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Abstract The Indo‐Pacific Warm Pool (IPWP) is home to the warmest sea surface temperatures in the
world oceans, favoring strong tropospheric convection and heavy rainfall. The mechanisms controlling
long‐term change in the region's hydroclimate are still uncertain. Here, we present a 450,000‐year record of
precipitation δD from southern Sumatra that records a consistent pattern of glacial isotopic enrichment
and interglacial depletion. We synthesize existing paleo‐indicators of precipitation δD and δ18O in the IPWP
and compare results with water isotope‐enabled climate simulations of the Last Glacial Maximum (LGM).
The simulations show glacial isotopic enrichment over the eastern Indian Ocean extending into the
southern IPWP and isotopic depletion over Southeast Asia, the west Pacific, and Australia. The pattern of
simulated LGM isotopic change agrees generally well with our proxy synthesis. We conclude that
reorganization of regional circulation under glacial conditions controls precipitation isotope variability in
the IPWP: Low‐level tropospheric convergence dominates the signal in the north/east, whereas divergence
controls the response in the south/west. Additional sensitivity simulations suggest that the LGM ice sheets
and the associated lowering in sea level, rather than decreased greenhouse gases, are responsible for the
distinctive spatial pattern in glacial changes of precipitation isotopes and hydroclimate across the IPWP.

1. Introduction

The Indo‐PacificWarm Pool (IPWP) has undergone extreme changes during glacial‐interglacial cycles in the
late Pleistocene. Changes in rainfall and large‐scale modification of the landscape due to sea level fluctua-
tions altered the biogeography across the Sunda Shelf and reorganized ocean and atmosphere circulation
in the region (Bird et al., 2005; DiNezio et al., 2016; Heaney, 1991). During the Last Glacial Maximum
(LGM; 23–19 ka), evidence of cooler and drier conditions across much of the IPWP has been found in terres-
trial records, including pollen, charcoal, dust, terrestrial sediments, various stable carbon isotope records,
and geomorphic features (Bird et al., 2005; DiNezio & Tierney, 2013; Reeves et al., 2013).

Stable isotopes of precipitation (δDprecip, δ
18Oprecip) can be powerful tools for understanding hydroclimate

variations, if the mechanisms driving isotopic values of rainfall are understood. Many tropical paleoclimate
studies have associated changes in δDprecip or δ18Oprecip with precipitation amount, on the basis of the
observed inverse relationship between precipitation amount and its isotopic composition (Clark &
Fritz, 1997; Dansgaard, 1964; Rozanski et al., 1993). Interpreting the decrease in IPWP δDprecip values during
the LGM as an increase in precipitation amount, following the classic amount effect, is difficult to reconcile
with proxy evidence of widespread regional aridity (Ayliffe et al., 2013; Konecky et al., 2016; Niedermeyer
et al., 2014; Wicaksono et al., 2017). However, recent research has found that moisture transport/circulation
(Aggarwal et al., 2012; Moore et al., 2014) and cloud type (convective vs. stratiform) (Aggarwal et al., 2016;
Kurita, 2013) are also important controls on precipitation isotopes, complicating interpretations of paleo
archives such as leaf waxes or speleothems. Modern water isotope studies in the IPWP hint at a more com-
plex view of regional precipitation isotopes than the amount effect and emphasize the importance ofmultiple
processes, including strength of regional convection, rain reevaporation, cloud types, and seasonally chan-
ging moisture source pathways (Aldrian & Susanto, 2003; Belgaman et al., 2017; Cobb et al., 2007;
Griffiths et al., 2009; Konecky et al., 2016, 2019; Kurita et al., 2009;Moerman et al., 2013;Wurtzel et al., 2018).

Here, we aim to clarify the relationship between precipitation isotopes and glacial climate in the IPWP using
both proxy and model information. To improve both the spatial and temporal coverage in the southern
IPWP, we present a new leaf wax‐derived δDprecip record from core MD98‐2152 off southwest Sumatra
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(Figure 1), which extends to 450 ka, spanning the five most recent glacial
periods. To understand the mechanisms influencing rainfall isotopes over
these glacial‐interglacial timescales, we focus specifically on the LGM as
there is an abundance of proxy data available for that time (Figure 1).
We directly compare proxy δDprecip changes during the LGM to those in
isotope‐enabled model simulations conducted with the Community
Earth System Model to diagnose how the glacial climate state influences
isotopic variability across the IPWP.

2. Background
2.1. Modern Seasonality of Rainfall and Isotopes in the IPWP

The southern sector of the IPWP has more pronounced rainfall seasonal-
ity than the northern sector (Aldrian & Susanto, 2003; Dubois et al., 2014).
From December to March (DJFM), the northwest monsoon brings heavy
rainfall to southern Sumatra, Java, and Flores. From June to September
(JJAS), winds are reversed, and the southeast monsoon moves the loci
of precipitation north of the equator, decreasing rainfall across the south-
ern IPWP (Aldrian & Susanto, 2003; Schott & McCreary, 2001). By con-
trast, much of the northern IPWP experiences heavy rainfall year round
(Aldrian & Susanto, 2003; Moerman et al., 2013).

Likewise, the northern and southern IPWP exhibit distinct δDprecip and
δ18Oprecip values. In northern Borneo, for example, where there is little
seasonality in rainfall amount, the seasonal δ18Oprecip reflects regional

convection and shifts in moisture sources between the South China Sea and Java Sea (Cobb et al., 2007;
Moerman et al., 2013). Similarly, rainfall in northwest Sumatra does not exhibit pronounced seasonality
and is largely sourced locally from the Indian Ocean (Niedermeyer et al., 2014; Wu et al., 2009; Wurtzel
et al., 2018). Precipitation isotope variability over this area reflects changes in moisture source and rainfall
amount, with the most depleted values associated with a local Indian Ocean source (Belgaman et al., 2017;
Wurtzel et al., 2018). In the southern IPWP, where rainfall is more seasonal, there is an increased regional
amount effect during the dry season. For instance, at Lake Towuti δ18Oprecip and δDprecip during the dry sea-
son have a significant relationship with the amount of rainfall, whereas northwesterly rainfall during the
wet season does not vary with amount and instead reflects regional convection (Konecky et al., 2016). A
similar seasonal contrast in source and isotopic signature of rainfall has been observed in Flores (Griffiths
et al., 2009), the most southerly site discussed in this paper.

