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a b s t r a c t

The Indo-Pacific Warm Pool (IPWP) is the largest source of atmospheric heating and moisture on Earth,
energizing the global moisture and energy budgets and controlling global ocean-atmosphere circulation.
However, the mechanisms driving orbital-scale changes in hydroclimate and proxy records of precipi-
tation isotopic composition remain poorly known. Here, we use the isotope-enabled Transient Climate
Evolution (iTRACE) experiment to investigate long-term hydroclimate and precipitation isotope changes
in the IPWP during the last deglaciation, and their response to different climate forcings (sea level and ice
sheet, greenhouse gases, orbital forcing, and meltwater flux). The simulations suggest land-sea config-
uration as the main factor driving long-term hydroclimate and precipitation isotope changes. The
exposure of NW Australian shelf (before 14 ka) excited Bjerknes feedbacks across the equatorial Indian
Ocean (IO), leading to a warm/wet western IO and cool/dry eastern IO dipole pattern, with overall drying
and more enriched precipitation isotopic compositions over the Maritime Continent. However, the
exposed Sunda Shelf and the main body of Sahul Shelf (before 12 ka) experienced locally dry conditions
but more depleted precipitation isotopic compositions. Greenhouse gases and orbital forcing contribute
to a weaker hydroclimate dipole pattern that opposes the effects of NW Australian shelf exposure.
Different regions within the IPWP have different simulated sensitivities to these forcings. The hetero-
geneous responses of precipitation to different forcings across the Maritime Continent and location-
dependent relationships between precipitation and its isotopic composition result from a variety of
regional climatological processes and may explain the heterogeneity of isotopic records of hydroclimate
around the IPWP.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The Indo-Pacific Warm Pool (IPWP) is the major source of heat
ironment and Society, Brown
and moisture to the Earth's atmosphere. Intense atmospheric
convection over the IPWP energizes the Earth's moisture and en-
ergy budgets, drives global ocean-atmosphere circulation, and
therefore exerts significant influence on global climate (Chiang,
2009). Despite the global importance of the IPWP, past hydro-
climate variations and their associated climate forcings remain
unclear. The last deglaciation was an interval of global warming
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from the end of the Last Glacial Maximum (LGM) to the early Ho-
locene, when changes in insolation triggered large shifts in the
Earth's climate, ice sheets, atmospheric greenhouse gas concen-
trations (GHGs), and other associated feedbacks (Clark et al., 2012).
Understanding how these climate forcings and feedbacks influence
long-term hydroclimate changes in the IPWP during the deglacia-
tion will shed light on regional and global climate dynamics.

Paleoclimate modeling studies suggest that a variety of forcings
could have influenced IPWP hydroclimate during the last deglaci-
ation, including changes in global temperature and atmospheric
greenhouse gases (GHGs) (Boos, 2012), orbitally-forced insolation
(Clement et al., 2004), high-latitude ice sheet forcing (Chiang and
Bitz, 2005), and inundation of Sunda and Sahul shelves due to
rising sea level (Di Nezio et al., 2016; DiNezio et al., 2011, 2018;
DiNezio and Tierney, 2013). Proxy records based upon the oxygen
and hydrogen isotopic composition of precipitation (d18Oprecip,
dDprecip) preserved in marine and terrestrial paleoclimate archives
(e.g. speleothems and lake sediments) have been used to infer
hydroclimate variations and test the IPWP response to these forc-
ings (Fig. 1). However, precipitation changes inferred from these
isotope records exhibit considerable heterogeneity (Fig. 2). Isotopic
shifts recorded from the northern and southern peripheries of the
Australian-Indonesian monsoon domain suggest changes in local
insolation driven by orbital precession as the dominant control on
precipitation (Ayliffe et al., 2013; Meckler et al., 2012). A multiproxy
record off southwestern Sumatra suggests the exposure of the
IPWP shelves triggered regional drying, potentially due to changes
in the Walker circulation across the Indian Ocean (IO) (Windler
et al., 2019, 2020). Speleothem records from southwest Sulawesi
(Fig. 2b) and western Flores indicate depleted precipitation iso-
topes during the early Holocene relative to the LGM, also attributed
to flooding of Sunda and Sahul shelves (Griffiths et al., 2009; Krause
et al., 2019). In contrast, precipitation reconstructions based on leaf
wax dD preserved in marine sediment off NW Sumatra suggest
Fig. 1. Map of Maritime Continent showing the location of selected previously published
northwest Sumatra (Niedermeyer et al., 2014), leaf wax dD from Lake Towuti (Konecky et al
(Krause et al., 2019), and speleothem d18O from Flores (Ayliffe et al., 2013). The location of

2

little change in rainfall between the LGM and the Holocene (Fig. 2e)
(Niedermeyer et al., 2014), or even increased rainfall during the
LGM compared to the late Holocene (Mohtadi et al., 2017). Isoto-
pically depleted precipitation during the LGM recorded from
offshore East Java (Fig. 2f) (Ruan et al., 2019) and Lake Towuti in
eastern Sulawesi (Fig. 2d) (Konecky et al., 2016) are inferred to
indicate monsoon intensification and/or seasonal precipitation
changes.

The discrepancy among these water isotope records could
reflect variable regional sensitivities to different climate forcings.
However, the heterogeneous isotopic responses preserved in
isotope records (e.g. speleothem d18O and leaf wax dD) stand in
contrast to widespread LGM drying over IPWP inferred from a va-
riety of other geological and paleocological proxies (e.g. lake level,
charcoal, and pollen), especially over the central Indonesia (DiNezio
and Tierney, 2013; DiNezio et al., 2018; Reeves et al., 2013; Russell
et al., 2014). Moreover, many of the isotopic records infer changes in
precipitation amount in this region based upon the “amount effect”
(Dansgaard, 1964; Rozanski et al., 1993), which describes a range of
processes that result in depleted d18Oprecip and dDprecip values with
increased precipitation (Emile-Geay et al., 2017; Konecky et al.,
2019). Modern observations do show a negative correlation be-
tween precipitation isotopic composition and amount at many lo-
cations in the IPWP (e.g. Kurita et al., 2009), but both observations
and modeling studies suggest that moisture source also has
important influence on d18Oprecip in IPWP. For example, Konecky
et al. (2016) reported more depleted dDprecip recorded from Lake
Towuti sediments during the LGM dry condition and suggested that
this resulted from intensified Australian-Indonesian summer
monsoon circulation, which brings D-depleted precipitation to this
region in the present day. However, the impacts of moisture source
and amount effects on d18Oprecip and dDprecip records remains
difficult to constrain from proxy reconstructions alone.

