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The present study deals with the numerical simulation
of the Indonesian throughflow (ITF) via three major
passages, namely Lombok strait (115°E, 8°S), Savu
strait (122°E, 9°S) and Timor strait (128°E, 11°S), its
seasonal variability and impact on the sea surface pa-
rameters due to its blockage. The model is initialized
with the Levitus94 climatological dataset for annual
mean temperature and salinity fields, and is forced by
the seasonal and yearly varying da Silva SMD 1994
and Hellerman and Rosenstein wind datasets. The
spin-up of the model has been carried out separately
for open and closed Indonesian channels using both
the surface wind climatologies. Numerical simulations
confirm that the ITF is mainly towards Indian Ocean
in a year. It has been observed that surface winds
have an impact on the phase as well as magnitude of
the ITF. The net effect of blockage is reduction in
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temperature of the Southern Indian Ocean and no
significant change is seen in surface salinity.

Keywords: Blockage, Indonesian throughflow, passages,
Southern Indian Ocean.

THE Indonesian throughflow (ITF) has long been a focus of
research interest due to its impact on regional and global
ocean circulation, both in modern and past time periods'™.
The ITF refers to the exchange of water and heat between
the Indian Ocean (I0) and Pacific Ocean basins. It trans-
fers warm, low-salinity waters from the western Pacific
into the 10 from where the Asian monsoon gathers
strength. As an integral element of the global ocean circula-
tion, it is influential in regulating climate and rainfall
across Indonesia, India and Australia. The Indonesian Ar-
chipelago region has three major conduits for inter-ocean
tropical thermocline water from the Pacific Ocean to the
10%, namely Lombok strait (115°E, 8°S), Savu strait
(122°E, 9°S) and Timor passage (128°E, 11°S).

The ITF is governed by Pacific Ocean to IO pressure
gradient with strong seasonal and interannual variabi-
lity>®. The primary path of the ITF is through the Makas-
sar strait”®. The througflow is high during June—August
(southeast monsoon) and low during December—February
(northeast monsoon)’. During June—August, surface water
is driven from Banda Sea into Floras, Java and South
China seas, whereas during December—February, surface
water from Java Sea and Makassar strait is driven across
Floras Sea into Banda Sea’. Observations and model
studies suggest that the ITF transport varies by as large as
+4 Sv (1 Sv = 10° m*/s) with the phase of El Nino- South-
ern Oscillation (ENSO) (maximum ITF transport during
La-Nina and minimum during EI Nino)'® and lags the
ENSO cycle by 8-9 months'".

In a unique study using a coupled ocean—atmosphere
model, Schneider'? has shown the effect of ITF on the
oceanic circulation and thermocline depth in the IO and
around Australia. This study shows that the ITF increases
the surface temperature in the eastern 10. It also reduces
surface temperatures in the equatorial Pacific Ocean and
shifts the warm pool towards west, i.e. eastern 10. This
self-control on the sea-surface temperature affects the
atmospheric pressure in the entire tropics and mid-
latitudes via atmospheric tele-connections. Numerical
simulations also suggested that the ITF transport signifi-
cantly contributes to the Eastern IO circulation'’. The
magnitude and variability of the Pacific and Indian Ocean
(PACIO) throughflow for accurate determination of the
mass, heat and salt fluxes in the PACIO region was also
emphasized earlier®*'5. Godfrey'® discussed several as-
pects of ITF effects on the PACIO circulation and its im-
pact on the surface heat flux of the IO.

The present study aims to carry out sensitivity studies
with the Princeton Ocean Model (POM) to see the impact
of ITF on the dynamics of the Southern Indian Ocean
(SIO) and variability of the ITF.
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Lombok Sirait Makuasar Srale A three-dimensional primitive equation, sigma coordinate
numerical ocean model POM'”'® has been used to
achieve the objectives. The model has been configured
...  for the region of the Indonesian archipelago between
vy 90°-160°E and 40°S-10°N (Figure 1). Figure 1 shows
s the topographic features around the Indonesian seas as
sy Well as three major passages, Lombook strait, Savu strait
e and Timor strait, having average depths of ~250, ~3000
sse  and ~1500 m respectively. A curvilinear orthogonal sys-
.o tem with a fixed resolution of 0.5° x 0.5° has been used
s as horizontal model grid in the model and staggered,
as  Arakawa C-grid type of finite difference scheme has been
08 used for numerical implementation. The vertical grid was

fragmented in the 14 sigma layers with higher resolution

in the upper mixed layer and lower resolution in the deep
ocean. The vertical mixing coefficients were provided by
the turbulence scheme'. The horizontal mixing coefficients
for momentum (viscosity) and tracers (diffusivity) were

Figure 1. Topography and map of the study area used in the
POM. calculated by a Smagorinsky-type formulation®.
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Figure 2. a, Difference in surface elevation (closed-open) for July when forced with Hellerman wind stress climatology.