2.2. Examining Monthly Rainfall Isotopes Near MD98‐2152

To understand how the isotopic composition of regional rainfall over MD98‐2152 (Figure 1) varies with the
amount and source of precipitation, we use modern observations from the nearest Global Network of
Isotopes in Precipitation (GNIP) monitoring station in Jakarta (6.18°S, 106.83°E), approximately 300 km
away. The station discontinuously recorded monthly data from 1962–1998 (International Atomic Energy
Agency/World Meteorological Organization, 2019). Seasonally variable rainfall amount at Jakarta reflects
a DJFMwet season associated with the northwest monsoon and a JJAS dry season associated with the south-
east monsoon (Figure 2a). Here we use “wet” and “dry” to describe the relative amount of precipitation
between seasons. The δDprecip (Figure 2a) and δ18Oprecip (not shown) mimic the seasonal changes in rainfall
amount; DJFM precipitation is up to ~20‰ more depleted than JJAS δDprecip.

We compare the Jakarta GNIP data with backward trajectories of likely rain‐bearing air parcels from the
Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT4) model (Draxler, 1999) using the
NCEP/NCAR Reanalysis V2 gridded data set (available here: http://www.esrl.noaa.gov/psd/). Rainy days
that occurred during the months with Jakarta GNIP measurements were identified using the Global
Historical Climate Network‐Daily (GHCN‐D) observations from the same location (http://www.ncdc.
noaa.gov/ghcn‐daily‐description) (Menne et al., 2012). Starting at Jakarta, using HYSPLIT4, we calculated
4‐day (96 hr) back trajectories of air masses at ~850 hPa at 6‐hr intervals for rainy days. The back

Figure 1. Locations of proxy sites discussed in this text: speleothem δ18O
from Borneo (Partin et al., 2007), leaf wax δD from northwest Sumatra
(Niedermeyer et al., 2014), leaf wax δD from Lake Towuti (Konecky
et al., 2016), leaf wax δD from Mandar Bay (Wicaksono et al., 2017), leaf
wax δD from southern Sumatra (this study), and speleothem δ18O from
Flores (Ayliffe et al., 2013). Yellow circle represents the Jakarta GNIP
station (section 2.2).
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trajectories show a strong seasonal difference in potential source areas and pathways corresponding to
seasonal changes in monsoon winds (Figures 2b and 2c). During DJFM, when Jakarta precipitation is
greatest and most isotopically depleted (Figure 2a), air masses mostly travel from the South China Sea
and equatorial east Indian Ocean (Figure 2b). During JJAS, when Jakarta precipitation is smallest and most
enriched (Figure 2a), air masses track from the Timor Sea and Indian Ocean to the southeast (Figure 2c).

2.3. Leaf Wax Reconstructions of Hydroclimate Variability

The wax layer of higher terrestrial plant leaves consists largely of long chain (>C25) n‐alkanes and n‐alkanoic
acids (Eglinton & Hamilton, 1967). These waxes are geologically stable, accumulating in marine and lacus-
trine sediments via runoff or wind (Eglinton & Eglinton, 2008). The δD of leaf waxes (δDwax) reflects the
variability of source water used by plants, which is controlled by the δD of regional precipitation
(δDprecip) with an apparent offset. The offset between δDprecip and δDwax (εwater‐wax) varies among different
plant types and photosynthetic pathways (Sachse et al., 2012). Specifically, monocots (grasses) synthesize
waxes that are more depleted relative to precipitation (larger εwater‐wax) than other vascular plants, possibly
due to physiological differences in evapotranspiration rates from the leaves and/or the rate and seasonal tim-
ing of leaf wax synthesis (Gao et al., 2014; Sachse et al., 2012). Grasses with different photosynthetic path-
ways also exhibit different εwater‐wax. Specifically, C3 grasses synthesize more depleted waxes relative to
precipitation than C4 grasses (Gao et al., 2014; Sachse et al., 2012); however, grasses are predominantly C4

in the IPWP, so regional vegetation is a mix of C3 dicots (smaller εwater‐wax) and C4 grasses (larger εwater‐
wax). The δDwax from sediments have been used previously for hydroclimate reconstruction across the
IPWP over various time scales (Konecky et al., 2016; Niedermeyer et al., 2014; Tierney et al., 2010, 2012;

(a)

(b) (c)

Figure 2. (a) Monthly precipitation and δDprecip values recorded at the Jakarta GNIP station, over the period 1962–1998
(IAEA/WMO, 2019). Solid lines represent median of the monthly data. Shading represents 1σ error. Note the reversed left
y axis. (b) HYSPLIT4 back trajectories for rainy days in Jakarta during the months of December–March (wet season)
when GNIP data are available (280 trajectories plotted for 70 rainy days). Each black line represents a single 96‐hr
trajectory ending at the Jakarta GNIP station (yellow circle). (c) Same as in panel (b), but for the months of June–
September (180 trajectories plotted for 45 rainy days).

10.1029/2020PA003985Paleoceanography and Paleoclimatology

WINDLER ET AL. 3 of 17



Wicaksono et al., 2017) and commonly used in tandem with δ13Cwax measurements to correct for the impact
of vegetation change (C3 dicots vs. C4 grasses) on δDwax. Here, we use this approach to reconstruct δDprecip

for the last 450 kyr from leaf waxes deposited in marine sediments from the Sumatran margin.

3. Materials and Methods
3.1. Site MD98‐2152 and δDwax Analysis

MD98‐2152 (6.33°S, 103.88°E) was recovered from a water depth of 1,796 m and is approximately 30.5 m
long. Details regarding the agemodel forMD98‐2152 have been previously described byWindler et al. (2019).
Briefly, two radiocarbon dates near the top of the core constrain the age‐depth relationship spanning the
LGM. Tie points between δ18O of G. ruber from the sediment core and the global benthic δ18O stack
(Lisiecki & Raymo, 2005) were used in conjunction with the radiocarbon dates as inputs to OxCal version
4.3 (Bronk Ramsey, 2008) to generate the age model. The average sample resolution downcore is ~2.5 kyr,
with the highest resolution between 450–370 and 30–1 ka.

