoshikawa et al., 2010). Bottom mixing is enhanced 241 

throughout the model domain but it will likely affect processes only where it is shallow. 242 

While the location and strength of tidal mixing is not dynamically parameterized in the 243 

model, we presume that it is adequate for examining the first-order impact of localized tidal 244 

mixing on the SST. 245 

 246 

c. Model experiments pursued 247 

The model experiment based on the model settings described above will be referred to as 248 

the control experiment (CTRL) hereafter. We will also pursue several other model 249 

experiments to investigate the sensitivity of the simulated results to the forcing parameters. 250 

The configurations different from CTRL are shown in TABLE 1. 251 

NO_ITF has closed lateral boundaries. The lateral boundary conditions are not 252 

constrained to SODA outputs and the Throughflow is therefore absent. Comparison of this 253 

model experiment to CTRL will show the sensitivity of the SST to the Throughflow. Note 254 

that the straits along the Nusa Tenggara are closed to set the mass exchange between the 255 

Indonesian Sea and the Indian Ocean to zero in NO_ITF. In absence of the open lateral 256 

boundaries, the Indian Ocean domain will also drift from its climatological condition. 257 
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NO_ITF is nearly identical to that used in Kida and Richards (2009) but the differences are 258 

that the current model is a z-coordinate model instead of a sigma-coordinate model and that 259 

the Mellor-Yamada 2.5 vertical mixing scheme is now used instead of the KPP mixing 260 

scheme (Large et al. 1994). We find these differences not to affect the simulation results 261 

significantly. NO_ITF can be considered as a drastic case of a low Throughflow transport 262 

condition but note that a low transport condition can occur in various other ways than 263 

shutting down the flow from top to bottom. NO_ITF is also somewhat similar to past 264 

studies such as Hirst and Godfrey (1994) where the Throughflow is shutdown by closing 265 

the outflow straits along the island chain of Nusa Tengarra. By further closing the inflow 266 

strait, the Makassar Strait, we are able to investigate the Indonesian Seas in isolation from 267 

the Throughflow.  268 

NO_TIDE has the tidal parameterization turned off and so the vertical viscosity and 269 

diffusivity coefficients are based only on that estimated by the Mellor-Yamada 2.5 vertical 270 

mixing scheme. Comparison of this model experiment to CTRL will show the sensitivity of 271 

the SST to tidal mixing. NO_WIND has the surface wind stress set to zero and 272 

NO_WINDTIDE further has the tidal parameterization turned off. The difference in the 273 

SST between these two model experiments will show the impact of tidal mixing on the SST 274 

in absence of the wind-driven circulation. Note that the surface heat fluxes in these two 275 

experiments are not zero and are calculated from the prescribed atmospheric winds. 276 

 277 

d. Observational data 278 

Model simulations are compared with the hydrographic observations in the Indonesian Seas 279 
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using the 20-year dataset of PX2 and IX22 XBT lines established by the Australia’s 280 

Commonwealth Scientific and Industrial Research Organisation (CSIRO) and Bureau of 281 

Meteorology (BOM) (Figure 1). Meyers et al. (1995) and Meyers (1996) investigated the 282 

mean and the variability of the Indonesian Throughflow based on the dataset from the first 283 

decade. The annual average of our dataset is the same as that used in Wijffels et al. (2008). 284 

Here we present an average of every 18.25 days, which is capable of resolving the seasonal 285 

cycle. The PX2 line is a zonal line along the Nusa Tenggara from the shelf break of the 286 

Java Sea in the west to the shelf break of northwest Australia (Arafura Sea) in the east. The 287 

IX22 line is a meridional line that crosses the Nusa Tenggara but we will examine only the 288 

data north of the Nusa Tenggara. The spatial resolution of this dataset is about 100–150 km. 289 

Some of the dataset of PX2 and IX22 are assimilated into SODA. However, SODA output 290 

is used only at the lateral boundaries of the model domain. Our model is therefore capable 291 

of simulating a flow field that differs from SODA in the interior and consider the 292 

comparison to the PX2 and IX22 lines reasonable. 293 

 294 

3.  The impact of the Indonesian Throughflow on the SST 295 

The simulation reaches a quasi-steady state in about 2 years and the model is further 296 

integrated for another 3 years. The analysis presented hereafter is based on the model 297 

outputs during this last 3 years. 298 

 299 

a. The simulated SST field and the impact of the Throughflow 300 
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CTRL simulates the seasonal cycle of the SST analogous to observations. The magnitude 301 

of the seasonal cycle is about 3°C on basin average with a warm SST period of about 30°C 302 

occurring in summer and a cold SST period of about 27°C occurring in winter (Figure 4a). 303 

A secondary SST minimum is observed in February along with two SST maxima in April 304 

and December. The SST observed during summer is about 0.5°C warmer than observations, 305 

however, and the shallow regions such as that along the Northwest shelf of Australia and 306 

Java Sea appear to show this bias the most (Figure 2). The causes behind this issue are 307 

discussed later. In this section, we will focus on examining the role of the Throughflow 308 

behind the seasonal cycle of the SST and its spatial variability. 309 

The seasonal variability of the SST simulated in CTRL is weaker in the west than the 310 

east with a difference of nearly 1.0°C (Figure 4b). This simulated spatial variability is 311 

analogous to observations (Figure 2a). The Flores Sea shows that the weak variability with 312 

a minimum along the Nusa Tenggara and a larger variability to its north. Weak variability 313 

is simulated at the Northwest shelf of Australia and at the Indian Oceanic side of the 314 