Here we investigate hydroclimate and water isotope changes in
proxy records: speleothem d18O from Borneo (Partin et al., 2007), leaf wax dD from
., 2016), leaf wax dD from east Java (Ruan et al., 2019), speleothem d18O from Sulawesi
Sunda, Sahul, and NW Australian shelves are also shown.



Fig. 2. (a)e(f) Selected published isotope records from the Maritime Continent and
(g)e(h) potential climate forcings since the Last Glacial Maximum. (a) Speleothem d18O
from Borneo (Partin et al., 2007). (b) Speleothem d18O from Sulawesi (Krause et al.,
2019). (c) Speleothem d18O from Flores (Ayliffe et al., 2013). (d) Leaf wax dD from
Lake Towuti (Konecky et al., 2016). (e) Leaf wax dD from northwest Sumatra
(Niedermeyer et al., 2014). (f) Leaf wax dD from east Java (Ruan et al., 2019). (g) Sea
level reconstruction (Lambeck et al., 2014) and radiative forcing from greenhouse gases
(Schilt et al., 2010). (h) Continental shelf exposure area calculated from glacial isostatic
adjustment simulations for Sahul and Sunda shelves, respectively (Pico et al., 2020). (i)
December 21 insolation at 15� S, and July 21 insolation at 15� N. According to the
“amount effect”, more depleted isotope values correspond to wetter condition and vice
versa. Note all d18O and dDprecip values have been corrected for changes due to global
ice volume.
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the IPWP during the last deglaciation (20 ka-11 ka) in response to
climate forcings in the isotope-enabled Transient Climate Evolution
(iTRACE) experiment and diagnose their responses to sea level and
ice sheet, GHGs, orbital, and meltwater forcings. iTRACE is the first
fully coupled, stable water isotope-enabled transient simulation of
the last deglaciation, and we use these simulations to assess po-
tential responses of precipitation, d18Oprecip, and dDprecip to degla-
cial climate forcings. We do not present a full data-model
comparison, which will be the subject of a future paper, but this
3

work nevertheless reveals the implications of precipitation isotope
records and therefore provides a potential framework for inter-
preting these records over the IPWP.
2. Model simulations

iTRACE is the first transient simulation of the evolution of global
climate and water isotopes during the last deglaciation (He et al.,
2021). iTRACE is conducted with the isotope-enabled Community
Earth System Model version 1.3 (iCESM) (Brady et al., 2019), which
is composed of Community Atmosphere Model version 1.3
(CAM5.3), the Community Land Model version 4 (CLM4), Parallel
Ocean Program version 2 (POP2), and Los Alamos Sea Ice Model,
version 4 (CICE4). The model simulated the d18Oprecip, which we
convert to dDprecip assuming the present-day meteoric water line.
The precipitation and water isotope simulations of iCESM have
been validated against modern observations at a global scale (Brady
et al., 2019; Nusbaumer et al., 2017; Wong et al., 2017). A compar-
ison of the simulations with precipitation and precipitation isotope
observations across theMC suggests iCESM successfully capture the
large-scale features of precipitation and water isotopes in this re-
gion, particularly changes associated with seasonal shifts of the
monsoon and intertropical convergence zone (Fig. S1 and S2).
CESM also realistically simulates LGM precipitation and SST in the
IPWP (Zhu et al., 2017; DiNezio et al., 2018; Thirumalai et al., 2019),
and therefore provides a unique opportunity for studying glacial-
interglacial water isotopes and hydroclimate changes.

The simulations start from the LGM (20ka) and end at early
Holocene (11ka). Four forcing factors (ICE, ORB, GHG, andMWF) are
applied additively, allowing us to approximate the effect of single
forcings by comparing different simulations. Continental ice sheet
configuration follows the ICE-6G reconstruction (Peltier et al., 2015)
and was modified every 1000 year; GHGs concentrations (CO2, CH4,
N2O) were prescribed based on ice-core reconstructions (Lüthi
et al., 2008; Petit et al., 1999; Schilt et al., 2010); meltwater flux is
approximately consistent with sea level reconstructions and fol-
lows the scheme used in TRACE-21ka (Liu et al., 2009) (see He et al.,
2021 for details of forcings). The baseline simulation is integrated
with changing ice sheets and ocean bathymetry (ICE). Orbital
forcing was additively applied (ICEþ ORB), followed by greenhouse
gas (ICE þ ORB þ GHG). Meltwater fluxes were introduced to
generate a full forcing simulation (ICE þ ORB þ GHG þ MWF). The
simulated responses to these forcings are not linearly additive, but
the effect of single forcings can be approximated by subtracting the
sensitivity experiments from each other as follows: the ice sheet
and bathymetric effect (ICE simulation), the orbital effect
(ICE þ ORB simulation e ICE simulation), the GHG effect
(ICE þ ORB þ GHG simulation e ICE þ ORB simulation), and the
meltwater effect (iTRACE e ICE þ ORB þ GHG simulation).