Purification of leaf wax fatty acids in samples from marine core MD98‐2152 was also described by Windler
et al. (2019). Briefly, organic material was extracted from freeze‐dried sediment samples using an
Accelerated Solvent Extractor with a 9:1 (v/v) mixture of dichloromethane:methanol. Leaf waxes were iso-
lated from each total lipid extract using column chromatography with NH2 as the solid phase. Each sample
was methylated with methanol of a known isotopic composition to form fatty acid methyl esters (FAMEs)
and further purified via a final column chromatography step using silica gel.

Higher chain (≥C28) fatty acids are suggested to be most representative of terrestrial vascular plants (Kusch
et al., 2010); however, algal contributions have been detected for fatty acid chain lengths as high as C28

(Feakins et al., 2007; Volkman et al., 1980). Here, we measure the C30 fatty acid to avoid contamination from
aquatic plant material. The hydrogen isotopic composition of the C30 fatty acid was measured in each sample
using a gas chromatography‐isotope ratio‐monitoring mass spectrometer (GC‐IR‐MS; Thermo Delta V Plus).
All δD values are reported in‰ versus Vienna StandardMean OceanWater (VSMOW). Samples were run at
least in duplicate (~30% were run in triplicate). External FAME and n‐alkane standards of known isotopic
composition were run every five injections to monitor drift and ensure accuracy. Precision of the δDwax mea-
surements was assessed to be ±1.5‰ (1σ). δDwax measurements were corrected for the isotopic composition
of the added methyl group during the methylation process via mass balance. Some samples lacked enough
C30 fatty acid material for reliable duplicate analyses, resulting in missing data points in our time series,
mainly between ~42 and 30 ka.

3.2. Vegetation Correction

The carbon isotopic composition of leaf waxes (δ13Cwax) in MD98‐2152 indicates shifts between predomi-
nantly C3 vegetation during interglacial periods and a larger proportion of C4 grasses during glacial periods
(Windler et al., 2019); therefore, the varying εwater‐wax must be accounted for when calculating δDprecip from
δDwax at this location through time. We apply a Bayesian method that has been successfully used in other
paleorainfall studies to calculate δDprecip (Bhattacharya et al., 2018; Tierney et al., 2017). We use paired
δ13Cwax measurements from MD98‐2152 to estimate the fraction of C4 plant contribution of leaf waxes in
each sample (ƒC4), based on designated endmember δ13CC4 and δ13CC3 values as described by Tierney
et al. (2017). Estimated ƒC4 is used in conjunction with designated endmember εC4 and εC3 values to calculate
a vegetation‐weighted εwater‐wax for each sample (Equation 1), which is then used to calculate δDprecip

(Equation 2):

εwater − wax ¼ f C4 × εC4 þ 1 − f C4ð Þ × εC3 (1)

δDprecip ¼ 1; 000þ δDwax

εwater − wax

1; 000

� �
þ 1

− 1; 000 (2)

We use C4 endmember values (±standard error) from Sachse et al. (2012): δ13CC4 = −20.7 ± 0.7‰ and
εC4 = −132 ± 3.3‰ (monocots only). To represent tropical C3 plants, we use the endmember
δ13CC3 = −33.4 ± 0.4‰ (standard error) from the “All Africa” data set (Garcin et al., 2014). We use εC3
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endmember values available in Sachse et al. (2012), excluding C3 grasses: εC3 = −114 ± 2.1‰ (standard
error). We note that all endmember values correspond to C29 n‐alkane δ13C and εwater‐wax because compar-
able data do not exist for C30 n‐acid. While it is unknown how different apparent fractionation is between
C29 n‐alkanes and C30 n‐acids (Sachse et al., 2012), they appear to be closely related (Gao et al., 2014);
therefore, we assume they are equivalent.

3.3. iCESM Simulations

Model simulations of the LGM and preindustrial (PI) were conducted with the isotope‐enabled Community
Earth System Model Version 1.2 (iCESM) (Brady et al., 2019). Descriptions of the individual components of
iCESM, including the atmosphere (iCAM5), ocean (iPOP2), and land (iCLM4) models can be found in
Nusbaumer et al. (2017), Wong et al. (2017), and Zhang et al. (2017), respectively. CESM1 is fully coupled
and has been shown to simulate a realistic modern climate state in the tropics as well as patterns of rainfall
and sea surface temperature (SST) change for the LGM that are consistent with paleo proxy data in the IPWP
(Brady et al., 2019; DiNezio et al., 2016, 2018; Thirumalai et al., 2019; Zhu et al., 2017). Among multiple
isotope‐enabled models, iCESM (with iCAM5) has been found to be one of the better models at realistically
simulating the observed δ18Oprecip variability in convective systems (Hu et al., 2018), which is critical for the
simulation of tropical isotopic changes since the LGM (Jasechko et al., 2015). For this reason, iCESMmay be
especially well suited for studying glacial‐interglacial changes in water isotopes and hydroclimate.

The PI and LGM simulations were described in Tierney et al. (2020). The PI simulation was run for 900 years
with constant climate forcings set at 1850 CE values. The LGM simulation was also run for 900 years and
used prescribed boundary conditions consistent with the Paleoclimate Modelling Intercomparison Project
version 4 (PMIP4) protocols (Kageyama et al., 2017), including altered Earth orbital parameters, reduced
greenhouse gas (GHG) concentrations, and changes in surface albedo, topography, and land‐sea distribution
associated with LGM ice sheets. A constant value of 1.05‰ was added to the δ18O (~8‰ to δD) of ocean
water in the LGM simulation to account for seawater enrichment from the global ice volume effect
(Duplessy et al., 2002). Additional sensitivity experiments were conducted by implementing one LGM cli-
mate forcing at a time to isolate the different impacts of GHGs and ice sheets (ICE). Specifically, in the
GHG experiment, GHG concentrations in the PI simulation were reduced to LGM levels with all other
boundary conditions held constant. Likewise, in the ICE experiment, the LGM ice sheet forcing was added
with all other boundary conditions held at PI values. Both sensitivity experiments were branched from the PI
climate state and run for an additional 150 years. Although these sensitivity experiments were not in an equi-
librium state, they were integrated long enough to capture major features of the tropical hydroclimate
responses to external forcings (DiNezio et al., 2016).

To evaluate the performance of iCESM in simulating the seasonal hydroclimate cycle at our study site, we
compare the Jakarta GNIP observations with model results in the isotope‐enabled Last Millennium
Ensemble (Brady et al., 2019; Stevenson et al., 2019). The simulated monthly precipitation for the grid cell
containing Jakarta matches well with GNIP observations from 1962–1998 (Figure 3a). The simulated
δDprecip cycle also resembles that in the Jakarta GNIP observations, but the values are more depleted than
the observational median with the greatest difference spanning the DJFM wet season (Figure 3b). These
results suggest that iCESM realistically captures seasonal hydroclimate variability at our study site, although
the modeled δDprecip are biased toward more depleted values.