b, Same as (a) but model forced with da Silva wind stress climatology data. ¢, Difference in surface elevation when forced with
different wind stress climatologies (Hellerman—da Silva). d, Difference in wind stress climatology for July (Hellerman—da Silva).
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In the sigma coordinate system, the number of levels is
the same everywhere in the ocean, irrespective of the depth
of the water column. It is, therefore, possible to resolve
the bottom boundary layer wherever needed and hence is
best suited for shallow coastal regions’'. The model inte-
gration has been carried out for 10 years for the domain
shown in Figure 1. The numerical experiment has been
carried out to study the impact of blockage of Indonesian
channels on the SIO dynamics. Initially, the model was
spun from the cold-start for open as well as blocked Indo-
nesian channels using climatological wind stress data
available from Hellerman and Rosenstein®?, and da Silva
et al.>. Apart from forcing data, the model was initialized
using climatological temperature and salinity data ob-
tained from Levitus ef al.**, and Levitus and Boyer® for
spin-up of the model from cold-start. The Hellerman

wind stress data available at 2° x 2°, and temperature and
salinity data at 1° x 1° available from Levitus climatol-
ogy were brought to model grid resolution of 0.5° x 0.5°
using bilinear interpolation. The da Silva wind stress cli-
matologies were available at the model grid resolution.
On the expiry of the spin-up period of the model, simula-
tion results—output were stored every month for one more
year using the same climatological wind stress data. The
sensitivity of the model simulations to wind stress data
used to drive the model has also been studied.
Thereafter, model integration has been carried out for
one more year using the above-mentioned climatologies,
and simulations were stored every month. The difference
plots for the surface elevations (blocked-open) have been
shown for July (Figure 2) and December (Figure 3). It
can be observed that the surface elevation for July was
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Figure 3. a, Difference in surface elevation (closed-open) for December when forced with Hellerman wind stress climatology.

b, Same as (a) but model forced with da Silva wind stress climatology data. ¢, Difference in surface elevation when forced with
different wind stress climatologies (Hellerman—da Silva). d, Difference in wind stress climatology for December (Hellerman—da

Silva).
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Figure 4. a, Difference in sea surface temperature (closed-open) for July when forced with Hellerman wind stress climatology.

b, Same as (a) but model forced with da Silva wind stress climatology data. ¢, Difference in sea surface temperature when forced
with different wind stress climatologies (Hellerman—da Silva). d, Difference in wind stress climatology for July (Hellerman—da

Silva).

reduced by more than 0.16 m in the SIO, whereas it in-
creased by the same amount in the Pacific Ocean for
model simulations using both wind stress climatologies.
Java Sea exhibits higher surface elevations (>0.16 m)
when forced with da Silva wind stress climatology (Fig-
ure 2 b). In December, surface elevation in the Pacific
Ocean increased by a marginal amount of 0.04-0.08 m
and decreased by 0.16 m or more in some regions of the
SIO due to blockage of the Indonesian channels (Figure
3 a). Similar results were obtained for the model simula-
tions using da Silva wind stress climatology (Figure 3 b).
The difference plot of surface elevations (Hellerman and
Rosenstein—da Silva) for July (Figure 2 ¢) and December
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(Figure 3 ¢) shows that the model simulated surface ele-
vations are higher in the SIO, in general, when Hellerman
wind stress data were used to force the model. However,
these differences are uncorrelated with those in the wind
stress data (Figures 2 d and 3 d). Model simulations using
Hellerman wind stress climatology for July indicate that
the SIO gets cooler by 2-6°C, whereas the Pacific Ocean
gets warmer by 2—4°C due to the blockage of the Indone-
sian channels (Figure 4 a). It has also been observed that
the rise in temperature of this order was observed in the
Java Sea, South China Sea and some parts of the Banda
Sea, whereas cooling of the order of 4-6°C was observed in
Savu Sea. The difference plot of surface temperature
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Figure 5.

a, Difference in sea surface temperature (closed-open) for December when forced with Hellerman wind stress clima-

tology. b, Same as (a) but model forced with da Silva wind stress climatology data. ¢, Difference in sea surface temperature when
forced with different wind stress climatologies (Hellerman—da Silva). d, Difference in wind stress climatology for December (Hel-

lerman—da Silva).

