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[1] During the last glacial period, eustatic lowering of sea level exposed large areas of
continental shelves that are presently submerged. By a series of direct numerical
simulations we investigate the sensitivity of the atmosphere-ocean system to exposure of
the extensive Sunda shelf in the western tropical Pacific. We demonstrate that this specific
forcing factor triggers increased convection and upper level divergence over the shelf
itself, an increased Walker circulation over the far western Pacific, and subsidence over the
central and eastern Pacific that weakens the surface easterlies. A comparison of
atmosphere-only with coupled atmosphere-ocean integrations demonstrates that dynamic
coupling of the ocean enhances the equatorial response, with cooling and drying of the
tropics north and south of the Intertropical Convergence Zone. Exposure of the shelf
therefore represents one mechanism by which glacial climates are affected by eustatic sea
level changes. These changes constitute a fundamental shift in the El Niño background
state. INDEX TERMS: 1620 Global Change: Climate dynamics (3309); 3319 Meteorology and

Atmospheric Dynamics: General circulation; 3339 Meteorology and Atmospheric Dynamics: Ocean/

atmosphere interactions (0312, 4504); 3344 Meteorology and Atmospheric Dynamics: Paleoclimatology;

KEYWORDS: Sunda shelf, tropical climate variability, ENSO (El Niño and La Niña), eustatic sea level, Last

Glacial Maximum, tropical Pacific

Citation: Bush, A. B. G., and R. G. Fairbanks, Exposing the Sunda shelf: Tropical responses to eustatic sea level change,

J. Geophys. Res., 108(D15), 4446, doi:10.1029/2002JD003027, 2003.

1. Background and Introduction

[2] Changes in global mean sea level have played a
fundamental role in determining our planet’s climatic his-
tory and in regulating exposure of land connections between
continents. Not only do these continental gateways control
terrestrial migratory routes [Hallam, 1994], they also con-
tribute to determining the planet’s global mean albedo and
hence the net radiation budget and surface equilibrium
temperature. During glacial periods when sea level is low,
for example, the Indonesian archipelago becomes a unified
landmass through exposure of the massive Sunda shelf
that today lies submerged in approximately 70 meters of
the western Pacific Ocean [Smith and Sandwell, 1997;
Fairbanks, 1989]. This shelf is one of the world’s largest
in areal extent (approximately 2.1 � 106 km2) and stretches
southward from the Indochina peninsula across the equator
to Java.
[3] Stability of tropical temperatures through the last

glacial cycle has been debated extensively [Guilderson et
al., 1994; Stute et al., 1995; Broecker, 1986; Lyle et al.,
1992; Hostetler and Mix, 1999; Lea et al., 2000]. Since the

tropical atmosphere is particularly sensitive to anomalous
heat sources or sinks [Gill, 1980; Keshavamurty, 1982;
Sardeshmukh and Hoskins, 1988], exposure of the Sunda
shelf has the potential to produce strongly nonlocal effects
through the atmosphere’s large-scale Rossby and Kelvin
wave responses. Exposure of the shelf also reduces the areal
extent of the West Pacific Warm Pool and therefore impacts
the amount of available moisture [Pelejero et al., 1999]. The
rapidity with which eustatic sea level changes would cause
flooding or exposure [Fairbanks, 1989, 1990] means that
any climatological changes would occur on the same
timescale as the flooding (as short a time as 300 years
[Hanebuth et al., 2000]) and that they may play an impor-
tant role in governing climatological tropical temperatures
and precipitation patterns [Quinn, 1971; Colinvaux, 1972].
[4] To address this issue, we compared the results of four

numerical simulations. Two simulations were performed
with an atmospheric general circulation model (GCM)
[Gordon and Stern, 1982] with specified sea surface tem-
perature (SST). The first simulation was a control experi-
ment that incorporated modern values of sea level and
continental exposure. Configuration of the second simula-
tion was identical except for the Sunda shelf itself, which
was exposed as a tropical landmass (Figure 1). In reality,
other large continental shelves (such as that in the Gulf of
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Carpentaria) would also be exposed during a eustatic
lowering of sea level. For the purposes of this study the
effect of the Sunda shelf is examined in isolation. However,
in comparing these results to those of the Last Glacial
Maximum (LGM) simulation of Bush and Philander
[1999] it should be kept in mind that all continental shelves
above 120 m depth were exposed in the latter simulation.
[5] The equivalent spatial resolution of the model was