3.4. Proxy Data Comparison and Temperature Correction

In addition to the new southern Sumatra δDprecip record presented here, we calculate the magnitude of LGM
(23–19 ka) to LH (4–0 ka) changes recorded in five published records of paleoprecipitation isotopes from
across the IPWP (Figure 1). Changes were calculated for each location by subtracting the mean values for
the listed time intervals. We use δDwax and δ13Cwax measurements from northwest Sumatra (Niedermeyer
et al., 2014), Lake Towuti (Konecky et al., 2016; Russell et al., 2014), andMandar Bay (Wicaksono et al., 2017)
to calculate δDprecip using the same vegetation correction method described above (see section 3.2). For sam-
ples with missing δ13Cwax measurements, we employed linear interpolation between points.

Since δDprecip fromMD98‐2152 includes the five most recent glacial periods and the LGM is not particularly
well resolved (Figure 4a), we calculate an average glacial‐interglacial change to compare with other proxy
locations and model simulations. First, we define glacial (interglacial) periods based on the timing of the
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Marine Isotope Stage (MIS) during which the global benthic stack is most enriched (depleted) for each
glacial cycle included in the record (Figure 4b; Lisiecki & Raymo, 2005). Specifically, we define glacial
periods as MIS 2 (23–19 ka), MIS 6 (149–137 ka), MIS 8 (262–242 ka), MIS 10 (346–335 ka), and MIS 12
(436–428 ka). Likewise, interglacial periods are defined as the Late Holocene (4–0 ka), MIS 5 (124–
109 ka), MIS 7 (215–203 ka and 241–235 ka), MIS 9 (327–315 ka), and MIS 11 (404–396 ka). We then
subtracted the average of MD98‐2152 δDprecip during the listed interglacials from the average during the
listed glacials, the result of which is reported below in Table 1.

Since the δ18O of speleothem calcite is a function of cave temperature, we correct the speleothem records
from Borneo and Flores accordingly to account for the effect of LGM cooling. This correction assumes that
changes in cave temperature follow changes in mean annual surface temperature. To estimate the magni-
tude of mean annual temperature change, we use the simulated change in iCESM from the nearest grid cell
to each location: ΔT = −4.5°C in northern Borneo and ΔT = −3.2°C in Flores (Figure 5c). We then correct

(a) (b)

Figure 3. (a) Monthly precipitation cycle for Jakarta GNIP observations (black) and iCESM last millennium ensemble
simulation (red) for the period 1962–1998. Simulated values were taken from grid cell overlying Jakarta GNIP station
(6.63°S, 107.5°E). Solid black line represents median GNIP observations and shading indicates 1σ error. (b) Same as in
panel (a), but for δDprecip.

(a)

(b)

Figure 4. (a) The δDprecip record calculated from δDwax and δ13Cwax from marine core MD98‐2152 (black). Shaded area represents 1σ error. (b) A Gaussian
smoothed version of the δDprecip record (black) plotted with the global benthic foraminifera δ18O stack (light blue) (Lisiecki & Raymo, 2005).
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the δ18O values at each location for the contribution due to temperature, which has been found to change by
0.2‰ per °C (Kim & O'Neil, 1997), using the following equation:

Corrected Δδ18O ¼ Δδ18O − ΔTj j × 0:2 (3)

For consistency with δDwax and model data, we also converted changes in speleothem values originally
reported in Vienna Pee Dee Belemnite (VPDB) to VSMOW values using the following equation (Clark
& Fritz, 1997; Coplen et al., 1983):

δ18OVSMOW ¼ 1:03091 × δ18OVPDB þ 30:91 (4)

We do not correct any of the proxy records discussed in this study for the +1.05‰ δ18O (~8‰ δD) enrich-
ment of seawater from increased global ice volume during glacial periods (Duplessy et al., 2002). The sea-
water enrichment is included in the LGM simulations; therefore, to ensure a direct comparison, the global
ice volume signal must be included in the proxy data.

Table 1
Results for LGM (23–19 ka) Minus LH (4–0 ka) Calculations for Each Proxy Location

Location Proxy type ΔLGM‐LH (‰ VSMOW) Standard error (‰ VSMOW) Temp. corrected ΔLGM‐LH (‰ VSMOW)

MD98‐2152 Leaf wax δD +9.8 ±1.2 —
Sumatra Leaf wax δD −0.9 ±1.8 —
Lake Towuti Leaf wax δD +9.5 ±2.5 —
Mandar Bay Leaf wax δD +2.3 ±1.5 —
Borneo Speleothem δD (δ18O) +15.4 (+1.93) ±0.2 (±0.03) +8.1 (+1.01)
Flores Speleothem δD (δ18O) +8.3 (+1.04) ±0.3 (±0.04) +3.1 (+0.39)

Note. Proxy type, calculated LGM‐LH change, and standard error for the calculation are listed for each location. Note that MD98‐2152 results are average glacial‐
interglacial change (see section 3.4). The temperature corrected LGM‐LH changes are listed for the speleothem records and were calculated using Equation 3.
The leaf wax changes are δD values. The speleothem changes are listed as δD values, for direct comparison with the leaf wax records, as well as
δ18O values in parentheses.

