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Abstract 

Island South-East Asia (ISEA) is a highly humid region and hosts the world’s largest tropical peat deposits. Most of this peat 10 

accumulated relatively recently during the Holocene, suggesting a generally drier and/or more seasonal climate during earlier 

times. Although there is evidence for savanna expansion and drier conditions during the Last Glacial Maximum (LGM, 21 ka 

BP), the mechanisms behind hydroclimatic changes during the ensuing deglacial period has received much less attention and 

are poorly understood. Here we use CESM1 climate model simulations to investigate the key drivers behind ISEA climate at 

the very end of the last deglacial period, at 12 ka BP. A transient simulation (TRACE) is used to track the climate seasonality 15 

and orbitally driven change over time during the deglaciation into the Holocene. In agreement with proxy-evidence, CESM1 

simulates overall drier conditions at 12 ka BP. More importantly, ISEA experienced extreme seasonal aridity, in stark contrast 

to the ever-wet modern climate. We identify that the simulated drying and enhanced seasonality at 12 ka BP is mainly the 

result of a combination of three factors: 1) large orbital insolation difference between summer and winter in contrast to the 

LGM and the present day; 2) a stronger winter monsoon caused by a larger interhemispheric thermal gradient in boreal winters; 20 

and 3) a major reorganization of the Walker Circulation with an inverted land-sea circulation with a complete breakdown of 

deep convection over ISEA. The altered atmospheric circulation mean state during winters led to conditions resembling 

extreme El Niño events in the modern climate and a dissolution of the Inter-Tropical Convergence Zone (ITCZ) over the 

region. From these results we infer that terrestrial cooling of ISEA and at least a seasonal reversal of land-sea circulation likely 

played a major role in delaying tropical peat formation until at least the onset of the Holocene period. 25 
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1 Introduction 30 

The Indo-Pacific Warm Pool (IPWP) is the world’s largest region with sea-surface temperatures permanently above 28 °C. 

This ‘heat and steam engine of the globe’, is a major source of atmospheric deep convection and heat flux in the tropics and 

plays a key role for monsoon systems that directly affect approximately half of the global population (De Deckker, 2016; 

Chabangborn et al., 2018). Currently, the IPWP is undergoing rapid change and has doubled in size during 1981-2018 

compared to 1900-1980, and the growth rate is accelerating (Roxy et al., 2019).  The IPWP region is highly interconnected to 35 

interhemispheric changes through latitudinal shifts of the Intertropical Convergence Zone (ITCZ) and monsoon systems as 

well as to zonal variations of the Walker Circulation, in particular the El Niño Southern Oscillation (ENSO) over the Pacific 

Ocean. Located in the central IPWP, Island South-East Asia (ISEA) is wet year-around, hosting tropical rainforests and peat 

swamp forests (Beck et al., 2018; Malhi and Wright, 2004). Based on climate simulations, it is very likely that rainfall 

variability will increase in the future under an expanding IPWP and enhanced ENSO variability (Grothe et al., 2020; IPCC, 40 

2021; Wengel et al., 2021). Increasing rain variability in the context of amplified ENSO modes may enhance the risk for 

seasonal droughts and forest fires in today’s ever-wet tropical rain forests. These changes may further weaken the small 

hydrological cycle of these ecosystems potentially turning carbon sinks into carbon sources under global warming. In this 

context, it is noteworthy that most of the peatlands and rain forests of ISEA are rather young and became established only 

during the early to mid-Holocene (Dommain et al., 2014). Whether this rather young age is due to a generally drier climate 45 

prior to the Holocene, or rather due to changes in precipitation variability or seasonality, remains a challenging research 

question.  

 

Stronger ENSO variability has been proposed during the deglaciation (~16-11.7 thousand years before present; ka BP) 

(Clement et al., 1999; Koutavas and Joanides, 2012; Sadekov et al., 2013), and the deglacial period climate seasonality can 50 

thus be studied as an analogue for projected ENSO changes. Reconstructions from speleothems and other proxies (Dang et al., 

2020; Konecky et al., 2016) indicate widespread drier conditions in the IPWP before the early Holocene (ca. 10-11 ka BP). 