3.75� in longitude and approximately 2� in latitude. There
were 14 levels in the vertical with the lowest level at
approximately 30 meters above the ground and the highest
level at 50 millibars. Global SSTs were prescribed daily
from climatological data [Levitus, 1982] and were the same
in both simulations (except over the Sunda shelf, where SST
is not prescribed in the second simulation). The exposed
shelf was assigned surface albedos equal to the zonal
average of all land point albedos at that latitude. The shelf
therefore has albedo values that are representative of trop-
ical vegetation, and should therefore act as a trigger for
tropical convection. Orbital parameters were set to modern
values in both simulations.
[6] The second two simulations were performed with a

coupled atmosphere-ocean GCM that uses the same atmo-
spheric model but includes a dynamic ocean model [Bush
and Philander, 1999]. Configuration differences between
these two simulations were the same as in the atmosphere-
only cases with the addition that ocean bathymetry in the
Sunda shelf region was also modified to be consistent with
Figure 1. Initial ocean conditions were taken from Levitus
data [Levitus, 1982], and modern orbital forcing is applied.
Time averages shown in subsequent figures were taken from
10 years of the atmosphere-only simulations and from the
last 40 years of the 50-year coupled model integrations.

Adjustment of the tropical atmosphere to the exposed land-
mass occurs very rapidly through the atmospheric Rossby
and Kelvin wave responses (discussion to follow); conse-
quent changes in the tropical Pacific thermocline and SST
evolve through the first ten years of the simulation by the
wind-driven dynamics that govern in this region [Philander,
1990]. Changes in the climatological mean state of the tropics
are statistically significant, by a t test, at more than the 99%
level. Note that the simulations are not capable of determin-
ing the impact of these changes on deep water formation or
benthic currents. Models that focus on the thermohaline
circulation can preclude realistic tropical thermocline pro-
cesses by virtue of the unrealistically high vertical diffusiv-
ities required to produce the global overturning circulation
[Meehl et al., 2001]. In this model we employ a vertical
mixing scheme, based on the Richardson number, that has
been shown to improve tropical climatology and interannual
dynamics by keeping the flow below the mixed layer as
adiabatic as possible [Pacanowski and Philander, 1981].
[7] These sensitivity experiments are designed to deter-

mine, in isolation, the effect of shelf exposure. As such, they
are similar in methodology to the experiments of Broccoli
and Manabe [1987] in which other LGM forcing factors
(ice sheets, carbon dioxide, and land surface albedo) were
determined in isolation. A direct comparison of the follow-
ing results to proxy data is not therefore warranted. How-
ever, comparison to the LGM simulation of Bush and
Philander [1999], in which many forcing factors were at
play (shelf exposure, carbon dioxide, orbital changes, ice
sheets, etc.), allows the relative role of Sunda shelf exposure
in the total tropical climate change to be determined.

2. Results

[8] Exposure of the Sunda shelf triggers similar atmo-
spheric responses in both atmosphere-only and coupled
simulations. In particular, there is enhanced low-level
convergence induced by surface heating over the shelf
itself (Figure 2). Anomalous easterly winds over the
western Pacific (between 135�E and 150�W in the atmo-
sphere-only simulation) are more limited in spatial extent
in the coupled model (110�–130�E) because of the
southerly cross-equatorial flow (from 140�E to 90�W) that
arises from coupled atmosphere-ocean interactions to be
described below.