(a) (b)

(c) (d)

Figure 5. Simulated mean annual LGM‐PI changes in (a) total precipitation, (b) δDprecip (weighted by precipitation
amount), (c) surface temperature, and (d) δD of the surface ocean. Shapes indicate locations of proxy sites listed in
Figure 1. Filled shapes in panel (b) show the calculated LGM (23–19 ka) to LH (4–0 ka) isotopic change recorded by
either sedimentary leaf waxes (circles) or speleothems (squares). The star represents MD98‐2152 (value is average glacial‐
interglacial change; see section 3.4). Speleothem data in panel (b) are temperature corrected based on nearest grid cell in
panel (c) (see section 3.4). All δD values are reported in VSMOW.
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4. Results
4.1. MD98‐2152 Leaf Wax Record

The vegetation effect on εwater‐wax is greatest during glacial periods, such as MIS 2 (23–19 ka), MIS 6
(149–137 ka), or MIS 8 (262–242 ka), when relatively larger fractions of C4 grasses contributed leaf waxes
from southern Sumatra and western Java (supporting information Figure S1); therefore, glacial enrichment
of δDprecip was more pronounced than is indicated by the uncorrected δDwax record. The vegetation cor-
rected δDprecip data from MD98‐2152 ranges from −43.2‰ to −15.5‰ (Figure 4a). δDprecip regularly
approaches values of −35‰ to −40‰ during interglacial periods, including the Late Holocene and MIS 5,
7, 9, and 11 (Figure 4a). Glacial δDprecip values regularly approach −20‰ to −25‰, including MIS 2, 6, 8,
10, and 12 (Figure 4a). Overall, the δDprecip from MD98‐2152 closely tracks glacial‐interglacial cycles
observed in the global benthic foraminifera δ18O stack (Lisiecki & Raymo, 2005) for the last 450 kyr
(Figure 4b). The LGM appears less enriched in δD than previous glacial periods (Figure 4a); however, uncer-
tainties in our age model and the interval of missing values directly prior to the LGMmay mean that the full
extent of enrichment is not realized in this record.

4.2. iCESM Simulations

Simulated mean annual LGM‐PI changes in the IPWP indicate that during glacial conditions the entire
region was cooler by ~3–6°C (Figure 5c) and more arid (reduced precipitation), with the greatest drying con-
centrated over the southern IPWP and extending into the tropical eastern Indian Ocean (Figure 5a). LGM‐PI
changes in mean annual precipitation‐weighted δDprecip show a distinctive spatial pattern, with rainfall
becoming more enriched over the Indian Ocean but more depleted over the Pacific (Figure 5b).
Differences in surface ocean δD show three distinct regional patterns: an enriched eastern Indian Ocean,
a less enriched western Pacific, and a least‐enriched South China Sea (Figure 5d).

Simulated seasonal LGM‐PI changes in δDprecip show that DJFM (northwest monsoon) rainfall exhibits a
similar pattern of isotopic change to that of the annual average: depleted rainfall over the west Pacific
extends across ~0–5°S into the Indian Ocean and enriched rainfall is concentrated in the Indian Ocean over
the Bay of Bengal and 10–20°S (Figure 6a). Precipitation across the Sunda Shelf decreases during DJFM, with
the greatest reduction concentrated south of Java and north of the shelf, between Malaysia and Borneo

(a) (b)

(c) (d)

Figure 6. Simulated seasonal LGM‐PI changes in δDprecip for (a) December–March (DJFM), (b) June–September (JJAS),
and the transitional months (c) April–May (AM) and (d) October–November (ON). DJFM corresponds to the southern
IPWP wet season, and JJAS corresponds to the dry season. Filled shapes mark the locations of proxy sites and their
calculated isotopic change between the LGM (23–19 ka) and LH (4–0 ka). All isotope values are reported in VSMOW.
Speleothem data are temperature corrected.
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(Figure 7a). Conversely, JJAS (southeast monsoon) rainfall is enriched in δD south of the equator, with the
greatest enrichment concentrated between roughly 0–10°S, including the tropical eastern Indian Ocean and
southern IPWP (Figure 6b). This band of greatest JJAS enrichment is matched by a decrease in JJAS rainfall
across the same region (Figure 7b). Maximum rainfall reduction during DJFM is approximately −4 mm/day
across Java and the Lesser Sunda Islands (Figure 7a), whereas change in JJAS rainfall reaches −6 mm/day
over the same region (Figure 7b), which translates to a ≤40% decrease during DJFM and an approximately
70% decrease during JJAS (% change not shown).

The transitional months of April–May (AM) and October–November (ON) also show the distinct spatial pat-
tern of isotopic change: δD depletion over the western Pacific and enrichment over the eastern Indian Ocean
(Figures 6c and 6d), but the centers of greatest depletion and enrichment vary. Precipitation changes during
AM somewhat mirror the pattern of change in δDprecip, with simulated increases in precipitation over the
Andaman Sea and Southeast Asia and drying to the south (Figure 7c); however, the largest reduction in rain-
fall over the Sahul Shelf at 10°S (Figure 7c) corresponds to a center of depleted rainfall rather than enrich-
ment (Figure 6c). Simulated changes in ON precipitation show widespread drying over Southeast Asia, the
Indian Ocean, and Australia (Figure 7d). The most severe drying during ON is concentrated over southern
Sumatra and western Java and extends across the tropical eastern Indian Ocean (Figure 7d).

Mean annual δDprecip responds differently to LGM GHG (Figure 8a) and ICE (Figure 8b) forcings. The LGM
GHG forcing alone results in widespread δDprecip depletion, with enrichment occurring further east over the
Pacific Ocean. The LGM ICE forcing results in a spatially distinct pattern of isotopic change similar to the
features in the LGM simulation with full forcings (Figure 5b), specifically depleted δDprecip over the western
Pacific and enrichment over the eastern Indian Ocean (Figure 8b).

4.3. Proxy Data‐Model Comparison

The results from our calculations for the magnitude of LGM‐LH changes at each location discussed in this
text are presented in Table 1. For a direct comparison with the iCESM results, the ΔLGM‐LH values for each
proxy location (Table 1) are presented as the filled shapes in Figures 5b, 6, and 8. In the interest of visualiza-
tion, we have plotted speleothem changes in δD space by multiplying Δδ18O values by eight; however, it
should be noted that we have compared them with our simulated LGM‐PI Δδ18Oprecip values and found that
our interpretations are unchanged. The LGM‐LH differences in paleowater isotope data from the proxy loca-
tions generally agree well with simulated changes except, most notably, Borneo (Figure 5b). Northwest

(a) (b)

(c) (d)

Figure 7. As in Figure 6 but depicting the simulated seasonal LGM‐PI changes in total precipitation. Shapes indicate
location of proxy sites.
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Sumatra is the only proxy site where the LGM is depleted relative to the
LH and has the smallest overall change in δD (−0.9‰) reflecting the lim-
ited variability in both δDwax and δ13Cwax observed in the record
(Niedermeyer et al., 2014) and matching the small simulated change in
δDprecip over northern Sumatra, the likely source of the leaf waxes
(Figure 5b). Lake Towuti and Mandar Bay record different magnitudes
of enrichment, despite their proximity to one another (~7‰ difference),
which may be from differences in the spatial integration of leaf waxes at
each location or because these sites sit along a strong gradient between
enriched and depleted rainfall centers in the model (Figure 5b).