Lombok Strait and Ombai Channel as well. The variability near the Halmahera Sea and 315 

northern Java Sea are somewhat stronger than that observed. 316 

The Throughflow transport simulated in CTRL is found analogous to observations. The 317 

simulated transport through the Makassar Strait is 10.6 Sv on the annual average, towards 318 

the Indonesian Seas, and is within the 8-12 Sv observed (Susanto and Gordon, 2005; 319 

Gordon et al., 2008).  The simulated seasonal cycle shows a maximum of 13.6 Sv in 320 

August and a minimum of 6.9 Sv in December with a secondary maximum in March and a 321 

minimum in April (Figure 5a). Such seasonal cycle is also similar to that observed by 322 
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Gordon et al. (1999) although observations show the magnitude of the transport in March to 323 

be stronger than August in some years (Gordon et al., 2008). The vertical profile of the 324 

simulated Throughflow shows maximum inflow at the depth of 100-120 m at the deepest 325 

part of the Makassar Strait (Figure 5b). This is again close to observations showing 326 

maximum inflow at 100-150 m depth (Gordon et al. 2008). However, the flow below 300 327 

m in the model is weaker than that observed. Observations show a much more gradual 328 

decrease (Gordon et al. 2008). The simulated transport through the Lombok Strait, Ombai 329 

Channel and Timor Strait are 1.7, 2.6, and 6.3 Sv toward the Indian Ocean on the annual 330 

average whereas observations show values between 1.7-2.6, 4.9-5.0, and 3.4-7.5 Sv, 331 

respectively (Sprintall et al., 2009). While the flow through the Lombok and Timor Straits 332 

are within the range observed, the flow through Ombai Strait is weaker. The seasonal cycle 333 

simulated at the Lombok Strait, Ombai Channel, and Timor Strait show variability of about 334 

0.3, 0.9, and 0.8 Sv, respectively (Figure 5a). The variability observed at these straits is 1.0, 335 

0.6, and 0.7 Sv in the top 300 m, respectively (Sprintall et al. 2009), so the simulated 336 

variability at the Lombok Strait is weaker but similar at the Ombai Channel and Timor 337 

Strait. When further focusing on the magnitude of the semi-annual signal, the simulated 338 

semi-annual signal is weaker at the Lombok Strait and stronger at the Timor Strait but 339 

similar at the Ombai Channel. The vertical profiles show surface intensified flow at the 340 

Lombok Strait, Ombai Channel, and Timor Strait. This is analogous to observations but the 341 

exponential decay of about 300 m, appears shallower than observations (Sprintall et al., 342 

2009). Flow from the South China Sea has a mean transport of 0.6 Sv toward the 343 

Indonesian Seas with a variability of about 1.6 Sv. While the magnitude of this flow back 344 
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and forth the South China Sea is not well known, the variability appears to be half as that 345 

simulated in some other numerical models (e.g. Masumoto et al., 2004; Tozuka et al., 2007).  346 

How is the Throughflow affecting the seasonal cycle of the SST? Comparing CTRL 347 

with NO_ITF shows that the Throughflow affects the SST primarily during summer 348 

(Figure 6b). Unlike CTRL, a cold SST region establishes in the Flores Sea in NO_ITF 349 

during summer. As a result, the seasonal variability of the SST in the Flores Sea increases 350 

towards the south with a maximum along the Nusa Tenggara (Figure 6a). Note that this 351 

variability is much smaller than that found in the Arafura Sea. In CTRL, only a minor 352 

cooling event occurs during summer (Figure 4a) so a weaker variability of the SST is found 353 

to the south with a minimum along the northern coast of the Nusa Tenggara (Figure 5). 354 

This feature is analogous to observations (Figure 2a) and supports that the Throughflow 355 

plays a significant role on the seasonal cycle of the SST in the northern upwelling zone of 356 

the Nusa Tenggara. Note that the closed straits along the Nusa Tenggara are not the major 357 

factor for the SST and the cooling event simulated in NO_ITF. Even when the straits are 358 

opened, only the region very close to the Lombok Strait warms due to the flow from the 359 

Indian Ocean. As long as the Throughflow is absent, the majority of the northern upwelling 360 

zone of the Nusa Tenggara remains unaffected. 361 

The Throughflow appears to have only minor impact on the SST from autumn to spring 362 

since CTRL and NO_ITF show similar SST during these seasons. When a strong cooling 363 

event occur in the Arafura Sea during winter, relatively warm SST is maintained in the 364 

Flores Sea while coastal upwelling like feature is observed near Sulawesi (Figure 4d). This 365 

cold SST region forming at the southwestern corner of Sulawesi is analogous to 366 
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observations. The SST during spring and autumn show warm SST throughout the basin for 367 

both CTRL and NO_ITF (not shown). Comparison of CTRL and NO_ITF supports the 368 

conclusion of Kida and Richards (2008) that the SST in the Indonesian Seas from autumn 369 

to spring can be explained mostly by the monsoonal wind and that the role of the 370 

Throughflow is secondary.  371 

 372 

b. The heat balance of the surface mixed layer 373 

In order to understand how the Throughflow affects the SST during summer in more detail, 374 

the seasonal cycle of the heat balance in the surface mixed-layer is examined next. We will 375 

focus on the Flores Sea, which we define as the area between 6S-8S and 116E-121E, since 376 

this region is where the Throughflow appears to affect the SST the most (Figure 6b). 377 