2.1. Atmospheric Response

[9] Anomalous westerly winds occur over the far eastern
Pacific when the shelf is exposed. These winds are caused
by enhanced subsidence and surface divergence over the
central Pacific, as is seen more clearly in the Walker
circulation anomalies (Figure 3). The Pacific Walker cell
in the (atmosphere-only) control simulation is located
between the longitudes of 120�E and 80�W (Figure 3a;
the stream function definition of the Walker circulation
requires that variables be averaged between 30�S and
30�N, latitudes between which net meridional divergence
is minimal). A difference plot between the atmosphere-only
simulations (Figure 3b) indicates enhanced convection and
uplift over the Sunda shelf near 120�E, stronger upper level
westerlies over the west central Pacific, increased subsi-
dence over the central eastern Pacific around 150�W, and

Figure 1. The continental margins used in the four
experiments. The contour line indicates the modern margin
of the control experiments. Light shading indicates the
margin when the Sunda shelf is exposed.
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anomalous surface westerlies over the far eastern Pacific
(130�–80�W). Near the surface these changes are mani-
fested by stronger trade easterlies over the far western
Pacific and weaker easterlies over the far eastern Pacific
(see Figure 2a). In the coupled model, the same central
Pacific subsidence and low-level westerly wind anomalies
are simulated (Figure 3c). Persistently dry conditions over
the central Pacific during glacial periods have been inferred
from accumulated guano deposits [Quinn, 1971]. Our
results suggest that changes in the mean atmospheric
circulation in response to exposure of the Sunda shelf
contribute to tropical dryness in this area.
[10] A stream function plot of the 200 mb winds in the

control simulation (atmosphere-only) indicates two wave
responses over the West Pacific Warm Pool: two Rossby
wave anticyclones near 140�–150�E; and a nearly equato-
rially symmetric westerly Kelvin wave over the central
Pacific (Figure 4a). In addition, there is a weaker Rossby
wave response to the eastern Pacific cold tongue that gives
the flow cyclonic curvature near 120�W. When the Sunda
shelf is exposed to radiative heating, anomalous upper level
westerlies over the central Pacific are more clearly seen to
be an additional Kelvin wave response (Figure 4b), and
enhanced upper level convergence over the central Pacific
arises from confluence of two anticyclonic circulations (the

additional Rossby wave response) near 140�E (Figure 4b).
It is this convergence and subsidence that produces the
anomalous surface westerlies over the far eastern Pacific
(see Figure 3b).
[11] Diagnosis of the coupled model response indicates

the same Rossby wave features in the upper troposphere
over the Sunda shelf (Figure 4c). The westerly Kelvin wave
response is evident over the Indian Ocean but over the
central eastern Pacific it is dominated by anomalous east-
erlies flowing from the far eastern Pacific; their convergence
near 160�E contributes to the strong subsidence over the
central Pacific (see Figure 3c).

2.2. Tropical Atmosphere-Ocean Interactions

[12] Circulation anomalies over the central eastern Pacific
in the coupled model are associated with SST changes,
which indicate a �0.5 degree warming north of the equator
under the Intertropical Convergence Zone (ITCZ) (Figure 5).
These changes are consistent with an amplification of the
anomalous southerly cross-equatorial winds predicted by
the atmosphere-only simulations over the far eastern Pacific
(Figure 6a). The amplification occurs through coupled
atmosphere-ocean dynamics, and consists of a weakening
of the trade winds north of the equator (because of Coriolis
forces and the fact that the wind anomaly is southerly;