To further explore the proxy‐model agreement, we examine model‐proxy
scatter plots for the annual average values and the DJFM season, with or
without a temperature correction for speleothems (Figure 9). Since the
number of data points is small (n = 6) we assess the level of agreement
by calculating the root‐mean‐square error (RMSE) from the 1:1 line (as
opposed to fitting a regression). We find that temperature correcting the
speleothem data improves the overall agreement. The RMSE between
proxy and model mean annual ΔδDprecip is 10.1‰ with no temperature
correction (Figure 9a) and decreases to 8.0‰ after the correction
(Figure 9c). From the six proxy locations, two record a sign of LGM‐LH
change that disagrees with simulated change: Borneo and Sumatra
(Figures 9a and 9c), the most northern sites. We further find that proxy
δDprecip is unlikely to be uniformly seasonally biased, which is supported
by higher RMSEs when seasonal changes in the model are compared with
the proxy data. For example, if we assume that proxy δDprecip are biased
toward the southern IPWP wet season (DJFM), the RMSEs increase to
11.9‰ and 10.3‰ for uncorrected and temperature corrected data, respec-
tively (Figures 9b and 9d). Similar results are found when comparing
proxy data with simulated δDprecip for JJAS, AM, or ON (Figure S2). It
should be noted that Borneo exhibits greater disagreement than the other
proxy locations inmost cases except JJAS, when it appears to be in the best
agreement (Figure S2b). Proxy‐model agreement with the LGM ICE

experiment (Figure 9e) is greater than the LGM GHG experiment (Figure 9f), suggesting that the LGM
ICE forcing exerts the first‐order control on δDprecip response.

5. Discussion
5.1. Regional Mechanisms Controlling Isotopic Change

The similarity of MD98‐2152 δDprecip between glacial cycles (Figure 4) suggests a consistent
glacial‐interglacial control on precipitation isotopes over southern Sumatra and western Java. Simulated
seasonal changes in precipitation show a greater % change over the southern IPWP during JJAS than in
DJFM (see section 4.2), indicating an increase in seasonality of rainfall over this region during glacial cli-
mates, specifically a more intense dry season. Increased rainfall seasonality is supported by previous studies
of vegetation changes and geomorphology (Bird et al., 2005; Reeves et al., 2013) as well as several δ13Cwax

studies, which show increased C4 vegetation at the LGM, suggesting that glacial increase in the seasonality
of rainfall is a common feature across the southern IPWP (Dubois et al., 2014; Russell et al., 2014; Wicaksono
et al., 2015, 2017). Additionally, the δ13Cwax from MD98‐2152 shows that this increase in C4 vegetation and
rainfall seasonality is characteristic of the last five glacial periods and not limited to the LGM (Windler
et al., 2019). While simulated changes in rainfall may agree with paleo‐evidence of drier, more seasonal con-
ditions during the LGM, the pattern of δDprecip change (Figures 5b and 6) does not strictly follow that of pre-
cipitation amount (Figures 5a and 7).

The spatially distinct pattern of simulated mean annual ΔδDprecip between the Indian Ocean and Pacific
Ocean sides of the IPWP (Figure 5b) indicates that water isotopes in the IPWP are influenced by

(a)

(b)

Figure 8. Simulated mean annual change in δDprecip from PI control for
the (a) greenhouse gas and (b) ice sheet effects from sensitivity
experiments. Filled shapes mark the locations of proxy sites and their
calculated LGM‐LH isotopic change. All values are reported in VSMOW.
Speleothem data are temperature corrected.
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location‐dependent mechanisms. If ΔδDprecip were linked predominantly to precipitation amount, as
classically interpreted, then a widespread decrease in rainfall across the Sunda Shelf and southern IPWP
(Figure 5a) would be accompanied by regional enrichment in δDprecip; however, mean annual δDprecip is
depleted in the LGM simulation over the west Pacific, Southeast Asia, and Australia for every season
(Figures 5b and 6) except JJAS, which shows more of a north‐south divide (Figure 6b).

We suggest that the depleted rainfall over the west Pacific (Figures 5b and 6) is a result of regional increases
in moisture convergence in the low‐to‐middle troposphere. Westerly wind anomalies in the LGM simulation
between 20°N and the equator (Figure 10) represent the combination of reduced DJFM easterly winds and
increased JJAS westerly winds (seasonal wind anomalies are shown in Figure S3). The overall change in the
winds highlights the area over the west Pacific (~10°N, 135°E) where winds from the Northern and Southern
Hemispheres meet (Figure 10). This anomalous wind pattern is accompanied by stronger upward motion
(negative pressure velocity at 850 hPa, ω) over areas near the centers of greatest depletion in δDprecip,
namely, the west Pacific at 10°N and Australia at 15°S (Figure 10b vs. 5b). These results indicate increased
low‐troposphere moisture convergence from distant sources at the LGM that likely drives the depleted iso-
topic signal over the Pacific side of the IPWP (Figures 5b and 10a). This interpretation is consistent with pre-
vious studies showing that precipitation isotope values in large convective systems, such as the IPWP, reflect

(a) (b)

(c) (d)

(e) (f)

Figure 9. Scatterplots of proxy‐calculated versus iCESM simulated δDprecip change. Comparison of (a) mean annual
change at each location with uncorrected speleothem data, (b) DJFM change with uncorrected data, (c) mean annual
change with temperature corrected speleothem data, (d) DJFM change with corrected data, (e) ICE simulated change
with corrected data, and (f) GHG simulated change with corrected data. All data points are labeled by location.
Calculated root‐mean‐square error (RMSE) is listed in each panel. Dashed gray lines indicate 1:1 line. Dotted crosshairs
at point (0,0) are shown in each panel.
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the isotopic signature of converging water vapor (low δD) in the atmosphere rather than the surface
evaporation signal (high δD) (Moore et al., 2014). The δD in converging moisture is lower relative to that
at the surface due to the rainout of heavy isotopes along the moisture trajectories (Galewsky et al., 2016;
Konecky et al., 2019). Simulated changes in δD of low‐level water vapor exhibit centers with depleted
values over the west Pacific, supporting this interpretation (Figure 10a).