Drier overall conditions coupled with increased ENSO variability suggest that large-scale atmospheric mechanisms were 

altered during the deglaciation. However, the typically integrated signal derived from proxy-evidence alone does not allow to 

disentangle the overall climate change signal from potentially more extreme changes on seasonal time-scales. 55 

 

On a local to regional level, a number of pollen and biomarker-based proxy records, as well as floral and faunal records indicate 

open grassland/shrub vegetation and drier conditions during the Last Glacial Maximum (LGM: ~21 ka BP) and the subsequent 

deglacial period. This has sparked a debate about to what extent savanna expanded in the region during (potentially seasonally) 

drier conditions, and a ‘Savanna Corridor’ hypothesis outlining a savanna biome across the exposed Sunda shelf has been 60 

proposed (Bird et al., 2005; Heaney, 1991; Louys and Roberts, 2020; Wurster et al., 2010, 2019) (Fig. 1). However, evidence 

remains inconclusive for key regions, in part because much of the proposed savanna areas were inundated during deglacial 
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120 m sea level rise (Hanebuth et al., 2011). Whether the proposed savanna formed a contiguous “corridor”, or if the savanna 

vegetation was interrupted by a rainforest between Sumatra and Borneo, remains an open question (Cannon et al., 2009; 

Wurster et al., 2019). The existence of a savanna corridor during the LGM has previously been questioned by Raes et al. (2014) 65 

based on rainforest species distribution modelling forced by two climate models. These showed increased precipitation 

compared to modern climate on north Borneo and on the Sunda shelf (Brady et al., 2013). However, the simulated increase in 

precipitation is at odds with both a PMIP3 model synthesis of eleven climate model simulations (PMIP3 Synthesis maps, 2014; 

https://pmip3.lsce.ipsl.fr/), and with cave deposit δ18O records in that area (Partin et al., 2007; Wurster et al., 2010), suggesting 

that their results may be based on a too wet climate model output. The lack of proxy records and a limited understanding about 70 

the driving mechanisms for an altered climate state during the deglaciation call for the need of climate modelling experiments 

to unravel drivers behind such drastic changes.  

 

Although it is well accepted that the Sunda climate was generally drier and colder prior to the Holocene, previous research has 

mainly focused on the LGM, with much less attention on transient changes during the deglacial period. Also, how this generally 75 

drier climate might have been related to seasonality changes rather than just mean changes in precipitation, has received very 

little attention. The goal of this study is to investigate the seasonal climate evolution in the Sunda region by analyzing climate 

model simulations, a transient coupled ocean-atmosphere model, and comparing it to available proxy data. We focus here on 

the period ~12 ka BP known as the Younger Dryas, representing the very end of the deglaciation before the start of the warm 

and wet Holocene. This enables further insight into the deglacial climate, in a period with different seasonal orbital forcing 80 

compared to both the PI and the more studied LGM. In particular, we quantify the length and aridity of the dry season, since 

these parameters can have a much stronger effect on ecosystems than the total annual precipitation (Malhi and Wright, 2004). 

We then investigate the large-scale forcings and mechanisms that dominate the deglacial tropical climate on seasonal 

timescales in comparison to the modern pre-industrial climate. 

 85 
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Figure 1: Topographic map of South-East Asia and a compilation of available climate proxy records (supplementary Table 1). 

Yellow markers indicate drier or more seasonal climate at 12 ka BP compared to PI, and green indicates no notable difference. Purple areas 

denote the peatland extent at 12 ka BP (Dommain et al., 2014). Exposed land due to lower sea level at 12 ka BP shown in light green and in 90 
light gray for the LGM. The hatched area indicates the proposed savanna corridor on the Sunda shelf at the LGM (Cannon et al., 2009). 

Black square on the regional map indicates the area used to track long-term changes in seasonality from TRACE (Fig. 2f, g). Small black 

squares in the global map inset show the areas used for estimating the thermal gradient over ISEA and blue squares are used for Walker 

Circulation Index calculations (Fig. 7a). 

2. Materials and methods 95 

2.1 Proxy data compilation 

To synthesize the available proxy-evidence for the IPWP region at the end of the deglaciation, we compiled paleoclimatic 

proxy records based on pollen assemblages, 13C and δ18O that spans at least the last 12 kyr (see Table S1). We follow the 

interpretations of the authors, and 13C is considered to reflect C3/C4 vegetation abundance, which reflects aridity or climate 

seasonality, while δ18O and D mainly reflects precipitation amounts. Speleothem δ18O records in the Sunda region from 100 

Borneo at 4° N (Partin et al., 2007), equatorial Sumatra at 0° N (Wurtzel et al., 2018) and Java at 8° S (Ayliffe et al., 2013) 
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show the overall deglacial transient climate evolution in the region and that regional climate shifts are partly out of phase 

between north and south hemisphere due to bipolar seesaw mechanisms and the impact from different monsoonal systems 

(Ayliffe et al., 2013). Greenland ice δ18O (NGRIP members, 2004) is shown as a comparison to the Sunda speleothem records 

to highlight that the deglacial climate transition is similar in terms of timing and direction at polar latitudes and Sunda’s tropical 105 

latitude. The topographic map data used to outline the modern, 12 ka BP and LGM coastlines in figures was derived from 

NOAA’s 1-arc minute ETOPO1 present-day elevation dataset (Amante and Eakins, 2009). 12 ka BP sea level was set to -55 

m, and LGM sea level was set to -120 m compared to current sea level.  