The ocean bathymetry was changed at 14 ka and 12 ka based on
the global sea level changes implied by the ICE-6G model (Peltier
et al., 2015) applied to the present-day sea-floor topography
(Fig. 3). At 14 ka, the NWAustralia shelf was inundated (Fig. 3b and
e), as was the North Sea, Barents Sea and Kara Sea (Hughes et al.,
2016). At 12 ka, the Sunda and Sahul shelves, which are shallower
than the NW Australian shelf (Liu et al., 2016; Sathiamurthy and
Voris, 2006) were inundated (Fig. 3c and f), and the Bering Strait
was partly opened (Fig. 3c and d). To test the climate response to
individual changes in ice sheet and bathymetry, sensitivity exper-
iments were performed at 14ka and 12ka inwhich the ice sheet and
bathymetry were changed separately. In iTRACE, the exposed
Sunda and Sahul shelves are covered by a mix of C3 grass and
tropical forest.



Fig. 3. Model boundary conditions representing the sea level changes during the last deglaciation in iTRACE. Atmosphere model land fraction used at (a) 20 ka, (b) 14 ka, and (c) 12
ka. Ocean model bathymetry used at (d) 20 ka, (e) 14 ka, and (f) 12 ka. K index of deepest grid cells on T grid ¼ 0 indicates surface land points.
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3. Results and discussion

3.1. Changes in precipitation and isotopic compositions during the
last deglaciation

Simulated changes in mean annual precipitation during the last
deglaciation (20 ka minus 11 ka anomalies) exhibit generally dry
conditions over theMC, especially off the coast of Sumatra and Java,
Sunda and Sahul shelves (Fig. 4a). However, the deglacial changes
(20 ka minus 11 ka) in simulated annual dDprecip exhibit a large-
scale SW-NE dipole structure: D-enriched precipitation is concen-
trated over the eastern IO, including Sumatra, Java, and Flores,
whereas the western Pacific received D-depleted rainfall, especially
in Papua New Guinea, the Sahul Shelf, North Australia, and
Fig. 4. Simulated changes of annual (a) precipitation, (b) dDprecip, (c) w (vertical velocity) at 5
to 11 ka (20 ka minus 11 ka) in iTRACE.
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westward to the Sunda Shelf (Fig. 4b). These distinct spatial pat-
terns in the simulated deglacial mean annual precipitation and its
isotopic composition changes were also observed from Empirical
Orthogonal Function (EOF) analysis. The leading PC (PC1) of the
mean annual precipitation explains 42.5% of the total variance
(Fig. 5a) and its spatial pattern largely resembles that of the 20e11
ka precipitation anomalies (Fig. 4a). Regions with positive loading
on PC1 are concentrated over the tropical eastern Indian and Sunda
shelf, and extend eastward to western Borneo, Northern Sulawesi,
and Papua New Guinea (Fig. 5a). The time series of PC1 scores in-
dicates that generally dry conditions over the MC during the LGM
were followed by a gradual transition towards wetter conditions
before two-step abrupt shifts toward wetter conditions occurred
around 14ka and 12ka (Fig. 5b). Meanwhile, the western equatorial
00 hPa level, and (d) surface temperature and surface winds at 850 hPa level from 20 ka



Fig. 5. Principal component analysis of annual dDprecip and annual precipitation from 20 ka to 11 ka in iTRACE. (a) The loading pattern and (b) time series of the first PC of annual
precipitation. (c) and (d) same as (a) and (b) expect for annual dDprecip. The black dashed lines in (b) and (d) show the total land fraction in the Maritime Continent in iTRACE change
at 14 ka and 12 ka.
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Pacific side of the IPWP loads negatively on PC1, indicating a gen-
eral drying trend during the last deglaciation. Regardless, the
simulations predict the MC becomes wetter during the deglacia-
tion. Again, however, the PC1 of the decadal mean annual dDprecip
(explains 48.9% of the total variance) shows a SW-NE spatial
pattern similar to that of the dDprecip anomalies during the last
deglaciation (Fig. 5c), with positive loading over the eastern IO and
widespread negative loading over the western Pacific. Regions with
positive loadings are characterized by D-enriched precipitation 20
kae16 ka, followed by a gradual trend between 16 ka and 14 ka, and
an abrupt transition to more D-depletion about 14 ka (Fig. 5d). The
temporal evolution and EOF pattern of the simulated Dprecip is
generally consistent with that of the proxy records over the MC
region (Fig. S3).

The large-scale SW-NE dipole structure in the dDprecip anomalies
(Fig. 4b) is associated with increased moisture convergence over
the western Pacific and anomalous divergence in the eastern IO, as
indicated by the vertical velocity (u) anomalies in Fig. 4c.
Converging moisture tends to be more D-depleted due to the
rainout of heavy isotopes along themoisture trajectories (Galewsky
et al., 2016; Konecky et al., 2019), whereas in divergence regions,
the drier climate favors rain re-evaporation that removes lighter
isotopes and therefore causes D-enriched precipitation. Taken
together, the simulated precipitation enrichment over the eastern
IO could be associated with the regional divergence anomalies
indicated by increased subsidence (more positive u), while the
depleted precipitation over the north equatorial western Pacific is
likely related to the regional increased moisture convergence
revealed by negative u anomalies.

In addition, the distinct EOF patterns (Fig. 5) and deglacial
anomalies (Fig. 4) of the simulated mean annual dDprecip and pre-
cipitation indicate that the precipitation isotopes in the IPWP
during the last deglaciation are influenced by processes other than
local precipitation amount effects, and that the mechanisms con-
trolling isotopic change could be location-dependent. Modern ob-
servations have demonstrated that precipitation isotopes in the
IPWP can be influenced by a variety of processes including rainfall
amount, moisture sources, and regional convection (Cobb et al.,
2007; Moerman et al., 2013; Wurtzel et al., 2018). These pro-
cesses can lead to locally and temporally variable relationships
between d18Oprecip and local precipitation amount during some
seasons, and/or stronger correlation between precipitation and its
5

isotopic composition across broader time and spatial scales
(regional amount effect) (Aggarwal et al., 2016; Fudeyasu et al.,
2011; Konecky et al., 2019). Modern precipitation isotopes in
northwest Sumatra are strongly affected by moisture originating
from the eastern IO (Wurtzel et al., 2018) (Belgaman et al., 2017). In
our simulations, the dDprecip enrichment during the LGM over the
eastern IO (Fig. 4b) is accompanied by anomalously dry condition
(Fig. 4a), reduced ascension (more positive u, Fig. 4c), and anom-
alous equatorial westerlies, indicating reduced convection and
consequent reduced precipitation could contribute to more
enriched dDprecip in this region, following the classic amount effect
relationship. On the other hand, the dDprecip enrichment in south-
ern MC around Savu Sea could be associated with the more D-
enriched moisture source from the eastern IO delivered by south-
westerly winds.