The local advective form of the heat balance equation for the surface mixed layer is 378 

used (e.g. Kim et al. 2007):  379 
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 380 

where T is the temperature and angle brackets represent the vertical average within the 381 

mixed layer. The LHS of Eq (1) is the tendency term. The first term on the RHS is the 382 

surface heat-flux term. The second term is the advection term. The third term is the 383 

subsurface term that consists of mixed layer depth change due to entrainment/detrainment, 384 

vertical advection, and turbulent vertical mixing. ∆T, h, and KZ are the temperature 385 

difference between the SST and the entraining/detraining water, mixed layer height, and 386 

vertical diffusivity coefficient, respectively. The fourth term is the lateral diffusion term, 387 
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where KH is the lateral diffusivity coefficient. The depth of the mixed layer is defined as 388 

where the temperature is 0.5oC below the SST. 389 

The annual mean of Eq (1) over the whole Indonesian Seas shows the surface heat flux 390 

and vertical mixing as the major balancing terms. Surface heat flux warms the SST by 0.45 391 

°C month-1, while vertical mixing cools by -0.44 °C month-1. Lateral and vertical advection 392 

terms are affecting the SST by 0.08 and -0.13 °C month-1, respectively, and show the role 393 

of the Throughflow secondary. The seasonal cycle of the heat balance shows that the SST 394 

warms and cools due to the changes in the surface heat flux (Figure 7a). Oceanic processes, 395 

again, play a secondary role on modulating the seasonal cycle. This heat balance is similar 396 

to that found by Halkides et al. (2010). Note that the seasonal cycle of the heat balance is 397 

shown by subtracting the annual mean values from Eq (1). 398 

When the heat balance is examined focusing on the region north Nusa Tenggara, we 399 

again find the surface heat flux, 0.60 °C month-1, and vertical mixing, -0.62 °C month-1, as 400 

the two major balancing terms on the annual mean. Lateral and vertical advection terms 401 

affect the SST by 0.24 and -0.23 °C month-1, respectively, and so the role of the 402 

Throughflow is larger than that over the whole Indonesian Seas but still secondary. 403 

However, we find the Throughflow to play a major role on the seasonal cycle. In summer, 404 

lateral advection warms the SST while vertical mixing, vertical advection, surface heat flux 405 

cools the SST (Figure 7b). This balance shows that the Throughflow makes a significant 406 

impact on the SST along the northern boundaries of Nusa Tenggara by warming the SST 407 

through the advection of the warm Pacific water when the Monsoonal wind is cooling the 408 

SST by inducing coastal upwelling, vertical mixing, and surface heat loss. From autumn to 409 



20 
 

spring, we find such warming effect of the Throughflow absent.  410 

Comparison with the seasonal cycle of the heat balance in NO_ITF further clarifies the 411 

role of the Throughflow. In NO_ITF, the summer time SST along the northern boundary of 412 

Nusa Tenggara cools through subsurface processes and warms through the surface heat flux 413 

(Figure 7c). This is not the term balance observed in CTRL. Moreover, lateral advection is 414 

cooling the SST because the surface flow, which is the Ekman flow in NO_ITF, is 415 

advecting the warm surface water out of the Flores Sea. The magnitude of vertical 416 

advection term is larger in CTRL likely because the vertical temperature gradient near the 417 

surface increases with warmer SST. CTRL and NO_ITF show similar heat balance from 418 

autumn to spring and the warming effect of the Throughflow is absent. 419 

Further examination of the lateral advection term in Eq (1) show that in CTRL, the 420 

annual mean component of the Throughflow transport plays a more important role on 421 

warming the summer time SST in the western Indonesian Seas compared to the seasonal 422 

varying component. The seasonally varying lateral advection term in Eq (1) can be 423 

expressed as  ( ) ( ) TvuTvu HH ∇⋅′+′∇⋅ ,, , where the bars represent the annual mean and the 424 

primes represent the variability. The first term is the annual mean flow advecting the 425 

seasonally varying temperature gradient. The second term is the seasonally varying flow 426 

advecting the annual mean temperature gradient. In CTRL, the annual mean flow is found 427 

to warm the SST by 0.76 °C month-1 in February when the seasonally varying flow warms 428 

by 0.06 °C month-1. The annual mean flow has a much bigger impact on the SST. This 429 

result is further supported by an experiment where the lateral boundary condition in CTRL 430 

is set to its annual average so that the seasonal cycle in the Throughflow transport is absent. 431 
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The SST simulated in this experiment during February show values not much different 432 

from CTRL in the western Indonesian Seas except that very near the Makassar Strait 433 

(Figure 6c).  434 

 435 

c. Comparison with observations 436 

The simulated SST and the mixed layer heat balance indicate that the minor cooling event 437 

occurring in the Flores Sea during summer is a product the Throughflow, wind-induced 438 

vertical mixing, coastal upwelling, and surface heat flux. While the spatial variability of the 439 

SST can be observed from satellite observations and the wind-induced mixing can be 440 

inferred from the magnitude of the wind speed, the co-occurrence of coastal upwelling has 441 

yet to be shown from observations. To examine whether such subsurface process is present, 442 

we will analyze the observations along the PX2 and IX22 XBT lines and compare with 443 

CTRL. 444 

Observations show the vertical temperature profile in the Flores Sea with significant 445 

seasonality (Figure 8a). A thick mixed layer forms in winter while a thin mixed layer forms 446 

in summer. Strong stratification is observed at the base of the mixed layer in winter and a 447 

much weaker stratification is observed throughout the top 100 m in summer. The strong 448 

stratification at the base of the mixed layer in winter indicates that the Southeast Monsoonal 449 

wind enhances vertical mixing of the surface water with the subsurface water. The weak 450 

stratification in summer, on the other hand, indicates an upwelling of the subsurface water 451 

and not the vertical mixing induced by the Northwest Monsoonal wind. Similar seasonal 452 

cycle is found in the western Indonesian Seas although there are differences in the strength 453 
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of the signal. In the eastern Indonesian Seas, the thermocline upwells more significantly in 454 

summer due to stronger Southwest Monsoonal winds there. The seasonal cycle of the 455 

vertical temperature profile seen in observations (Figure 8f) appears to be well simulated in 456 