 

2.2 Climate model simulations 110 

To investigate the transient change in temperature and precipitation seasonality from the LGM to the present on Sunda, the 

TraCE21ka simulation data (He, 2011; He et al., 2013; Liu et al., 2009) (hereafter referred to as TRACE) is used. The TRACE 

simulation was performed with the CCSM3 model developed by NCAR, and is a full-complexity coupled atmosphere-ocean 

model. For the transient paleoclimate runs, CCSM3 was forced with changes in greenhouse gas concentrations and orbital 

insolation changes. In addition, continental ice sheets and sea level changes were adjusted over time and the fresh water forcing 115 

from melting ice sheets and/or drainage of proglacial lakes was set as described in detail by (He, 2011). The spatial model 

resolution is T31_gx3, (3.75° x 3.75° in the atmosphere, ~415 km). Here, we analyzed TRACE data in the region from present-

day Sumatra, Indonesia, which represents the central Sunda region. We select a location (3° S–1° N, 100° E–104° E) that is 

currently land surface to avoid signal variation arising from changing the model surface type from water to land during the 

deglacial transgression. 120 

 

Because the transient simulation with TRACE had to be performed at a rather coarse spatial resolution, we additionally analyze 

a higher resolution snapshot simulation for the Younger Dryas that better represents the regional exposure of today’s inundated 

Sunda shelf. The model setup and boundary conditions used for the higher resolution CESM1.0.5 model simulations of 12.17 

ka BP (hereafter referred to as 12 ka BP) have been previously described by Schenk et al. (2018). CESM1 is a newer version 125 

of CCSM3 that was used previously for the transient simulations of TRACE. The CESM1 simulation here is based on a coupled 

atmosphere-land-sea ice model with sea surface temperature and sea ice fraction prescribed from TRACE. The CESM 

simulation has a horizontal resolution of 0.9° x 1.25° (~120 km). Continental ice sheets and corresponding sea level and hence 

land-sea distribution in CESM1 are based on the ice sheet reconstruction from GLAC-1B (Schenk et al., 2018), a precursor of 

the PMIP4 ice sheet reconstruction (GLAC-D: Ivanovic et al., 2016). The vegetation cover in the 12 ka BP simulation was 130 

prescribed from the pre-industrial state of CESM1, and kept constant during the simulation. The vegetation on exposed shelf 

areas was set by nearest-neighbor interpolation to reflect adjacent land areas. To avoid some inconsistencies due to changing 

surface types when interpolating CESM1 model output onto ancient coast lines, model grid points that were partly sea and 

partly land, i.e., the coastlines, were masked out from the 12 ka BP simulation and filled using nearest neighbor interpolation. 
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The land-sea distribution including coastlines in the 12 ka BP simulation is shown in Fig. 7c, in which all grid points containing 135 

land are greyed out. 

2.3 Analysis 

To compare transient seasonality changes in temperature and precipitation simulated by TRACE, we used insolation data for 

central Sunda shelf (2° N) from 20 ka BP to the present (Laskar et al., 2004). To quantify changes and severity of precipitation 

seasonality, we used <60mm precipitation to define a dry month under tropical conditions following Köppen’s classification 140 

(Beck et al., 2018). Raes et al. (2014) and Malhi and Wright (2004) used a 100 mm/month classification, based on the fact that 

100 mm is close to the monthly evaporation in present-day rainforests. Since 12 ka BP was colder, leading to lower potential 

for evapotranspiration, we decided to use the lower value of 60 mm/month. Given the strong simulated changes, the results 

are insensitive to the exact definition. As a first order approximation, we estimate the potential thermodynamic contribution 

of SST cooling on the simulated reductions in total precipitation by calculating a 7 % decrease in total precipitation per Kelvin 145 

cooling, based on the Clausius-Clapeyron relation between changes in temperature and potential water vapor uptake by the 

atmosphere. We then compare this to the simulated change in total precipitation by CESM to separate the thermodynamic 

contribution from dynamical changes. The temperature gradient in the Asian-Australian monsoon system, responsible for 

driving the north-south potential strength of the monsoons, was derived between 120-130° E, 20-30° S for Australia, and 120-

130° E, 50-60° N for Siberia (boxes on Fig. 1).  150 

 

We calculated a Walker Circulation Index (WCI) to quantify the strength of the Pacific Walker circulation from monthly mean 

sea level pressure as the difference in pressure between the IPWP and West Pacific (80° E to 160° E, 5° S to 5° N) and the 

East Pacific (160° W to 80° W, 5° S to 5° N), boxes shown in Fig. 1, following Kang et al. (2020). To compare the simulated 