While depleted rainfall over the west Pacific may reflect increased moisture convergence, the simulated
enrichment of rainfall over the Indian Ocean and southern IPWP (Figures 5b) likely reflects regional diver-
gence over the tropical eastern Indian Ocean, the Banda Sea, and Papua New Guinea (Figure 10b). Opposite
to moisture convergence, the anomalous divergence features more locally derived water vapor, which is iso-
topically enriched relative to a more distant source. Additionally, anomalous divergence favors rain reeva-
poration, one of the microphysical controls on precipitation enrichment where secondary evaporation
preferentially removes lighter isotopes from the condensed raindrops (Dansgaard, 1964). Increased subsi-
dence (more positive ω) across the eastern Indian Ocean (Figure 10b) coincides with the center of greatest
δDprecip enrichment in the simulations (Figure 5b). Low‐level water vapor becomes enriched over the
exposed Sunda Shelf, where ocean did not exist during the LGM, and across the eastern Indian Ocean to
the Timor and Arafura Seas (Figure 10a). Additionally, wind vector anomalies show increased easterly wind
flow away from the Sumatran coast (Figure 10), suggesting that diverging air, the associated decrease in pre-
cipitation, andmore locally sourced moisture drive the pattern of isotopic enrichment over the Indian Ocean
and southern IPWP.

Previous studies from Mandar Bay (Wicaksono et al., 2017), Lake Towuti (Konecky et al., 2016), and Flores
(Ayliffe et al., 2013) have shown either depleted or little‐to‐no change in precipitation isotope values at the
LGM relative to the Holocene, which have been interpreted as an increase in northwest (DJFM) monsoon
intensity. These original interpretations were based on proxy data that have been corrected for ice volume
effects assuming a spatially homogeneous correction. In contrast to previous studies, δDprecip results shown
here have not been corrected for the ice volume effect and the good overall proxy‐model agreement tells a
different story: During glacial climates, convergence of low‐level moisture drove regional isotopic depletion
over the western Pacific side of the IPWP, while divergence drove isotopic enrichment across the eastern
Indian Ocean and southern IPWP. The enrichment is expressed at MD98‐2152, Flores, Lake Towuti, and
Mandar Bay. Thus, there is an underlying lesson regarding correcting precipitation isotope proxies using a
spatially uniform value for the global ice volume effect. Correcting for global ice volume is common practice
in paleowater isotope studies; however, it assumes that everywhere on the planet experiences the same net
change. While the global deep ocean has been shown to be enriched in δ18O by +1.05‰ during the LGM
(Duplessy et al., 2002), surface waters, from which meteoric waters are sourced, can vary widely from that
value in different regions. Assuming a 1‰ offset in δ18O prior to interpreting data may obscure the isotopic
signature associated with local and regional processes.

The proxy δDprecip change at the two northern sites, Borneo and Sumatra, differs in sign from the simulated
δDprecip change (Figures 9a and 9c). Borneo appears to agree best with simulated δDprecip changes during
JJAS (Figures 6b and S2), so a seasonal bias in the proxy record could potentially explain this mismatch.
Although modern dripwater measurements from Borneo do not suggest that speleothem δ18O are

(a) (b)

Figure 10. Simulated mean annual LGM‐PI change in (a) δD of water vapor and (b) vertical velocity at the 850 hPa level
plotted with wind anomalies. Arrows indicate magnitude and direction of anomalies in 850 hPa winds. Proxy locations
are excluded from this figure for visual simplicity.
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seasonally biased (Cobb et al., 2007) and rainfall amount exhibits little seasonal variability over the northern
IPWP (Dubois et al., 2014; Moerman et al., 2013), a potential seasonal bias at the LGM cannot be ruled out.
iCESM simulates a larger reduction in precipitation over the Borneo location during DJFM (~20%) relative to
JJAS (~8%), indicating an increase in rainfall seasonality over northern Borneo at the LGM (Figure 7; per-
cent change not shown). This result supports the possibility that Borneo speleothems were biased toward
JJAS, the relatively wetter season at this location, during the LGM. The change in the Sumatran leaf wax
record is quite small (−0.9‰), and the likely source of plant waxes is nearby land (northwest Sumatra) over
which LGM‐PI δDprecip enrichment is muted (Figure 5b). The change in ω and wind vectors (Figure 10) sug-
gests that more moisture may be transported over the Andaman Sea at the LGM to northwest Sumatra. This
remotely sourced moisture would be isotopically depleted, as shown by the depleted δD values of low‐level
water vapor (Figure 10a), relative to local moisture over northwest Sumatra, potentially resulting in the
muted δDprecip enrichment (Figure 5b), a signal that would integrate into the leaf waxes.

Nevertheless, we cannot rule out the possibility that model biases are responsible for the proxy‐model dis-
agreement. While iCAM5 simulates observed isotopic variability in tropical convective systems reasonably
well (Hu et al., 2018), it is known to have a low convective trigger threshold (Nusbaumer et al., 2017). If
the model were overestimating regional convection, then simulated δDprecip could be more depleted than
expected in areas with deep convection cells, such as the west Pacific Ocean, likely contributing to the large
discrepancy over Borneo (Figure 5b). More modeling studies using multiple state‐of‐the‐art water isotope‐
enabled models are needed to examine the spatially distinct isotopic responses identified in iCESM.

5.2. Climate Forcings and the Influence of Shelf Exposure

Proxy data from across the Sunda and Sahul Shelves indicate widespread drying during the LGM (Bird
et al., 2005; DiNezio & Tierney, 2013; Reeves et al., 2013) in response to lowered sea level and increased
ice sheet albedo (DiNezio et al., 2018). Our sensitivity experiments (Figure 8) similarly indicate that sea level
and ice sheet changes are the primary control on precipitation isotopic responses. The LGM ICE simulation
produces the same spatial pattern of ΔδDprecip as the simulation with the full set of forcings (Figure 8b) and
generally agrees with the proxy data (Figure 9e) with centers of depletion over the west Pacific and enrich-
ment over the eastern Indian Ocean.

Exposure of the Sunda and Sahul Shelves during glacial periods increases the distance that air masses pass
over land before reaching the IPWP. For instance, moist air masses from the South China Sea would experi-
ence more rainout as it travels across the exposed Sunda Shelf, leading to more depleted δDprecip in the cen-
tral IPWP. Additionally, South China Sea source waters are more depleted in δD relative to the western
Pacific and Indian Oceans (Figure 5d; Colin et al., 2010; Waelbroeck et al., 2014). In contrast, simulated
ΔδDprecip over the southwestern IPWP is more enriched at the LGM (Figure 5b), indicating that regional
divergence, reduced rainfall, and a more local moisture source (Figure 10b) counteracted the more depleted
rainfall from the South China Sea.