CTRL. Noticeable differences are that in CTRL, the mixed layer depth is somewhat deeper 457 

during winter. The end of the upwelling season and the maximum mixed layer depth lag 458 

observations by a month, and in the 100-150 m layer a dominant annual cycle appears 459 

where observations show a semi-annual signal (Figure 8a and f).  460 

The zonal cross-section of temperature along the PX2 line in February shows a doming 461 

of the isotherms with a SST minimum forming around 124E, near the Ombai Channel 462 

(Figure 8b). The sharp lateral temperature gradient observed at the western end, around 463 

117E, is associated with the Throughflow (Wijffels et al. 2008). The doming of the 464 

isotherms around 123-124E suggest that the coastal upwelling occurs during summer, but at 465 

a location much east of that observed in NO_ITF (Figure 6b). This eastward drift supports 466 

the strong presence of the Throughflow in this region since CTRL also shows this doming 467 

of the isotherms near the Ombai Channel with a SST minimum occurring at about 123 E 468 

(Figure 8g). Such doming of the isotherms around 123-124E is absent during winter 469 

(Figure 8c and h). The meridional cross-section along the IX22 line within the Banda Sea 470 

further supports the occurrence of coastal upwelling along the northern side of the Nusa 471 

Tenggara. Note that the location of this meridional cross-section is where the maximum 472 

lifting of the isotherms is observed in the zonal PX2 line. Indeed, an upward tilt of the 473 

isotherms towards the northern coast of the Nusa Tenggara is observed during summer 474 

(Figure 8d). This upward tilt of the isotherms towards the northern coast of the Nusa 475 
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Tenggara is unlikely to be solely attributed to the Throughflow because a downward tilt of 476 

the thermocline is observed during winter (Figure 8e), opposite to summer. These seasonal 477 

differences in the isotherms seen in observations are well simulated in CTRL (Figure 8i and 478 

j) although the mixed layer during winter appear somewhat broader and thicker compared 479 

to observations. While the SST observed from Satellites indicate only minor cooling of 480 

SST in the Flores Sea during summer, hydrographic observations support the occurrence of 481 

coastal upwelling in the region. The main reason why this coastal upwelling does not lead 482 

to significant cooling of the SST there is likely that the Throughflow is warming the SST at 483 

the same time (Figure 7). 484 

 485 

4.  The impact of tidal mixing on the SST 486 

How does tidal mixing affect the seasonal cycle of the SST in the Indonesian Seas? We will 487 

examine the impact of tidal mixing in this section by comparing the SST simulated in 488 

CTRL with that in NO_TIDE, which has tidal mixing parameterization turned off. 489 

 490 

a. The difference between model simulations with and without tidal mixing 491 

On the annual average, the difference of the SST simulated in CTRL and NO_TIDE shows 492 

that implementing tidal mixing parameterization cools the SST about 0.3oC. Cooling is 493 

observed mostly where enhanced vertical mixing is prescribed (Figure 9a). We also observe 494 

more cooling near the Timor Strait and the Ombai Channel than near the Makassar Strait. 495 

This is because the cooling of the SST observed near the Timor Strait and the Ombai 496 

Channel reflects not only the impact of tidal mixing locally but also from upstream, near 497 
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the Makassar Strait. Not much cooling is found near the Lifamatola passage and the 498 

Halmahera Sea likely because this region overlaps with where the restoring boundary 499 

condition is also applied. Tidal mixing on the continental shelves is found to cool the SST 500 

along the shelf-break between the Banda Sea and the Arafura Sea. This is a result of 501 

enhanced bottom mixing lifting the thermocline and enabling the intrusion of the 502 

thermocline water on-shore. Vertical mixing within a water column that is already well 503 

mixed from top to bottom, such as the shallow seas, does not result in enhanced cooling. 504 

However, for a region where the thermocline water has intruded below, the existence of 505 

cold subsurface water enables the SST to cool when the wind induces vertical mixing. We 506 

find the impact of tidal mixing on the annually averaged SST similar to that shown in 507 

Koch-Larrouy et al. (2008), where tidal mixing is parameterized based on a dynamical 508 

formulation. The basin-averaged impact appears slightly weaker in our simulation but this 509 

may be due to a weaker magnitude of vertical mixing coefficients used in this study. 510 

The impact of tidal mixing on the SST is observed with a distinct seasonal cycle (Figure 511 

9d). On basin average, tidal mixing cools the SST during summer the most. A decrease in 512 

cooling is observed during spring and autumn, when the Monsoonal winds are weak.  The 513 

impact of tidal mixing is observed with significant spatial variability as well. During 514 

summer, the SST cools even in the interior of the Banda Sea, where enhanced tidal mixing 515 

is not prescribed (Figure 9b). Cooling is found from the northern side of the Nusa Tenggara 516 

towards the interior of the Banda Sea and along the shelf-break of the Northwest shelf of 517 

Australia. This basin-wide cooling of the SST found during summer suggest that tidal 518 

mixing is indeed likely capable of affecting the atmosphere during the season of deep 519 
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atmospheric convection over the Indonesian Seas. Cooling of the SST is found to occur 520 

more locally in other seasons. In winter, cooling is observed along the shelf-break between 521 

the Arafura and Banda Seas and on the northern side of the Flores Sea (Figure 9c). In 522 

spring and autumn, cooling is observed where tidal mixing is prescribed (not shown), 523 

similar to that of the annual average.  524 

 525 

b. The role of wind driven circulation 526 

Model experiments show the impact of tidal mixing on the SST even where enhanced 527 

vertical mixing is not prescribed, especially during summer (Figure 9b). Such non-local 528 

influence of tidal mixing occurs because of the oceanic circulation driven by the 529 