WCI during PI and 12 ka BP with observational data, the ERA5 dataset (Hersbach et al., 2020) was used for monthly mean 155 

sea level pressure data from 1979 to 2020 to calculate observed changes in the Walker Circulation Index. The average WCI 

during extreme El Niño years (1983, 1998 and 2015) were compared to the CESM simulations. ERA5 SST data was used from 

the same El Niño events to compare the SST anomalies during El Niño events for January, which usually is the month with 

the highest El Niño strength. January SST anomalies in ERA5 data was calculated as the January mean of the entire ERA5 

dataset (1979-2020) subtracted from the average January SST during the El Niño events in 1983, 1998 and 2015. The simulated 160 

SST anomaly at 12 ka BP compared to PI was calculated as the difference in SST between 12 ka BP and PI, with the average 

tropical (23.5° S to 23.5° N) SST cooling of 2.08 K between the periods subtracted. This was done to show the relative 

temperature change within the Pacific Ocean at 12 ka BP. 
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3 Proxy synthesis in the Sunda region 165 

The transition from Late Glacial (~16 to 11.7 ka BP) into the current interglacial of the Holocene is marked by significant 

climatological changes as e.g. reconstructed from cave deposits (e.g., Ayliffe et al., 2013; Partin et al., 2007; Wurtzel et al., 

2018) indicating drastic changes relative to today’s atmospheric circulation patterns in response to past climate change (Fig. 

2). While ISEA is wet year-around in the modern climate because of its location in the IPWP, this was not the case before the 

early Holocene. Based on previous proxy studies from the ISEA/IPWP region, the general deglacial climate sequence consists 170 

of a cold and dry LGM (~20 ka BP), followed by further drying during Heinrich Stadial 1 (HS1) (17-15 ka BP), a warmer and 

more humid Bølling-Allerød (BA) (15-12.8 ka BP), reverting back into the cold and dry Younger Dryas (YD) (12.8-11.7 ka 

BP), leading into the considerably wetter and warmer Holocene (Fig. 2) (Ayliffe et al., 2013; Partin et al., 2007; Wurtzel et al., 

2018). This trend is similar to ice core records on Greenland, indicating that teleconnections between high latitude and tropical 

climates are important (Yuan et al., 2018). The timing of the driest period is different for records south of the equator, where 175 

the southward shifted ITCZ during North Hemisphere (NH) cold events resulted in enhanced Austral-Indonesian summer 

monsoon precipitation, with relative wetting on the southern hemisphere during YD and HS1 (Ayliffe et al., 2013) (Fig. 2). 

The general deglacial sequence is however similar, and overall, the implication is that the YD studied here is somewhat less 

extreme than the LGM but still very distinct from the Holocene. 

 180 
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Figure 2: Long-term transient changes in temperature and hydroclimate based on proxy evidence in comparison to seasonality 

changes in terms of orbital forcing (2° N) and simulated precipitation (P) and temperature (T). a) Greenland (NGRIP) ice core 𝛿18O 

indicative of northern hemisphere high latitude temperature (NGRIP members, 2004). b, c, and d) speleothem 𝛿18O, indicative of 185 
precipitation amount, from  Borneo, Sumatra, and Java in the Sunda region (Partin et al., 2007; Wurtzel et al., 2018; Ayliffe et al., 2013). e) 

Insolation difference between winter and summer calculated from July minus January insolation from 2 °N (Laskar et al., 2004). f and g) 

Seasonality is calculated as JJA/DJF for precipitation (blue) and JJA-DJF for temperature (red) based on the TRACE simulation (He 2011) 

over Sunda (3° S-1° N, 100°-104° E), with 19 point running mean in bright colors and each data point in pale color. The strong changes in 

seasonality closely follow the orbital forcing seasonality which is evident in climate model simulations but not visible in the seasonally 190 
integrated proxy-signals. 

 

Focusing on 12 ka BP specifically, a compilation of climate and environmental proxy records based on stable isotopes and 

pollen indicate widespread drier conditions in the Sunda area at 12 ka BP compared to PI in the region (Fig. 1). However, local 

deviations are found in some records that do not record a significant change between modern and deglacial climates, notably 195 

around Borneo which appears to have remained relatively wet according to proxies (Fig. 1) and climate simulations (Brady et 

al., 2013). In contrast to a nearby terrestrial speleothem record on Sumatra, Niedermeier et al. (2014) did not find a clear 

difference over the LGM-Deglaciation-Holocene period in their record based on terrestrial biomarkers found in a marine record 
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off Sumatra. They attribute this difference to local variations in topography and a different response to sea level rise. Pollen 

and biomarker records in the southern South China Sea, which mainly receives input from Borneo (Yang et al., 2020), indicate 200 

that only small changes in humidity occurred on the Sunda shelf from the LGM to the present (Chabangborn et al., 2018; Hu 

et al., 2003, 2002; Wang et al., 2007). On the contrary, Yang et al. (2020) found evidence in a nearby marine core for a 

precipitation minimum during meltwater pulse MWP-1A at ~14 ka, and a subsequent slow increase towards the Holocene.  