Ice sheet albedo and exposure of the Sunda Shelf from lowered sea level at the LGM may have had a parti-
cularly large influence on rainfall over Borneo, the site with the largest proxy‐model disagreement. Today,
rainfall in Borneo is depleted in δ18O during late boreal summer as moisture from the Java Sea gradually
rains out along its transport path to northern Borneo (Cobb et al., 2007; Moerman et al., 2013). However,
the Java Sea did not exist during glacial periods, so rainfall must have been predominantly from the South
China Sea and west Pacific. The LGM ICE simulation shows more enrichment of δDprecip over northwest
Borneo than the simulation with all forcings (Figure 8b), suggesting that precipitation isotopes captured
by the Borneo speleothems may be more sensitive to changes in ice sheets and sea level than is suggested
by iCESM. Northern Hemisphere ice sheet albedo at the LGM causes dry conditions in Southeast Asia
and the northern IPWP as cold, dry air overlying the Laurentide ice sheet is advected bymidlatitude westerly
winds andmixed equatorward, thus limiting the seasonal advance of boreal monsoons (DiNezio et al., 2018).
Borneo could, therefore, primarily be reflecting a remote influence of Northern Hemisphere ice sheet
albedo, whereas the more southern proxy locations may reflect the response to the local shelf exposures
within the IPWP.

The iCESM simulated change shows a pattern of increased low‐level subsidence over the tropical eastern
Indian Ocean and anomalous low‐level ascension over northern Australia and the western Pacific

10.1029/2020PA003985Paleoceanography and Paleoclimatology

WINDLER ET AL. 13 of 17



(Figure 10b), which is consistent with a decoupling of the Indian and Pacific Walker circulation cells at the
LGM, as suggested by recent modeling studies: Walker circulation weakened over the tropical eastern
Indian Ocean (increased subsidence) and accelerated over the western Pacific (increased ascension)
(DiNezio et al., 2011, 2016, 2018). A more extensive, cross‐sectional view of simulated Δω shows that the
change in vertical velocity higher in the atmosphere is split over the Maritime Continent (Figure 11a), with
centers of anomalous subsidence over the Indian Ocean side and anomalous ascension over the Pacific side.
Stronger ω in the western Indian Ocean near East Africa accompanies the increased subsidence in the east-
ern Indian Ocean and the stronger ω over the west Pacific is paired with anomalous subsidence in the east-
ern Pacific near South America (Figure 11a), emphasizing the different Walker responses between the
basins. Likewise, the different Δω in our GHG (Figure 11b) and ICE (Figure 11c) simulations highlights that
the patterns of change between the different basins are influenced by different climate forcings, specifically
ice sheet albedo and the associated lowering of sea level over the Indian Ocean and GHG concentrations
over the Pacific. Closer examination of Δω over the Maritime Continent shows that the dual centers of
increased ascension over the western Pacific in the full forcing simulation likely result from a combination
of GHG and ICE forcings (Figure 11). Overall, reduced sea level and ice sheet albedo are primary drivers of
the proxy‐measured spatial pattern of the hydroclimate response to glacial conditions in the IPWP, including
the dynamics governing precipitation isotopes.

6. Conclusions

Our new δDprecip record from MD98‐2152 suggests consistent glacial enrichment of precipitation isotopes
over southern Sumatra and western Java for the last 450 kyr. Isotope‐enabled simulations using iCESM dis-
play a good match between proxy and model change in δDprecip during the LGM and shed light on mechan-
isms controlling regional precipitation isotopes over the IPWP during glacial periods. The distinctive spatial
pattern of simulated δDprecip change—depleted rainfall over the west Pacific and enriched rainfall over the
eastern Indian Ocean and southern IPWP—does not strictly follow the pattern of reduced precipitation

(a)

(b)

(c)

Figure 11. Simulated tropical mean annual Δω at different atmospheric pressure levels averaged over 10°N to 10°S for
(a) the LGM‐PI (full forcing), (b) GHG‐PI, and (c) ICE‐PI simulations. Data plotted span longitudinally from the
western Indian to the eastern Pacific Oceans. Reference landmarks are indicated at the bottom.
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across the IPWP, suggesting that different mechanisms controlled the isotopic value of rainfall in each area
during glacial times. Regional increases in low‐level moisture convergence contributed to depletion of
δDprecip in the west Pacific, whereas increased subsidence, the reduction of rainfall, and more localized
moisture sources drove enrichment over the eastern Indian Ocean and southern IPWP.

Overall, this study presents a new picture of the mechanisms controlling precipitation isotope variability in
the IPWP during glacial climates. Previously, proxy data from Mandar Bay, Lake Towuti, and Flores were
interpreted to indicate an intensified northwest monsoon during glacial periods; in contrast, our study sug-
gests that these locations experienced glacial enrichment due to increases in regional low‐level subsidence.
We have shown that the primary mechanisms controlling precipitation isotopes in the IPWP during glacial
periods are ice sheet forcing and the associated lowering in sea level but not the lower GHGs. The decoupling
of the Indian and Pacific Walker circulation cells at the LGM likely resulted in different regional circulation
changes between the two basins, which contributed to the distinct spatial pattern of ΔδDprecip. Lastly, we
caution against applying a uniform ice volume‐correction to precipitation isotope records prior to interpre-
tation, as it may mask local processes when comparing different locations.

Data Availability Statement

The MD98‐2152 δD data generated in this study are available from NOAA's National Centers for
Environmental Information Paleoclimate page (https://www.ncdc.noaa.gov/paleo/study/30533). Model
data are available through Tierney et al. (2020). Other data used in this study are available as follows:
Borneo speleothems through Partin et al. (2007), northwest Sumatra leaf waxes through Niedermeyer
et al. (2014), Mandar Bay leaf waxes through Wicaksono et al. (2017), Lake Towuti δDwax through
Konecky et al. (2016), δ13Cwax through Russell et al. (2014), Flores speleothems through Ayliffe et al. (2013),
MD98‐2152 δ13Cwax through Windler et al. (2019), and the iCESM Last Millennium Ensemble through
Brady et al. (2019).
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