Conversely, in the present-day climate of northern Borneo and
northwest Sumatra, moisture sources shift between the South
China Sea (boreal winter) and Java Sea (boreal summer) associated
with latitudinal movement of the ITCZ (Moerman et al., 2013), yet
regional convective activity and precipitation amount (regional
amount effect) is thought to explain rainfall isotope variability on
longer time scales (Cobb et al., 2007; Moerman et al., 2013;Wurtzel
et al., 2018). In our simulations, anomalously dry conditions
(Fig. 4a), cooling (Fig. 4d) and increased subsidence indicated by
more positiveu change are observed over Sunda and Sahul Shelves,
but the corresponding dDprecip is more depleted in these regions
(contrary to the amount effect) suggesting processes associated
with shelf exposure contribute to the dDprecip depletion (discussed
in detail in Section 3.3). These processes also affect the simulated
d18Oprecip, and dDprecip on adjacent islands such as Borneo.

Precipitation variations in southern and central MC in the pre-
sent day are largely controlled by the Australian-Indonesian
monsoon (Belgaman et al., 2017; Griffiths et al., 2009), and
exhibit more depleted precipitation isotopes in the wet season
(December toMay) andmore enriched isotopic signal in dry season
(June to November) (Belgaman et al., 2017; Griffiths et al., 2009). In
the iTRACE simulations, D-enrichment in the southern MC gener-
ally does correspond to lower precipitation amounts. However, the
Australian-Indonesian summer monsoon was intensified during
the LGM, indicated by the anomalous northwesterlies during DJF
over the central IPWP (Fig. S4). The intensified Australian-
Indonesian summer monsoon circulation, combined with
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stronger moisture convergence in the central MC (indicated by
more negative u) appears to drive D-depleted precipitation in this
region during the LGM despite lower precipitation amounts
(Fig. S4), as suggested by Konecky et al. (2016). On the other hand,
the D-depleted rainfall over the west Pacific (north of Papua and
east of Sunda Shelf) could be associated with regional increases in
moisture convergence indicated by more negative u (Fig. 4c). Thus,
the simulations suggest highly variable relationships between
precipitation amounts and isotopic compositions, with (regionally)
strong effects of shelf exposure on these relationships.

3.2. Response to climate forcings

In the ICE þ ORB þ GHG simulation, the precipitation and
isotope changes across the tropical domain exhibits a strong dipole
patterns across the IO. The amplitude of precipitation changes is
particularly strong over the MC relative to other tropical regions,
and the strong zonal gradients that develop over the IO stands in
contrast to more meridional patterns observed over the tropical
Atlantic and Pacific (Fig. 6). These features suggest either unique
simulated responses of MC precipitation to global climate forcings
during the last deglaciation, or strong regional responses to unique
regional forcings e likely responses to MC shelf exposure (e.g.
DiNezio et al., 2018). To further explore this question, we calculated
the precipitation and dDprecip anomalies at 20 ka relative to 11 ka
(20 ka minus 11 ka) in ICE, GHG, and ORB simulations, respectively
(Fig. 7). MW also contributed to the precipitation and dDprecip
anomalies during the last deglaciation, but the difference in melt-
water flux forcing and associated strength of AMOC at 20 ka and
11ka is relatively small, so the corresponding response is not dis-
cussed in detail in this section.

The ICE simulation (Fig. 7c and d) exhibits a similar spatial
pattern of precipitation and dDprecip anomalies to the full forcing
simulation (Fig. 7a and b), with aridity and dDprecip enrichment over
the eastern IO, and depletion with wetter condition over the
western Pacific. The influence of GHG and ORB forcings is weaker
(Fig. 7eeh), and both simulate wet conditions in the tropical
eastern IO, in contrast to the dry conditions in the ICE and
ICEþ ORBþ GHG simulations. This suggests that the forcings in the
ICE simulations primarily explain the simulated deglacial precipi-
tation and dDprecip variations across the IPWP. As in the full forcing
experiments, the precipitation isotopic compositions in response to
single forcing also exhibit regionally variable changes that, in many
cases, do not follow the local “amount effect”.