 

The synthesis of local records suggests an overall drier and/or seasonal climate during the deglacial period including 12 ka BP, 205 

but with some more local ever-wet exceptions, particularly around Borneo. In line with this, large-scale peat formation on the 

ISEA, which requires ever-wet or water-logged conditions, first initiated in central Borneo (purple in Fig. 1) around 14 ka BP 

(Dommain et al., 2014). In contrast, almost all other peatlands in the region started to accumulate only relatively recently, 

during the Holocene, in particular following the mid-Holocene sea level high stand of +5 m a.s.l. at 5000 yr BP (Dommain et 

al., 2014). This indicates that the continuously anoxic, waterlogged conditions required for peat accumulation did not widely 210 

occur before that time, implying that (ancient) land areas of ISEA must have experienced significant dryness, at least 

seasonally, in today’s ever wet region with exception of Borneo. 

4 Model simulations for the Deglacial Period 

4.1 Transient climate evolution since the LGM (TRACE) 

Although the transient simulation of annual precipitation over the ISEA region agrees with the overall drier conditions during 215 

the deglaciation reflected in proxy-records (Fig. 1), a key factor appears to be an uneven seasonal distribution of total 

precipitation compared to the present (and to some extend also LGM) (Fig. 2f). Such a seasonality-signal is usually not directly 

detectable from proxy records. Contrasting the seasonal cycle as difference between summer and winter climate states, the 

transient TRACE simulation indicates a major shift to a more seasonal climate on central Sunda during the deglacial and early 

Holocene, both in terms of precipitation and temperature (Fig. 2f-2g). At the present day, the temperature is stable over the 220 

year with generally <1 K difference between summer (JJA) and winter (DJF). Precipitation is slightly lower in summer than 

winter resulting in a precipitation ratio for JJA/DJF near or below 1 (Fig. 2f). At 12 ka BP however, the temperature seasonality 

is doubled to ~2 K, and precipitation seasonality is completely reversed, with a much drier DJF and the majority of precipitation 

falling in NH summer, resulting in JJA/DJF ratio of 2 to 3. This rainfall seasonality strongly follows insolation (orbital 

precession, the 21 ka cycle), which has previously been observed in Sunda region environmental proxies (Partin et al., 2007; 225 

Wurster et al., 2019). The insolation difference between the boreal summer and winter at 2° N was at a maximum at 11 ka BP, 

with a 49.7 W/m2 (~13.2 %) stronger insolation in July. Currently, July insolation is 8.4 W/m2 (2 %) lower than during January 

(Fig. 2e). 
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TRACE seasonality on Sunda at 12 ka BP is also much higher compared to LGM. An important difference between the LGM 230 

and 12 ka BP is that the insolation difference between winter and summer was near a minimum at the LGM and PI, while it 

was near maximum at 12 ka BP (Fig. 2e). These seasonal orbital forcing extremes provide an important mechanism for an 

increase in seasonality towards 12 ka BP or the early Holocene relative to LGM and PI. This implies that a mere focus on 

annual changes (as reflected by most proxy-records; Bova et al., 2021; Liu et al., 2014), will only yield in an incomplete 

explanation for the drastic paleo-environmental changes. We further evaluate the 12 ka BP climate state by analyzing a higher 235 

resolution simulation.  

 

4.2 Highly seasonal hydroclimate in the Sunda region at 12 ka BP (CESM1) 

To gain a more realistic representation of topography, sea level changes and atmospheric deep convection over tropical regions, 

model simulations focused on 12 ka BP and PI climate states were done using CESM1.0.5 (Schenk et al., 2018). The simulation 240 

of 12 ka BP generally confirms the proxy-evidence for widespread drier conditions (Fig. 3) as a criterion for the absence of 

tropical rainforest and peat in favor of savanna in the ISEA/IPWP region. Simulated precipitation for PI shows that most 

precipitation falls over ISEA land areas, but precipitation over land is strongly reduced at 12 ka BP and shifted to ocean areas 

over the Indian and Pacific Oceans. The higher resolution CESM precipitation changes are in general agreement with TRACE 

but more pronounced drying over land than shown by the coarser-resolved TRACE simulation (not shown). 245 

 

 

Figure 3. Comparison of annual mean total precipitation (mm/year) at PI and 12 ka BP based on CESM1. The generally drier 

conditions are consistent with generally drier proxy-evidence during the Deglaciation (e.g. Fig. 2b-d). Note that precipitation at 12 ka BP 

shifts from the land onto the sea. Seasonal precipitation is shown in Figure S1 with almost no precipitation over most ISEA areas in winter. 250 
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Moreover, our simulations show that the climate was not only drier at 12 ka BP in the Sunda region, but also extremely seasonal 

with remarkably dry winters, in stark contrast to the PI ever-wet conditions. Figure S1 shows that while all months are generally 

drier at 12 ka BP than in PI, the most substantial drying occurs in winters (DJF). By calculating the number of dry months 255 

under tropical conditions (defined as P <60 mm/month) for each grid point, we find that seasonal droughts were occurring 

almost everywhere in South-East Asia at 12 ka BP according to our CESM simulation (Fig. 4). Consistent with proxy-evidence 