Monsoonal winds. In summer, the Northwestern Monsoonal wind induces an upwelling of 530 

subsurface water along the northern coast of the Nusa Tenggara. Since this region is where 531 

the Throughflow advects tidally well-mixed water mass from the Makassar Strait, coastal 532 

upwelling enables such tidally well-mixed water to upwell to the surface. Because 533 

stratification is stronger near the thermocline, tidal mixing cools the upper thermocline 534 

water more effectively than the surface water and so an upwelling of such water will create 535 

a strong signature of tidal mixing on the SST. The Northwestern Monsoonal wind further 536 

induces a northeastward Ekman flow at the surface. This will advect the cold upwelled 537 

water from the coast of the Nusa Tenggara towards the interior of the Banda Sea and enable 538 

the impact of tidal mixing to be felt basin-wide. In winter, on the other hand, the non-local 539 

impact of tidal mixing on the SST appears much limited. The southeastern Monsoonal wind 540 

induces upwelling near the shelf-break of the Arafura Sea, but unlike the Nusa Tenggara, 541 
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this is not where the Throughflow brings the tidally well-mixed water nor where strong 542 

tidal mixing above seamount occurs. The impact of strong Monsoonal winds is therefore 543 

not as pronounced as that during summer. 544 

 The importance of the vertical and lateral wind-driven flows on enhancing the 545 

impact of tidal mixing on the SST can be shown by comparing the SST between 546 

NO_WIND and NO_WINDTIDE. These two experiments are identical to that of CTRL 547 

and NO_TIDE, respectively, except that the wind stress is set zero. So the wind-driven 548 

flows are absent. Note that the surface heat flux is still calculated and is not zero. The basin 549 

averaged SST difference found between NO_WIND and NO_WINDTIDE is about 0.1oC 550 

less than that between CTRL and NO_TIDE on the annual average (Figure 9d) and 551 

supports that the wind-driven flow does enhance the cooling of the SST by tidal mixing. 552 

Larger difference observed during summer further supports the role of the wind-driven 553 

circulation on enhancing the impact of tidal mixing during this season. The spatial 554 

variability associated with the impact of tidal mixing on the SST is also absent as well. The 555 

basin-wide cooling in the Banda Sea disappears during summer (Figure 9e) and the cooling 556 

along shelf-breaks disappear during winter as well (Figure 9f). Cooling of the SST is found 557 

limited to the interior where tidal mixing is prescribed throughout the year. 558 

The impact of tidal mixing on the SST also leads to change in the surface heat flux 559 

over the Indonesian Seas. On the annual mean, the basin averaged surface heat flux is 37 W 560 

m-2 in CTRL and is directed toward the ocean. This heat flux decreases to 25 W m-2 in 561 

absence of tidal mixing (NO_TIDE).  Such decrease shows that tidal mixing is capable of 562 

increasing the oceanic intake of heat considerably, by 47% in our model, even when tidal 563 
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mixing occurs only in selected regions. It also supports past studies that tidal mixing in the 564 

Indonesian Seas is likely capable of affecting the tropical atmospheric circulation (Jochum 565 

and Potemra, 2008). We find the surface heat flux to further decreases to 16 W m-2 in 566 

absence of the wind-driven circulation (NO_WINDTIDE). This decrease is as large as that 567 

due to tidal mixing. The significant impact of the wind-driven circulation on the surface 568 

heat flux shows that resolving the oceanic processes is as important as tidal mixing when 569 

simulating the surface heat flux in the region. 570 

 571 

5.  Summary and final remarks 572 

a. Summary 573 

A numerical model was used to investigate how the Indonesian Throughflow and tidal 574 

mixing affect the seasonal cycle of the SST in the Indonesian Seas. Here we present the 575 

summary of our findings. 576 

 577 

Does the Indonesian Throughflow affect the seasonal cycle of the SST in the Indonesian 578 

Seas?  579 

The Indonesian Throughflow likely affects the SST during summer but not much during 580 

other seasons. This is supported from the difference in the SST observed between CTRL 581 

and NO_ITF during summer. The Throughflow makes an impact on the SST by reducing 582 

the cooling of the SST that is induced by the Northwestern Monsoonal wind. Without the 583 

Throughflow, the SST along the northern coast of the Nusa Tenggara will likely cool 584 

significantly through coastal upwelling. The heat balance of the surface mixed layer during 585 
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summer indeed shows the Throughflow warming the SST through lateral advection while 586 

coastal upwelling cools the SST. Such mechanism explains why the observed magnitude of 587 

the seasonal cycle is weak along the northern coast of the Nusa Tenggara, which is the 588 

main pathway of the Throughflow. The annual mean component of the Throughflow 589 

transport is also found important on maintaining the warm SST during summer and the 590 

impact from the seasonal cycle component is secondary. 591 

 592 

Does tidal mixing affect the seasonal cycle of the SST in the Indonesian Seas? 593 