(Figure 4 a) also indicates surface warming (>4°C) near
the eastern Australian coast due to channel blockage.
Model simulations using da Silva wind stress also show
warming of surface temperature in the Pacific Ocean by
1-2°C, whereas only Java Sea shows an increase in tem-
perature more than 2°C. This difference plot for Decem-
ber (Figure 5 a and b) also exhibits similar temperature
difference as observed in July, when forced with Heller-
man and da Silva wind stress climatologies. The general
warming of the Pacific Ocean and cooling of the IO can
be explained using the fact that the heat transport (nearly
0.6 PW; 1 PW = 10"° W) between the Pacific Ocean and
the 10 is cut-off*®. Recently, Gordon et al.*’ have con-

CURRENT SCIENCE, VOL. 93, NO. 3, 10 AUGUST 2007

cluded that the ITF is far cooler than estimated earlier,
based on ocean current and temperature. Temperature and
ocean current time series obtained for this region for any
duration can be utilized to calculate heat transport of the
ITF*® and consequently its influence on the SIO. There
are results that support model studies that the ITF heat,
derived from the Pacific Ocean, is ultimately lost to the
atmosphere in the SIO*’. The ENSO variability in the in-
ternal energy transport is calculated on the basis of long-
term mooring observational data of temperature®®. Warm-
ing in the Pacific Ocean is consistent with the eastward
tendency of horizontal velocity, which turns poleward
near the eastern tropical Pacific advecting warmer waters
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a, Difference in sea surface salinity (open-closed) for July when forced with Hellerman wind stress climatology.

b, Same as (a) but model forced with da Silva wind stress climatology data. ¢, Difference in sea surface salinity when forced with
different wind stress climatologies (Hellerman—da Silva). d, Difference in wind stress climatology for July (Hellerman—da Silva).

in the western Pacific towards the east and spreading
them poleward in the eastern Pacific. The difference plot
of surface temperature (Hellerman—da Silva) shows
higher surface temperatures in SIO and lower surface
temperature in some parts of South Pacific (Figures 4 ¢
and 5 ¢). In this case also difference in the temperature is
uncorrelated with difference in the wind stress used to
force the model. The impact of blockage of Indonesian
channels on surface salinity remains more or less unaf-
fected. Maximum hike in surface salinity was observed in
the South Australian Sea by an amount of 0.6%o, whereas
it was lowered by order of 0.1-0.4%o in the Timor Sea.
Figures 6 and 7 show changes in surface salinity due to
difference in surface forcing for July and December re-
spectively. It appears from the figures that surface salin-
ity is less sensitive to surface wind forcing. The volume
transports through individual channels and net volume
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transport through PACIO are shown in Figure 8 a (using
Hellerman wind stress data) and Figure 8 b (using da
Silva wind stress data). Time series of volume transport
(Figure 8 a) indicates that maximum volume transport
from the Pacific Ocean to 10 is from Savu strait
(~6/5 Sv), followed by Timor passage (~3.5/2 Sv) and
Lombook strait (~2/1.75 Sv). This gives a gross volume
transport of ~10/9 Sv, when Hellerman/da Silva wind
stress data were used to force the model. Maximum volume
transport from the Pacific Ocean to the IO was observed
during June-September, i.e. southeast monsoon period.
Model simulation suggests that during the northeast mon-
soon, the ITF reverses its direction, i.e. transport occurs
from the 10 to the Pacific Ocean. This reversal of the
throughflow has also been simulated with varying magni-
tude each year in different modelling studies’. Model
simulations using both wind stress data indicate the gross

CURRENT SCIENCE, VOL. 93, NO. 3, 10 AUGUST 2007
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Figure 7. a, Difference in sea surface salinity (open-closed) for December when forced with Hellerman wind stress climatology.
b, Same as (a) but model forced with da Silva wind stress climatology data. ¢, Difference in sea surface salinity when forced with
different wind stress climatologies (Hellerman—da Silva). d, Difference in wind stress climatology for December (Hellerman—da
Silva).
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Figure 8. Time series of model-computed volume transport from Lombook strait (black line), Savu strait (green line) and Timor passage (yellow
line) and net volume transport from PACIO (red line) when forced with (a) Hellerman winds and (b) da Silva winds.
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volume transport of ~3 Sv through PACIO from the IO to
the Pacific Ocean. However, peaking of the westward
transport (Pacific Ocean to IQ) occurs in June and there-
after remains nearly constant up to August, when Hellerman
wind stress data were used to force the model, whereas a
peak of the westward transport was observed in August
for the da Silva wind stress as surface forcing.

POM has been used to investigate the ITF and its im-
pact on the SIO dynamics. Sensitivity experiments have
also been carried out to investigate the impact of topo-
graphic features on model simulation. It can be concluded
that smoothening of the topography increases the zonal
and meridional integrated volume transport through the
Indonesian region. This change in transport influences the
heat budget of the SIO. It has been observed in this study
that higher volume transport tends to increase the surface
temperature, surface elevation and hence the dynamic
height of the sea surface.

The blockage of throughflow channels has shown a
significant impact on the SIO. It can be concluded from
the study that blockage of the Indonesian channels results
in significant changes in the surface temperature in the
SIO as well as the Pacific Ocean. It is also evident from
study that the blockage of the channels causes 4°C cooling
in the SIO and 2°C warming of the western Pacific
Ocean. It has also been observed that surface wind forcing
has an impact on the model simulation, as a result of sen-
sitivity experiments of wind effect on ocean. However,
the sensitivity study also suggests that there is no correla-
tion with the spatial distribution of the difference between
the two wind climatologies.
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