(Fig. 1) and TRACE (Fig. 2), this is in stark contrast to the constantly wet PI climate which the entire ISEA and southern 

mainland SE Asia experiences (Fig. 4 inset). Only central Borneo remained wet throughout the year at 12 ka BP indicating an 

exceptional agreement of the simulated spatial precipitation change with proxy evidence and peatland initiation around Borneo 260 

(Fig. 1). Apart from Borneo, the dry period duration was approximately 3-4 months in most locations around the equator, 5-7 

months for mainland ISEA, and as much as 8-10 months for the Java and the Sahul shelf. That Borneo and the eastern ISEA 

receives relatively more precipitation, while the rest of Sunda becomes dry during periods of freshwater input into the North 

Atlantic, as was the case around 12 ka BP, is also supported by freshwater hosing simulations (Mohtadi et al., 2014).  

 265 

 

Figure 4: Number of simulated dry months per year at 12 ka BP and comparison of the regional annual temperature and 

precipitation cycles for 12 ka BP and PI. The inset shows the number of dry months (<60 mm P/month) per year for PI. Climate diagrams 

show the monthly average temperature and precipitation from PI (green) and 12 ka BP (black) based on CESM1 simulations. Sumatra, Java 

and North Borneo locations approximately correspond to speleothem cave locations from the reconstructions in Fig. 2. 270 
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Drastically reduced temperatures are simulated in particular for the exposed, low lying Sunda shelf east of Malaysia and 

Sumatra, as well as in the highlands of northern Borneo (Fig. S2 and S3). In those areas, TS was down to ~18 °C in January 

at 12 ka BP compared to PI temperatures of around 22 °C in the highlands to generally 25-27 °C in most low-lying areas (Fig. 

S3). Simulated annual mean ocean temperatures were ~2 K cooler at 12 ka BP, which is similar to the deglacial cooling 275 

proposed in a recent compilation of SST’s and thermocline temperatures in ISEA (Dang et al., 2020), but the warming starts 

earlier according to the proxies. The ocean temperature proxies show peak warmth already at ~10 ka BP, and only ~0.5 K 

cooler temperature at 12 ka BP compared to present. This early Holocene warming is inconsistent with most climate models 

and has been proposed to be related to a seasonal bias of marine proxies known as the ‘Holocene Temperature Conundrum’ 

(Bova et al., 2021; Liu et al., 2014). The simulated extreme seasonality changes over tropical land areas provide further 280 

evidence for the need to distinguish mean annual changes from the potentially more dominant role of changing seasonality – 

in particular seasonal aridity.  

 

Lower IPWP SST can account for part of the reduced precipitation at 12 ka BP, since a ~7 % decrease in evaporation and 

subsequent convective precipitation from the ocean can be expected per Kelvin cooling (Clausius-Clapeyron relation). A 285 

decrease of around 10-30% precipitation in January can thus be attributed to the cooling, which falls much short of the total 

simulated decrease of 50 to 99% (Fig. S4). We thus conclude that the drastic reduction of winter precipitation compared to PI 

requires fundamental large-scale changes in terms of atmospheric circulation and cannot be explained alone by a lower 

moisture availability due to cooling at 12 ka BP. 

 290 

4.3 Mechanisms driving strong seasonality in the Sunda region at 12 ka BP 

As outlined in figure 2, transient seasonal insolation changes serve as a good general explanation for seasonal temperature and 

precipitation changes over ISEA. However, additional changes are required to explain the drastic reductions in seasonal 

precipitation given the relatively small ocean cooling signal that is insufficient to explain the drastic moisture changes. A key 

change on hemispheric scale is that mid to high boreal latitudes cooled much more than the tropics at 12 ka BP compared to 295 

PI (Fig. S5). This is due to the remaining presence of ice-sheets and sea ice, and the weaker AMOC (He, 2011). NH cooling 

was then enhanced further in particular during winters due to low orbital winter insolation. Thus, the pole-equator thermal 

gradient between the IPWP low- and Siberian high-pressure systems, driving the monsoons, was much larger. CESM simulates 

a 27 % larger (winter) thermal gradient at 12 ka BP compared to PI between the large land areas of Siberia and Australia (ΔT 

= 76 K, compared to 60 K at PI). As a result, CESM simulates a much stronger winter monsoon at 12 ka BP compared to PI 300 