Figure 2. Difference in annual mean 950 mb winds (experiment minus control) for (a) the atmosphere
only simulations and (b) the coupled model simulations. Units are m/s, and vectors are scaled as
indicated.
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Figure 3. (a) Annual mean Walker circulation in the atmosphere-only control simulation (contour
interval is 1011 kg/s). The sign is such that a positive value indicates clockwise circulation in the
longitude-height plane. (b) The difference between the atmosphere-only simulations (experiment minus
control). (c) The difference between the coupled model simulations. The contour interval in Figures 3b
and 3c is 0.1 � 1011 kg/s.
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Figure 6c). Weaker trade winds north of the equator
decrease upwelling and evaporation, leading to warmer
SST (Figure 6d). This cross-equatorial SST anomaly
strengthens the southerly wind anomaly (Figure 6b) and
is therefore a positive feedback [Xie and Philander, 1994;
Chang and Philander, 1994]. The atmospheric anomaly
(see Figure 6a) and establishment of the consequent
coupled atmosphere-ocean anomalies (Figures 6b–6d) are
consistent with the westward control dynamics described
by Xie and Saito [2001] in which atmospheric Rossby
waves propagate the anomaly westward and induce a
cross-equatorial SST anomaly. In the coupled model
simulations, the SST anomaly that develops in the eastern
Pacific after two years of model integration propagates
westward (Figure 7) at approximately 1 cm/s and is
correlated with positive southerly wind anomalies. The
initial atmospheric changes over the eastern Pacific are a
nonlocal effect of upper level convergence over the central
Pacific which is, in turn, caused by the upper troposphere’s

response to exposure of the Sunda shelf. Coupled dynamics
then propagate this signal back to the western Pacific to
produce the new climatology.
[13] In the atmosphere-only integration, enhanced con-

vection over the exposed shelf moistens the equatorial
troposphere (Figure 8a) through enhanced evaporation of
western Warm Pool and Indian Ocean water by strong
convergent surface winds. In the coupled model, however,
SST cooling south of the equator reduces evaporation to the
extent that there is a net drying of the lower tropical
atmosphere (Figure 8b). In a global mean, specific humidity
changes are on the order of a percent, with a �1% drying in
the coupled model when the shelf is exposed and a �0.14
degree cooling of the tropical troposphere between 30�S and
30�N. This decrease in global atmospheric water content is
not of sufficient magnitude to explain the 10% decrease in
the hydrological cycle observed in a simulation of the LGM
[Bush and Philander, 1998, 1999], but exposure of the shelf
is nevertheless one contributing factor to the reduction of

Figure 4. (a) Stream function plot of the annual mean winds at the 200 mb level in the atmosphere-only
control simulation. (b) The stream function difference between the atmosphere-only simulations
(experiment minus control). (c) The stream function difference between the coupled model simulations.
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tropical water vapor. Other factors that lead to cooling and
drying of the tropics are atmospheric CO2, continental ice
sheets, and changes in the mean state of the tropical Pacific
thermocline.

2.3. Salinity Changes

[14] Exposure of the Sunda shelf therefore increases
convection over Indonesia, strengthens the trade easterlies
over the far western Pacific, and modifies convection over
the Western Warm Pool. In the coupled model simula-
tions, this changes the net freshwater flux and surface
salinity of the oceans (Figure 9). When the shelf is
exposed, there are decreased salinities over much of the
tropical Pacific from the equator to �15�N (consistent
with warmer SST and increased precipitation in the ITCZ)
and increased salinities over most of the Pacific south of
5�S (consistent with cooler SST and increased evapora-
tion). Increased salinities at two times of shelf flooding
(�15 ka and �11 ka) have been inferred from at least one
South China Sea core [Pelejero et al., 1999]. Although in
these simulations there is very little change in salinity in
the South China Sea, many other regions surrounding the
shelf experience a salinity increase when the shelf is
submerged. Large amounts of precipitation over the ex-
posed Sunda shelf produce increased riverine flux of
freshwater into the Philippine Sea, the Bay of Bengal,
and the Arafura Sea. Flooding of the shelf removes this
freshwater source and increases sea surface salinities
around the shelf margin.