GHG forcing leads to modest precipitation change over the MC,
whereas wetter and drier conditions dominate the eastern IO and
western Pacific, respectively (Fig. 7e). The Walker circulation over
the IO strengthened in response to lower GHGs during the LGM,
evidenced bywesterly anomalies along the equatorial IO and cooler
western IO relatively to the eastern IO (Fig. S5d). Stronger
Fig. 6. Simulated precipitation (a) and dDprecip (b) changes in ICE þ ORB þ GHG
simulation across the tropical domain.
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ascending motion (more negative u, Fig. S5c) over the eastern IO
explains thewetter conditions withmore depleted dDprecip over the
eastern IO, whereas enhanced subsidence (more positive u,
Fig. S5c) occurs alongside drying and dDprecip enrichment over the
western IO and equatorial East Africa (Fig. S5a). This response to
lower GHGs is consistent with previous simulations, which show
anomalous westerlies along the equatorial IO, accompanied by
suppressed equatorial upwelling and deeper thermocline in the
east IO during the LGM (Otto-Bliesner et al., 2014; DiNezio et al.,
2018). The stronger IO Walker circulation at 20 ka could also be
associated with northerly wind anomalies in the northwestern IO
caused by an enhancedMediterranean/Arabian anticyclone, as seen
in previous simulations (Otto-Bliesner et al., 2014). In the TraCE-21
simulation used by Otto-Bliesner at al. (2014), continental cooling
in North Africa and the Arabian Peninsula in response to lower GHG
concentrations intensifies the Mediterranean/Arabian anticyclone.
The consequent northerly wind anomalies advect cool/dry air to
the western IO, and the reduced SST over the western IO increases
the zonal SST gradient across the IO, contributing to a stronger IO
Walker circulation (Fig. S5). While this mechanism appears to
operate in our simulations, only modest precipitation change was
simulated over the tropical eastern IO in response to GHG forcing
(Fig. 7e and S5a). This small response might be due to decreased
atmospheric moisture content in the simulation (indicated by
reduced specific humidity in Fig. S5e) in response to colder surface
temperature at LGM (following the Clausius-Clapeyron relation-
ship), which partially compensated for the influence of strength-
ened ascending motion over this region, as suggested by Cao et al.
(2019). Additionally, the enhanced regional deep convection (more
negative u) over the MC caused by strengthened Walker circula-
tion, combinedwith reduced specific humidity should contribute to
more depleted dDprecip (Fig. S5b-2e) despite slightly drier condi-
tions (Fig. S5a). On the other hand, the precipitation reduction and
dDprecip enrichment observed over the equatorial western Pacific
Ocean (150e180�E, Fig. 7e, Fig. S5a and S5c) is consistent with the
anomalous subsidence indicated by anomalous easterly wind and
more positive u over the western equatorial Pacific (Fig. S5a and
S5c).

The ORB forcing contributes to a meridional precipitation
gradient over the MC. Sumatra, Borneo, and northern Sulawesi
were dominated by drying, whereas wet conditions developed over
the southeastern IO extending to Java and Flores (Fig. 7g and h). The
spatial pattern of dDprecip anomalies in response to ORB forcing
were generally consistent with that of precipitation, following the
amount effect, except for dDprecip enrichment in the northeastern IO
and slightly depleted dDprecip in southern Borneo and Sulawesi. The
anomalous NH summer cooling at LGM driven by precessional
forcing is expected to weaken the ascending branch of the SH
Hadley cell and cross-equatorial winds (McGee et al., 2014).
Meanwhile, the reduced NH summer ocean-continent temperature
gradient during the LGM tends to weaken the Asian summer
monsoon (Cheng et al., 2012). These changes would contribute to
decreased summer (JJA) precipitation in the northernMC, including
Borneo, Sumatra, and Sulawesi (Fig. 7g, S6). However, in our sim-
ulations, ORB forcing produces zonal precipitation and precipita-
tion isotope changes as well. The weakened SH Hadley cell across
the equatorial Indo-Pacific Ocean leads to a northwesterly anomaly
over the equatorial Indo-Pacific Ocean (Fig. S6c-3d), which together
with the zonal surface temperature gradient (warmer western IO
and cooler eastern IO), indicates stronger Walker circulation along
the equatorial IO (Fig. S6). This explains the wetter conditions
observed over the southeastern IO off Java. This response to orbital
forcing is also supported by the opposite atmospheric responses
(strengthened southeasterly over the equatorial Indo-Pacific Ocean
and stronger Asian summer monsoon) simulated for the mid-



Fig. 7. Changes of annual precipitation (left) and annual dDprecip (right) from 20 ka to 10 ka (20 ka minus 11 ka) in (aeb) fullforcing run, (ced) ICE run, (eef) GHG effect, and (geh)
ORB effect. Differences insignificant at the 95% confidence level according to the Student's t-test are dotted.
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Holocene, when NH summer insolation increased (Bosmans et al.,
2012; Tian et al., 2018).

This analysis demonstrates that both GHGs and ORB forcing
contribute to a stronger Walker circulation along the equatorial IO
during the LGM relative to the early Holocene, resulting in a wetter
eastern IO and drying in the western IO. However, these responses
are opposite to the dry conditions over the eastern equatorial IO
and MC apparent in the ICE simulation, which further appears to
dominate the responses in the full-forcing simulation (Fig. 7aed).
This result indicates that sea level and/or ice sheet changes mainly
control the changes in precipitation and isotopic responses across
the IO in the iTRACE simulation.

3.3. The influence of shelf exposure

The ICE experiment in iTRACE integrated changes in ice sheets
and sea level, both of which could affect hydroclimate changes over
the MC during the deglaciation. A number of previous studies have
suggested changes in land-sea configuration due to sea level fluc-
tuation as the main control on the glacial-interglacial precipitation
changes across the IO (DiNezio et al., 2011, 2018; DiNezio and
Tierney, 2013; Windler et al., 2019, 2020). DiNezio et al. (2013,
2016, 2018) proposed that the exposure of Sahul Shelf due to lower
LGM sea level excited a positive ocean-atmosphere feedback along
the equatorial Indian Ocean, involving a stronger surface temper-
ature gradient and a weaker Walker circulation, which was
7

responsible for the drier western IO and wetter eastern IO dipole
pattern. Changes in ice sheet albedo/topography during the LGM
have also been reported to impact tropical hydroclimate changes by
modulating the intensity of the Indian monsoon (DiNezio et al.,
2018) and influencing the latitudinal position of ITCZ and
strength of Hadley cell (Lee et al., 2015), respectively. It remains
unclear whether proxy reconstructions fully support these simu-
lations, as the timing (e.g. Russell et al., 2014) and sign (e.g. Mohtadi
et al., 2017) of reconstructed hydroclimate changes in many records
contradicts these simulations. Here we examine the mechanisms
and isotopic signals associated with ICE and ocean bathymetric
changes to help guide future reconstructions and data-model
comparisons.