(Fig. 5). Such a strengthened winter monsoon is also supported by proxy evidence (Griffiths et al., 2009) and stronger 

temperature gradients in the South China Sea in the late glacial, both according to SST proxies and the TRACE simulation 

(Huang et al., 2011; Wen et al., 2016).  
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 305 

Figure 5. Simplified mechanistic explanation for January precipitation patterns during the pre-industrial (top) and 12 ka BP 

(bottom) in terms of horizontal and vertical wind patterns. a) and c) show mean total precipitation (mm/month) and surface wind vectors 

(m/s) for January; b) and d) Omega parameter (ω: Pa/s) representing vertical air movement (ω<0, rising in blue; ω>0 sinking in red) along 

the equator over the Indo-Pacific region. The approximate January location of the ITCZ and atmospheric Walker Circulation patterns are 

indicated as red lines (a, c) and black arrows (b, d), respectively. Not that the atmospheric circulation cells are inverted over the IPWP region 310 
at 12 ka BP where subsiding air masses, a breakdown of deep convection and divergent winds from land to sea cause seasonal aridity over 

tropical land areas. 

 

 

315 
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For the pre-industrial simulation, the ITCZ rain bands are present over South-East Asia (Fig. 5a) throughout the year (annual 

and seasonal precipitation for both simulations are shown in figure 3 and figure S1). Typical PI precipitation for January ranges 

from 200-500 mm throughout most of ISEA. Precipitation during NH winters is drastically reduced at 12 ka BP with a majority 

of Sunda receiving <40 mm (Fig. 5) during the driest month, which occurs in January for most locations except Java and 

Oceania which is driest during July (during the Austral-Indonesian winter monsoon). The rain bands have completely 320 

disappeared from the region in the 12 ka BP simulation during NH winter (Fig. 5c). Over northern Australia and the Sahul 

shelf, where the Indo-Australian monsoon precipitation peaks during SH summer in January, the precipitation peaks around 

440 mm at PI compared to around 120 mm at 12 ka BP. 

 

Figure 5 also compares the January atmospheric circulation for 12 ka BP and PI. The large-scale wind pattern with strong 325 

convergence over Sunda during the PI leads to deep convection and high precipitation amounts. However, the intrusion of cold 

and dry northeasterly winds during 12 ka BP, and relatively cold land temperatures over ISEA relative to warmer tropical SST, 

creates a highly divergent flow over Sunda at 12 ka BP, leading to subsidence and a breakdown of deep convection and 

seasonal dryness (Fig. 5b, 5d and Fig. 6). Figure 5b and 5d panels represent the vertical component of circulation (Omega 

parameter; convective, ω < 0 Pa/s) or sinking (stable, ω > 0 Pa/s) air masses along a vertical cross-section at the equator for 330 

12 ka BP and PI that determine the atmospheric circulation cells over Indo-Pacific region. In addition, Fig. 6 displays areas of 

rising and sinking air masses for both periods on a wider spatial scale around the vertical cross-section in Fig. 5. Deep 

convection areas are represented by negative ω values extending beyond the 500 hPa level while local near-surface convection 

e.g., due to orography, may still occur on the 850 hPa level independent of the large-scale circulation. Both figures clearly 

show that deep convection over ISEA is drastically reduced or even inverted to into subsidence at 12 ka BP, while convection 335 

areas and precipitation is shifted to the oceans. Near-surface (850 hPa pressure level) convection still takes place over Borneo 

and Java in January at 12 ka BP but does not extend further up to higher levels (≥500 hPa) in the atmosphere (Fig. 6). 

Considering convection (Fig. 5b, 5d and Fig. 6), surface winds (Fig. 5a, 5c) and zonal wind patterns (Fig. S6), we sketch the 

simplified Walker Circulation for both periods in panel 5b and 5d. With the results presented here, CESM1 suggests a 

breakdown of atmospheric deep convection, drastically reduced precipitation over ISEA and complete re-arrangement of 340 

tropical atmospheric circulation over the Pacific and Indian Ocean at 12 ka BP compared to PI.  
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 345 

Figure 6. Comparison of near-surface convection/subsidence (850 hPa level) with (no) deep convection (≥500 hPa level) over ISEA 

during January for PI (left) and 12k (right). As in Fig. 5, negative values (blue) indicate rising air/convection and positive values (red) 

indicate subsidence/breakdown of convection. Note that near-surface convection due to orography around Borneo at 12 ka BP keeps all 

months humid (>60 mm) while the overall deep convection of the PI is completely shut down over the whole IPWP region causing at least 

seasonal aridity. 350 

 