Tidal mixing likely cools the SST more than 0.3oC on basin average. The impact of tidal 594 

mixing varies seasonally roughly along with the strength of the Monsoonal winds but its 595 

impact is found stronger during summer. In summer, the Northwest Monsoonal wind 596 

induces coastal upwelling close to the Makassar Strait, where tidal mixing occurs above 597 

seamounts. Since tidal mixing cools the subsurface water more effectively than the surface 598 

water, the region of coastal upwelling will also become an area where tidal mixing strongly 599 

affects the SST. The Northwest Monsoonal wind also induces northeastward Ekman 600 

transport so the cold upwelled water is advected towards the interior of the Banda Sea. This 601 

makes the presence of tidal mixing felt even where tidal mixing does not occur. While we 602 

find tidal mixing above seamounts to affect the SST, the wind-driven circulation 603 

contributes significantly on enhancing the impact of tidal mixing. In absence of the wind-604 

driven circulation, the impact of tidal mixing on the SST during summer is likely to be 605 

limited locally to that above seamounts. We find tidal mixing over the continental shelf to 606 

cool the SST primarily along the shelf-break but not on the shelf. The water column on the 607 
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shelf is already vertically well mixed so enhanced mixing does not lead to cooling of the 608 

SST. Near the shelf break, however, enhanced mixing enables the thermocline water to 609 

intrude inshore so the warm surface water can mix with the cold subsurface water and cool 610 

the SST. 611 

 612 

b. Closing remarks 613 

While our study focused on the impact of the Indonesian Throughflow and tidal mixing on 614 

the seasonal cycle of the SST in the Indonesian Seas, the South China Sea (SCS) 615 

Throughflow is also suggested to play some role (Qu et al., 2006). Since the SCS 616 

Throughflow is concentrated at the surface and is directed towards the Indonesian Seas 617 

during summer, it appears capable of affecting the SST during summer. However, we find 618 

the SCS Throughflow not to affect the SST in the Indonesian Seas in our model. When the 619 

strait between the Indonesian Seas and the SCS in CTRL is closed, the seasonal cycle of the 620 

SST in the Indonesian Seas is still roughly equivalent to that simulated in CTRL.  However, 621 

this result may be partly due to the transport of the SCS Throughflow being half of what is 622 

considered in Qu et al. (2006). CTRL simulates the SCS Throughflow, based on SODA 623 

output, with a transport of about 1.6 Sv in summer. Tozuka et al. (2007) also suggest that 624 

the SCS Throughflow weakens the surface component of the Indonesian Throughflow at 625 

the Makassar Strait. Since the flow at the Makassar Strait is more or less prescribed in our 626 

model, such interaction between the SCS Throughflow and the Indonesian Throughflow is 627 

absent and thus the impact of the SCS Throughflow on the Indonesian Throughflow may 628 

already be included in our model. While observations are needed for further analysis on the 629 
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role of the SCS Throughflow, we suspect its role on the seasonal cycle of the SST in the 630 

Indonesian Seas to be similar to that of the Indonesian Throughflow, if it were to have an 631 

impact. The lateral advection by the SCS Throughflow is likely to suppress the impact of 632 

coastal upwelling on the SST along the Nusa Tenggara during summer. 633 

Recent observations show that the Throughflow is associated with significant high 634 

frequency variability (e.g. Sprintall et al., 2009, Gordon et al., 2010).  Can such variability 635 

affect the SST in the Indonesian Seas? Our study suggests that the intra-seasonal variability 636 

of the Throughflow may not play much role. This is because we find even the seasonal 637 

varying component of the Throughflow transport not a major contributing term to the 638 

summer time SST.  If the intra-seasonal variability were to affect, it needs to be large 639 

enough to affect the annual mean. Higher frequency events are even more unlikely since it 640 

is shorter than the advective time scale of the Throughflow traveling from the Makassar 641 

Strait to that around the western Indonesian Seas (~1 month). Intra-seasonal atmospheric 642 

variability such as the Madden-Julian Oscillation, on the other hand, are more likely 643 

capable of affecting the SST since it may moderate the strength of coastal upwelling as well 644 

as the basin scale response through surface mixing. Higher frequency events are unlikely to 645 

affect upwelling but still affect surface mixing.  646 

The seasonal cycle of the SST in the Indonesian Seas is strongly associated with the 647 

zonal difference in the SST. This is because while the SST in the west varies moderately, 648 

the SST in the east varies significantly and across the convective limit (~27.5°C). The zonal 649 

difference in the SST within the Indonesian Seas is also associated with the seasonal 650 

migration of the warm SST region across the Indonesian Seas and its associated 651 
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atmospheric convective activity. Our study showed that the Throughflow affects the SST in 652 

the western Indonesian Seas, which is a small region but still on the order of few hundred 653 

kilometers. In a moderate Throughflow condition, the summer time SST in this region is 654 

warm and zonally uniform so the SST in the region will likely play a similar role as that 655 

basin wide. If the Throughflow were absent or significantly weak, however, the SST may 656 

become lower than the convective limit in the western Indonesian Seas and create a strong 657 

zonal SST gradient. This may reduce the local convective activity, create a descending 658 

branch, and change the regional atmospheric circulation during summer. How such the 659 

basin scale climate is affected remains an open question but it shows possible importance 660 

that the Throughflow and the regional SST may have on the atmospheric circulation. 661 

We find our model capable of simulating the seasonal cycle of the SST reasonably. 662 

However, there remains some warm bias and it is found mostly in the Arafura Sea where 663 

the winds can become weak and where the bathymetry is shallow. Since tidal mixing on the 664 

shelf is unlikely to cool the SST significantly, the surface heat flux parameterization or the 665 

atmospheric values used are more likely responsible for the bias. Tidal mixing over 666 

seamounts is another candidate but further observations are required for determining the 667 

magnitude and the spatial variability of tidal mixing. The absence of freshwater fluxes from 668 

rivers in the model is also another candidate. Moderate SST seasonal cycle is simulated in 669 

the northern Java Sea, where the river input is significant and observations show much 670 

weaker seasonal cycle. Freshwater flux may be important there on maintaining its warm 671 