The global mean sea level rises by approximately 80 m between
the LGM and 11 ka due to the decay of ice sheets (Clark et al., 2012).
The relatively low sea level at LGM exposed the Sunda Shelf,
currently located underneath the Gulf of Thailand, the South China
Sea, and Java Sea, as well as the Sahul Shelf, the continental shelf
extending from the northwestern coast of Australia to the island of
New Guinea underneath the Gulf of Carpentaria and the Timor Sea
(Fig. 1). In iTRACE, the sum of land fraction in the MC (16�S-8�N,
90�E-160�E) decreased modestly from 30% to 26% from LGM to 14
ka (Fig. 3b and e), and dropped again to 18% at 12ka (Fig. 3c and f).
At 14ka, seawater inundated the NW Australian Shelf, which pres-
ently has depth exceeding 65 m, whereas the main parts of Sunda
and Sahul shelves remained exposed until their submergence after
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12ka (Fig. 3). In contrast, topography of ice sheets was modified
every 1000 years, following the ICE-6G configurations.

The leading PCs of precipitation and dDprecip exhibit a pro-
nounced shift at 14 ka (Fig. 5c and d). These results alongside the
similarity of the spatial responses in the ICE and full-forcing ex-
periments suggest sea level change and associated shelf exposure
are the first order control of the simulated precipitation and iso-
topic composition changes in the MC. However, continental ice
sheets in ICE simulation were also modified at 14 ka, and tropical
precipitation may exhibit highly non-linear responses to ice sheet
configuration (Lee et al., 2015). To test the contribution of shelf
exposure at this time, we analyzed a sensitivity experiment with
ocean bathymetry and ice sheet changed separately at 14 ka
(Fig. S8). The response of precipitation, surface temperature, and
wind stress to bathymetry change (Fig. S8c) strongly resemble the
climate anomalies across 14 ka in the ICE simulation (Fig. S8b).
Meanwhile, the climate response to ice sheet change (Fig. S8d) is
much weaker and no clear spatial pattern of precipitation was
observed across the IO. In addition, a short-lived reduction in AMOC
was observed at 14 ka in ICE run; however, analyses of the pre-
cipitation changes over the IO indicate that the precipitation
anomalies persist long after the AMOC largely recovered (Fig. S9).
This sensitivity experiment therefore confirms shelf exposure as
the first order control of changing precipitation patterns across the
Indian basin during the deglaciation in these simulations.

The simulated precipitation changes at 14 ka exhibit a large-
scale dipole across the entire IO, characterized by wetter condi-
tions over the western IO and drier conditions over the eastern IO
(Fig. 8a). The spatial pattern of the dDprecip anomaly generally re-
sembles that of precipitation anomalies and follows the classic
amount effect, with enrichment in the southeastern IO, northern
Australia, and the MC, except for Papua New Guinea (Fig. 8b). The
changes in annual surface temperature also exhibit a dipole pattern
across the Indian basin: warmer conditions were observed over the
western IO while eastern IO and the MC is cooler (Fig. 8c). Anom-
alous easterly wind along the equatorial IO is consistent with the
anomalies in surface temperature and precipitation. Increased
convection and anomalous ascendingmotion over the warmer SSTs
lead to increased precipitation over the western IO, whereas
anomalous descending motion and surface wind divergence over
the cooler eastern IO contribute to the dry condition in this region.
A generally similar but geographically smaller and weaker dipole
pattern developed at 12 ka with the second stage of shelf inunda-
tion in the simulations. We note that the abruptness of these
changes at 14 and 12 ka are unrealistic, due to the instantaneous
inundation of the shelves in the simulations. Nevertheless, these
Fig. 8. Simulated climatic response to shelf exposure effect before 14 ka and 12 ka. Chang
850 hPa level) before and after 14 ka (100-year mean before 14 ka minus 100-year mean af
(100-year mean before 12 ka minus 100-year mean after 12 ka).
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results imply that in this model shelf exposure triggers strong
ocean-atmosphere interactions consistent with a Bjerknes feed-
back over the Indian Ocean that weakens the Walker Circulation,
creating dipole anomalies in precipitation amount and isotopic
compositions.

Previous model simulations and proxy reconstruction studies
also suggest that shelf exposure is the main driver of IPWP
hydroclimate during the LGM (Di Nezio et al., 2016; DiNezio et al.,
2018; Windler et al., 2020). Di Nezio et al. (2016) diagnosed the
influence of Sahul and Sunda Shelves separately using a series of
simulations with CESM1, and concluded that Sahul Shelf exposure
is the main driver of the IO hydroclimate dipole at LGM. In those
simulations, the surface cooling of the exposed Sahul reduced at-
mospheric convection, which is then amplified by air-sea in-
teractions over the IO. This result is generally consistent with our
explanation for the hydroclimate anomalies across 14 ka observed
in iTRACE, except that in iTRACE only the NW Australian shelf
(which is part of the Sahul Shelf in the experiments of Di Nezio
et al., 2016) was submerged across 14 ka. The positive Bjerknes
feedback we observe before 14 ka appears to be triggered by an
anomalous southeasterly wind off the coast of Sumatra and Java,
which would induce the upwelling of cold subsurface water in the
region. The shallower thermocline in the eastern IO and strength-
ened zonal SST gradient would further contribute to anomalous
easterly winds along the IO and amplify the initial response. The
southeasterly anomalies appear to be associated with the exposure
of the NWAustralia shelf, potentially due to land-sea gradients that
arise from surface cooling over the exposed shelf. This result sug-
gests the NWAustralian shelf, rather than the Arafura Shelf (eastern
Sahul Shelf) plays a critical role in inducing the easterly anomalies
and coastal upwelling off Sumatra. Additionally, the pattern of
warm/wet western IO and cool/dry eastern IO peaks during SON
(Fig. S7), when the easterly wind anomaly is amplified by Bjerknes
feedback (e.g. Di Nezio et al., 2016). Thus, we conclude that expo-
sure of the NW Australia shelf activates the Bjerknes feedback
across the IO, which triggers large dipolar changes in simulated
precipitation and dDprecip arises in this region.