2.4. Interannual Variability

[15] Changes in the mean state of the tropical Pacific
atmosphere-ocean system should impact the period of
interannual variability [Fedorov and Philander, 2000]. El
Niño and La Niña episodes are defined as periods for which
the 5-month running mean SST anomalies in the Niño 3.4
region (5�S–5�N; 120�–170�W) are, respectively, 0.4�
above or below the climatological mean for a period of at

least 6 months. By this definition, the coupled model
exhibits an average period of 3.1 years for El Niño episodes
when the shelf is submerged and the trade easterlies are
strong; when the shelf is exposed and the trades over the
eastern Pacific relax, an average period of 4.1 years is
simulated. Lengthening of the period between El Niño
events when the mean trade wind strength is reduced is
generally consistent with results from a sensitivity analysis
of the Pacific’s neutral stable mode of oscillation [Fedorov
and Philander, 2000]. A comparison of variances of the
Niño 3.4 SST anomaly indices using an F test [Press et al.,
1992] indicates a variance increase of 10% when the shelf is
submerged and El Niño (ENSO) events are more frequent.
A caveat to these results is that ENSO statistics will also be
influenced by multidecadal variability that is not so well
captured in these simulations.

3. Discussion and Conclusions

[16] Exposure of the Sunda shelf therefore impacts tropi-
cal circulation not only over the western Warm Pool but
over the entire tropical Pacific. Convective activity is
enhanced over Indonesia and reduced over the Warm Pool.
The dynamical response to this new site of convection
impacts the upper tropospheric circulation both locally
and nonlocally. Changes in the mean circulation are in
response to anomalous upper tropospheric divergence above
the shelf. Near the surface, these changes are characterized
by stronger easterly trade winds over the Western Warm
Pool and weaker trades over the eastern Pacific. The latter
change is a consequence of upper tropospheric convergence
and subsidence over the central Pacific.
[17] Increased upwelling and cooler SSTs during glacial

times have been suggested for the waters surrounding
Nauru (0�320S, 166�550E), Ocean (0�520S, 169�350E), and
the Purdy Islands (2�550S, 146�250E) and, in combination
with persistently drier conditions, were responsible for the

Figure 5. Difference in annual mean SST in the coupled model simulations (experiment minus control).
The contour interval is 0.1�C.
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Figure 6. (a) Difference in meridional wind speed over the eastern Pacific (240�–290�E) in the
atmosphere-only simulations. (b) Difference in meridional wind speed in the coupled model, averaged
over the central east Pacific (220�–290�E). (c) Difference in zonal wind speed in the coupled model,
averaged as in Figure 6b. (d) Difference in SST in the coupled model, averaged as in Figure 6b. All
differences are experiment minus control. Units are m/s in Figures 6a–6c and �C in Figure 6d.
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Figure 7. Time versus longitude plot of the difference (experiment minus control) in meridional SST
gradient averaged from 5�S to 5�N. The starting time shown corresponds to 2 years after the start of the
simulation. Westward propagation of the anomaly is similar to that described by Xie and Saito [2001].

Figure 8. Difference in zonal mean specific humidity between (a) the atmosphere-only simulations and
(b) the coupled model simulations. Units are 10�4 gm/gm, and contour interval in is 5 � 10�5.
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Figure 9. Difference in annual mean SSS in the coupled model simulations (experiment minus control).
Units are PSU, and contour interval is 0.2 PSU.
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formation of extensive phosphate deposits on these islands
[Quinn, 1971]. These simulations demonstrate that exposure
of the Sunda shelf contributes approximately 10% to the
total cooling and drying simulated in the tropical Pacific by
Bush and Philander [1999]. In comparison to the sensitivity
tests by Broccoli and Manabe [1987], the impact of Shelf
exposure on tropical climate is therefore comparable to the
impact of LGM land surface albedo on global climate.
Exposure of the large continental shelf in the region of
the Gulf of Carpentaria during glacial climates would likely
add to these changes.
[18] Results therefore imply that a component of tropical

cooling and drying during glacial cycles may be attributed
to exposure of the Shelf. Periodic exposure and submer-
gence of the expansive Sunda shelf therefore represents one
important mechanism by which the growth and decay of
northern hemisphere ice sheets imparts Milankovitch cli-
mate cycles to the tropical climate system. In addition, these
changes constitute a fundamental shift in the ENSO back-
ground state.
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