SST throughout the year by limiting surface mixing. The weak transport of the SCS 672 

Throughflow may have contributed as well. Determining how each of these processes 673 
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further improves the seasonal cycle of the SST in the Indonesian Sea is beyond the scope of 674 

this study but nonetheless, our model implies the complexity and the variety of the 675 

processes that may determine further details of the seasonal cycle of the SST in these seas. 676 
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Figure captions 797 

FIGURE 1. The bathymetry of the Indonesian Seas. Solid contour is the coastline and gray 798 

shading is from zero to 1000 m every 250 m. Notice the drastic change in the depth 799 

between the Banda Sea and its surrounding seas, the Arafura and Java Seas. The Flores Sea 800 

is located just north of the Nusa Tenggara. The two thick solid lines are the two XBT lines, 801 

PX2 and IX22. 802 

FIGURE 2. The SST in the Indonesian Seas based on the monthly climatology observed 803 

by the AVHRR. (a) Seasonal cycle of the basin averaged SST. The basin average is taken 804 

within 3-9S and 115-140E, the white dotted box shown in (b). (b) The standard deviation of 805 

the SST. Weaker seasonal cycle is observed in the west and along the northern coast of the 806 

Nusa Tenggara than the east. (c) The SST in February. Warm SST is observed basin wide 807 

but minor cooling is observed along the northern coast of the Nusa Tenggara. (d) The SST 808 

in August. Cold SST is observed in the east but also south of the Sulawesi. 809 

FIGURE 3. Values of vertical viscosity and diffusivity coefficients enhanced to 810 

parameterize tidal mixing. Contours intervals are every 1×10-4 m2 s-1. The coastlines are 811 

drawn in black solid lines and the 50 m bathymetry is drawn in white solid lines. Tidal 812 

mixing over seamounts has a maximum of 5×10-4 m2 s-1 at the center. Tidal mixing over the 813 

shelves are the values at the surface. 814 

FIGURE 4. The SST simulated in CTRL. (a) The seasonal cycle of the basin averaged 815 

SST (solid) compared with that of the AVHRR (dashed). (b) The standard deviation of the 816 
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SST.  Stronger variability is observed in the east than the west. (c) The SST in February.  817 

Minor cooling is observed along the northern coast of the Nusa Tenggara. (d) The SST in 818 

August. SST cools significantly in the east.   819 

FIGURE 5. (a) Monthly averaged transport across the Makassar Strait (gray solid), the 820 

Lombok strait (dotted), and Ombai channel (solid), and Timor strait (dashed) and flow from 821 

the South China Sea (dash-dot). The negative values are that towards the south or the west. 822 

(b) The vertical profile of the annual-mean along-strait integrated velocity above the 823 

Makassar Strait (gray solid), the Lombok strait (dotted), and the Ombai channel (solid) and 824 

the Timor strait (dashed). 825 

FIGURE 6. (a) The standard deviation of the SST simulated in NO_ITF. In the Flores Sea, 826 

stronger variability is observed along the northern coast of the Nusa Tenggara than the 827 

interior (Figure 4b). (b) The SST in February simulated in NO_ITF. Strong cooling is 828 

observed along the northern coast of the Nusa Tenggara with a minimum located near the 829 

Lombok Strait. Square dotted box is where the heat balance of the surface mixed layer is 830 

examined. (c) The difference in the SST in February between CTRL and that using the 831 

annually averaged boundary condition. 832 

FIGURE 7. Seasonal cycle of the heat balance in the surface mixed layer. (a) In the 833 

Indonesian Seas for CTRL. (b) In the Flores Sea for CTRL and (c) for NO_ITF. SST 834 

tendency (long dashed), surface heat flux (dotted), lateral advection (thick solid), vertical 835 

advection (gray solid), vertical mixing (dash-dotted), lateral diffusion (thin solid), and 836 

thickness change (short dashed) terms in Eq (1) are shown. 837 

FIGURE 8. The vertical profile of temperature near the surface. Observations are shown 838 
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on the left and simulated values in CTRL are shown on the right. Black solid line is the 839 

mixed layer depth. (a) and (f) Seasonal cycle of the PX2 line near the Makassar Strait. (b) 840 

and (g) Hydrography along the PX2 line in February. (c) and (h) Hydrography along the 841 

PX2 line in August. (d) and (i) Hydrography along the IX22 line in February. (e) and (j) 842 

Hydrography along the IX22 line in August. 843 

FIGURE 9. (a-c)The SST difference between CTRL and NO_TIDE. (a) The annual 844 

average. Cooling is observed near the Makassar Strait, Timor strait and the shelf-break 845 

between the Banda Sea and the Arafura Sea. (b) The monthly average in February. Cooling 846 

is observed in the interior of the Banda Sea. (c) The monthly average in August. Cooling is 847 

observed around the Nusa Tenggara and along the shelf-break between the Banda Sea and 848 

the Arafura Sea. (d) Seasonal cycle of the basin averaged SST difference between CTRL 849 

and NO_TIDE and that between NO_WIND and NO_WINDTIDE. Stronger cooling is 850 

observed during summer and winter than during spring and autumn. (e-f) The SST 851 

difference between NO_WIND and NO_WINDTIDE. (e) The monthly average in February. 852 