The main body of Sunda and Sahul shelves became submerged
after 12 ka in iTRACE, and although this triggers further dipole
responses in precipitation and precipitation isotopes over the IO,
the corresponding hydroclimate changes are much weaker and are
mainly centered over the now submerged shelf regions. This is
distinct from the cross-equatorial IO response to the exposure of
NWAustralia shelf prior to 14 ka (Fig. 8). Before 12ka, precipitation
and surface temperature over Sunda and Sahul shelves decreased
dramatically, accompanied by more depleted dDprecip. Anomalous
es of annual (a) precipitation, (b) dDprecip, and (c) surface temperature and winds (at
ter 14 ka) in ICE run. (d)e(f) same as (a)e(c) except for changes before and after 12 ka
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easterly wind was observed over the Sunda shelf and the eastern
equatorial IO, and cooling of the exposed shelves reduced the
convection, weakening the precipitation over the shelves
(Fig. 8def). In addition, water vapor concentrations are lowered by
the increase in land area, leading to more depleted dDprecip over the
exposed Sunda and Sahul shelves despite decreased precipitation.
The weak precipitation and surface temperature dipole along the
equatorial IO indicate that, associated with the exposure, the pos-
itive IO Bjerknes feedback is only weakly excited, resulting in
relatively weaker and more localized hydroclimate response. This
result is consistent with that of Di Nezio et al. (2016) who found
that the Sunda Shelf exposure is unable to excite the IO Bjerknes
feedback because of the location and seasonality of the corre-
sponding upwelling. SSTs are more sensitive to changes in the
thermocline depth where upwelling is strong (Li et al., 2003). The
easterly anomalies caused by the exposed Sunda Shelf are located
over the NE IO, where the coastal upwelling is relatively weak
compared to that off the coast of Sumatra and east Java. Addition-
ally, the strength of easterly anomalies peaked in DJF, when coastal
downwelling prevails. This mechanism could explain why in
iTRACE, hydroclimate response to the submergence of the Sunda
and Arafura Shelves at 12 ka is more localized, compared to the
large-scale response to the NW Australia shelf exposure before 14
ka.

In sum, our analyses suggest that exposure of the NWAustralian
shelf leads to strong, coupled ocean-atmospheric circulation
changes that result in a precipitation amount and isotope anoma-
lies over the Indian Ocean during the LGM. The subsequent inun-
dation of the Sunda and eastern Sahul shelves lead to climate
anomalies localized over the exposed land areas, with drying and
D-depleted precipitation during the LGM. This, in turn, has
important implications for the timing of precipitation, dDprecip, and
d18Oprecip changes in proxy records, due to the differences in water
depth and the timing of inundation of the NWAustralian versus the
Sunda and Arafura shelves.

3.4. Diverse regional sensitivities to shelf exposure and climate
forcings

Our results show location-dependent relationships between
changes in precipitation amount and isotopic composition, as well
as heterogeneous responses to different forcings across the MC
during the LGM and deglaciation. Previous work has documented
large precipitation isotopic differences in proxy records (e.g. spe-
leothem d18O and leaf wax dD) over short spatial scales in the MC
(e.g. across Sulawesi) during the last deglaciation (Konecky et al.,
2016; Krause et al., 2019; Wicaksono et al., 2017). However, com-
pilations of geological and paleocological data suggests a more
uniform LGM drying (DiNezio and Tierney, 2013; DiNezio et al.,
2018). Some isotopic records suggest “time-varying” controls on
the precipitation isotopic composition. For example, anti-
correlation between dDwax and d13Cwax was reported from Man-
dar Bay and central Sulawesi during the last deglaciation, indicating
the influence of non-amount effects, whereas positive correlation
consistent with the amount effects was found after the shelf sub-
mergence (Konecky et al., 2016; Wicaksono et al., 2017). Although a
more direct proxy-model comparison is required to fully explain
these reconstructions, our results suggest that variable regional
sensitivities to different climate forcings, and shelf exposure in
particular, combined with opposing effects from orbital and
greenhouse gas forcing, can produce spatiotemporally heteroge-
neous precipitation and isotopic correlations and changes in the
MC.

Current sea level reconstructions combined with the modern
ocean bathymetry suggest the NW Australian shelf (water depth
9

over which ranges from �110 to �65 m) was inundated between
15.6 and 12.5 ka (Fig. S11), preceding inundation of the shallower
Sunda and Arafura shelves. Despite the strong influence of NW
Australian shelf exposure on precipitation and dDprecip in our sim-
ulations, it is unclear whether the responses observed in proxy
reconstructions match our simulated changes. It is possible that our
simulation overestimates the influence of shelf exposure, which
could complicate evaluation of the precipitation and isotopic re-
sponses in proxy records given the generally opposing influences
from other forcings (GHG and ORB). Indeed, other LGM simulations
(e.g. CCSM3) show different climate patterns during the LGM over
the IO (Mohtadi et al., 2017) compared to iTRACE. A more detailed
analysis of spatial patterns of proxy data is needed to test the
simulation results, particularly considering the large differences
over short spatial scales in our simulations and that the model may
‘misplace’ the boundaries between these responses.

In iTRACE, the NW Australian shelf exposure induces south-
easterly anomalies off the coast of southern Sumatra and Java. The
consequent stronger upwelling activates an IO Bjerknes feedback
and leads to a precipitation dipole along the equatorial IO.
Remarkable changes in precipitation and isotopic composition are
simulated off the coast of southern Sumatra and Java, as shown in
Fig. 9b and e: precipitation in these two regions reduced signifi-
cantly before 14 ka (when NW Australian shelf was exposed),
accompanied by more enriched precipitation isotopes. A more
moderate decrease in precipitation was observed before 12 ka due
to anomalous subsidence and decreased atmospheric convection
caused by the emergence of the Sunda Shelf, accompanied by
dDprecip enrichment. Dry condition, and dDprecip enrichment were
indeed observed in proxy records from marine sediments off
southern Sumatra during glacial periods, attributed to the exposure
of Sahul and Sunda shelves (Windler et al., 2019, 2020). In contrast,
increased thermocline depth recorded off Sumatra and southeast
Java during the LGM suggests a stronger Indian Ocean Walker cir-
culation (Mohtadi et al., 2017), indicating a potential effect of
different forcings.

Our simulations suggest shelf exposure effects were very limited
in northwest Sumatra, which could be due to locally opposing re-
sponses to the exposure of NWAustralian and Sunda shelves (Fig. 8)
as well as the influence of orbital forcing. This prediction is sup-
ported by reconstructions indicating little change in dDprecip in NW
Sumatra from LGM to the Holocene (Niedermeyer et al., 2014). We
observed little change in dDprecip in the simulations in east Java
across 12 ka (Fig. 9e), potentially because dDprecip enrichment
caused by weaker atmospheric convection is partially counteracted
by a more depleted moisture source, as the exposed Sunda and
Sahul shelves increase the distance over land that the monsoon
traveled en route to East Java (Winnick et al., 2014). The resulting
rainout and reduced availability of moisture from the ocean would
lead to a more depleted moisture source for East Java and adjacent
regions. Differences in the contributions to precipitation isotopic
compositions from local precipitation amount, regional convection,
and moisture source could potentially lead to the discrepancy in
dDprecip reconstructions from East Java and Flores (Ayliffe et al.,
2013; Griffiths et al., 2009; Ruan et al., 2019).

The influence of shelf exposure weakens eastward of the Sunda
Shelf across the central and eastern MC in our model (Fig. 9).
Simulated precipitation in eastern Sulawesi exhibits only a modest
increase in response to the flooding events at 14 ka and 12 ka
(Fig. 9d), and shows a gradual trend toward wetter condition due to
increasing GHG throughout the last deglaciation (Fig. S10e and
S10f). On the other hand, simulated dDprecip in eastern Sulawesi is
more depleted before 14 ka, which is attributed to the more
isotopically depleted air masses from the South China Sea delivered
by northerly monsoon winds. Modest enrichmentment in dDprecip



Fig. 9. Simulated precipitation and isotopic signal response to the exposure of NW Australian shelf before 14 ka from ICE run and full forcing run in (a) coastal East Africa, (b)
Southwestern Sumatra, (c) North Borneo, (d) Eastern Sulawesi, (e) East Java, and (f) Papua New Guinea. (g) Precipitation anomalies before and after 14 ka in ICE run.
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was found before 12 ka, likely due to anomalously reduced
ascending motion associated with the surface cooling of exposed
Sunda and Sahul shelves. More isotopically depleted precipitation
during the LGM was also reported from Lake Towuti, which was
attributed to advection of depleted moisture sources associated
with intensified monsoon circulation (Konecky et al., 2016). Similar
to eastern Sulawesi, decreased precipitation in response to the
exposure of Sunda shelf before 12 ka is predicted in north Borneo,
but no detectable response to the exposure of NW Australian shelf
was found (Fig. 9c). Little response to 12 ka and 14 ka flooding
events from Papua NewGuinea (Fig. 9f) further suggests the limited
influence of shelf exposure effect on the eastern MC.

A more detailed data-model comparison will be the subject of a
future paper, but our results already highlight the complexity of the
atmospheric, oceanic, and isotopic responses to orbital-scale forc-
ings over the Maritime Continent during the LGM. This complexity
stands in contrast to the meridional patterns observed in other
parts of the tropics during the LGM in iTRACE (Fig. 6). Given the
large land configuration changes in the MC, and the general
absence of similar changes in other parts of the tropics, this dif-
ference further highlights the potential importance of shelf expo-
sure to the simulated glacial climate of the MC.
4. Conclusion

We investigated deglacial hydroclimate and water isotope
changes in the IPWP and corresponding climate forcings using an
isotope-enabled Transient Climate Experiment (iTRACE). Our
analysis demonstrates land-sea configuration is the dominant
forcing of long-term changes in simulated precipitation and iso-
topic signals in IPWP during the last deglaciation. Land mass
exposure within the IPWP in response to lower sea level at LGM
induces a weaker Walker circulation along the equatorial IO,
leading to a strong, large-scale wetter/drier dipole along the basin
and an overall drying over the MC. Our simulations suggest that
exposure of NWAustralian shelf excited a Bjerknes feedback across
the equatorial IO, and the consequent weaker Walker circulation
led to a warm/wet western IO and cool/dry eastern IO and a cor-
responding dD dipole along the IO. In contrast, the influence of
10
Sunda and Arafura shelves exposure (before 12 ka) is mainly con-
strained to the locally exposed areas, due to a much weaker
atmosphere-ocean response. Sunda and Arafura Shelf exposure
cause surface cooling, weakening vertical convection, and resulting
in local drying. These processes are associated with more depleted
precipitation isotopes over the emergent continental shelf, likely
due to a combination of moisture source and circulation changes.

In the MC, the simulated influence of shelf exposure effect is
strongest over the eastern IO and costal Sumatra and Java, and
diminished eastward to the central and western MC. However,
GHGs and orbital forcing contribute to a weak precipitation dipole
across IO that partially opposes the response to Shelf exposure. In
addition, location-dependent responses to GHGs and ORB forcings
were also observed in the MC. Considering the complexity of these
responses, the sharp regional gradients within the MC, and the
opposite response to different forcings, it may be difficult to
reconstruct precipitation amount in this region purely from proxies
of precipitation isotopes. However, combining precipitation iso-
topic reconstructions with other indicators of precipitation amount
may allow diagnosis of the oceanic and atmospheric circulation
changes and their associated forcings in this critical region.
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