The cooling in the interior of the Banda Sea observed in (b) is absent. (f) The monthly 853 

average in August. The cooling observed along the shelf-break between the Banda Sea and 854 

the Arafura Sea is much weaker than (c) 855 

856 
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 857 

 Lateral 
Boundaries 

Tidal mixing 
parameterization 

Wind stress 

CTRL SODA ○ ○ 

NO_ITF closed ○ ○ 

NO_TIDE SODA × ○ 

NO_WIND SODA ○ × 

NO_WINDTIDE SODA × × 

 858 
TABLE 1. The experiments pursued in this study. The three columns on the right show where the 859 

experiments differ from CTRL. ○  and ×  represents on and off, respectively.860 
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 861 

 862 

FIGURE 1. The bathymetry of the Indonesian Seas. Solid contour is the coastline and gray shading is 863 

from zero to 1000 m every 250 m. Notice the drastic change in the depth between the Banda Sea and its 864 

surrounding seas, the Arafura and Java Seas. The Flores Sea is located just north of the Nusa Tenggara. 865 

The two thick solid lines are the two XBT lines, PX2 and IX22. 866 
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 867 

FIGURE 2. The SST in the Indonesian Seas based on the monthly climatology observed by the 868 

AVHRR. (a) Seasonal cycle of the basin averaged SST. The basin average is taken within 3-9S and 115-869 

140E, the white dotted box shown in (b). (b) The standard deviation of the SST. Weaker seasonal cycle 870 

is observed in the west and along the northern coast of the Nusa Tenggara than the east. (c) The SST in 871 

February. Warm SST is observed basin wide but minor cooling is observed along the northern coast of 872 

the Nusa Tenggara. (d) The SST in August. Cold SST is observed in the east but also south of the 873 

Sulawesi.874 
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 875 

 876 

FIGURE 3. Values of vertical viscosity and diffusivity coefficients enhanced to parameterize tidal 877 

mixing. Contours intervals are every 1×10-4 m2 s-1. The coastlines are drawn in black solid lines and the 878 

50 m bathymetry is drawn in white solid lines. Tidal mixing over seamounts has a maximum of 5×10-4 879 

m2 s-1 at the center. Tidal mixing over the shelves are the values at the surface. 880 
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 881 

FIGURE 4. The SST simulated in CTRL. (a) The seasonal cycle of the basin averaged SST (solid) 882 

compared with that of the AVHRR (dashed). (b) The standard deviation of the SST.  Stronger variability 883 

is observed in the east than the west. (c) The SST in February.  Minor cooling is observed along the 884 

northern coast of the Nusa Tenggara. (d) The SST in August. SST cools significantly in the east.   885 
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 886 
FIGURE 5. (a) Monthly averaged transport across the Makassar Strait (gray solid), the Lombok strait 887 

(dotted), and Ombai channel (solid), and Timor strait (dashed) and flow from the South China Sea 888 

(dash-dot). The negative values are that towards the south or the west. (b) The vertical profile of the 889 

annual-mean along-strait integrated velocity above the Makassar Strait (gray solid), the Lombok strait 890 

(dotted), and the Ombai channel (solid) and the Timor strait (dashed). 891 
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 892 

FIGURE 6. (a) The standard deviation of the SST simulated in NO_ITF. In the Flores Sea, stronger 893 

variability is observed along the northern coast of the Nusa Tenggara than the interior (Figure 4b). (b) 894 

The SST in February simulated in NO_ITF. Strong cooling is observed along the northern coast of the 895 

Nusa Tenggara with a minimum located near the Lombok Strait. Square dotted box is where the heat 896 

balance of the surface mixed layer is examined. (c) The difference in the SST in February between 897 

CTRL and that using the annually averaged boundary condition. 898 



48 
 

 899 

FIGURE 7. Seasonal cycle of the heat balance in the surface mixed layer. (a) In the Indonesian Seas for 900 

CTRL. (b) In the Flores Sea for CTRL and (c) for NO_ITF. SST tendency (long dashed), surface heat 901 

flux (dotted), lateral advection (thick solid), vertical advection (gray solid), vertical mixing (dash-dotted), 902 

lateral diffusion (thin solid), and thickness change (short dashed) terms in Eq (1) are shown. 903 



49 
 

 904 

FIGURE 8. The vertical profile of temperature near the surface. Observations are shown on the left and 905 

simulated values in CTRL are shown on the right. Black solid line is the mixed layer depth. (a) and (f) 906 

Seasonal cycle of the PX2 line near the Makassar Strait. (b) and (g) Hydrography along the PX2 line in 907 

February. (c) and (h) Hydrography along the PX2 line in August. (d) and (i) Hydrography along the 908 

IX22 line in February. (e) and (j) Hydrography along the IX22 line in August.909 
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 910 

FIGURE 9. (a-c)The SST difference between CTRL and NO_TIDE. (a) The annual average. Cooling is 911 

observed near the Makassar Strait, Timor strait and the shelf-break between the Banda Sea and the 912 

Arafura Sea. (b) The monthly average in February. Cooling is observed in the interior of the Banda Sea. 913 

(c) The monthly average in August. Cooling is observed around the Nusa Tenggara and along the shelf-914 

break between the Banda Sea and the Arafura Sea. (d) Seasonal cycle of the basin averaged SST 915 

difference between CTRL and NO_TIDE and that between NO_WIND and NO_WINDTIDE. Stronger 916 

cooling is observed during summer and winter than during spring and autumn. (e-f) The SST difference 917 

between NO_WIND and NO_WINDTIDE. (e) The monthly average in February. The cooling in the 918 

interior of the Banda Sea observed in (b) is absent. (f) The monthly average in August. The cooling 919 

observed along the shelf-break between the Banda Sea and the Arafura Sea is much weaker than (c). 920 