Overall, the breakdown of deep convection over ISEA also affects the ITCZ and Walker Circulation. The rain bands associated 

with deep convection over the Pacific and Indian oceans shift south and lose intensity over the Sunda region (Fig. 3), which 

influences the amount, location and timing of precipitation, thus regulating the seasonality of precipitation and the occurrence 

of seasonally dry periods. Several lines of evidence from previous research has suggested a southward shift of the ITCZ during 355 

the glacial, in particular during Heinrich events or the Younger Dryas (Atwood et al., 2020; Chabangborn et al., 2018; Fraser 

et al., 2014; McGee et al., 2014; Yang et al., 2020), and this is also simulated by CESM1 (Fig. 5). Main consequences of a 

southwardly displaced ITCZ are drier and cooler conditions on mainland Asia and consequently a drier and colder East Asian 

Winter Monsoon (EAWM) (Yang et al., 2020), and wetter conditions on the southern hemisphere (Ayliffe et al., 2013).  

 360 

In general, the ITCZ mainly responds to NH mean temperature which can be altered on short time scales primarily by Heinrich 

events, or orbital forcing on longer time scales (Carolin et al., 2016, 2013; Deplazes et al., 2013; Otto-Bliesner and Brady, 

2010). The simulated southward shift of the ITCZ and a complete absence of deep convection over ISEA during winter suggest 

that the ability of the ITCZ in causing rainfall in tropical SE Asia was greatly diminished at 12 ka BP over land areas. As 
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atmospheric deep convection is turned off over land areas of the Sunda region, it is instead shifted east/west into the Pacific 365 

Ocean/Indian Ocean (Fig. 5). In winter, this implies a reversal of land-ocean circulation during 12 ka BP causing seasonal 

aridity. While proxies and models suggest a southward shifted ITCZ and drier and more seasonal conditions, a complete 

shutdown of deep convection and a dissolution of the ITCZ caused by the cold and dry winter monsoon during NH winter 

insolation minima, has previously not been suggested.  

 370 

The shut-down of deep convection over ISEA causes a shift of deep convection to the central Pacific and Indian Ocean, 

resulting in a completely reorganized Walker Circulation. There is increased precipitation in the western Indian Ocean at 12 

ka BP, and a shift to more easterly surface winds (Fig. 5, Fig. S6). The Pacific trade winds were weaker at 12 ka BP; the mean 

annual wind speeds over the Pacific El Niño region 3.4 (5° N-5° S, 120-170° W) were 5.6 m/s on average, 12 % weaker than 

the 6.2 m/s annual average for PI. Figure S6 shows the mean zonal winds for 12 ka BP and PI in January, and indicate a drastic 375 

slowdown or reversal of zonal winds over the oceans surrounding ISEA. The zonal SST gradient was also lower at 12 ka BP; 

the coastal waters west of South America were slightly warmer at 12 ka BP while the SST in the IPWP was cooler (Fig. S2). 

An eastward shift of the convective arm of the Pacific Walker Circulation leads to El Niño–like climate conditions that result 

in a substantial decrease of rainfall in the ISEA region (Dang et al., 2020; De Deckker et al., 2003; DiNezio et al., 2016; 

Windler et al., 2019). 380 

 

To put the mean changes of 12 ka BP relative to PI into context with modern ENSO climate states, we compare the monthly 

Walker Circulation Index (WCI) of the different periods with those to the modern (1979-2020) climate data from the ERA5 

reanalysis dataset (Hersbach et al., 2020) in figure 7. The WCI analysis shows that while the Walker Circulation at 12 ka BP 

was similar in strength in summer compared to PI, it was drastically weaker and even reversed at 12 ka BP during NH winters. 385 

In fact, the 12 ka BP winter Walker Circulation shows the same reversal as the composite average of the most extreme El Niño 

events of the reanalysis data (in 1983, 1998 and 2015) (Fig. 7). Moreover, the January mean state SST difference at 12 ka BP 

compared to PI qualitatively replicates the SST anomalies in El Niño events in that the eastern Pacific is anomalously warm 

compared to the western Pacific (Fig. 7b and 7c). This supports previously hypothesized increased ENSO activity during the 

deglaciation, based on proxy and model information (Clement et al., 1999; Koutavas and Joanides, 2012; Sadekov et al., 2013), 390 

and further suggests that the 12 ka BP mean state resembles modern El Niño conditions in winters. The TRACE winter Walker 

Circulation is also weakened at 12 ka BP compared to PI, but TRACE very poorly reproduces the observational data and 

generally shows a too strong circulation and no reversal during 12 ka BP (not shown). This might be an indication that a 

reversed Walker Circulation in winter at 12 ka BP over ISEA is (at least partly) also due to a more realistic representation of 

Sunda land exposure and not only due to a southward migration of the ITCZ which is found in both model simulations. 395 
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Figure 7. Comparison of the monthly mean Walker Circulation Index and SST anomalies for 12 ka BP and the modern states. a) 

Monthly mean Walker Circulation Index based on CESM1 simulations for PI (green) and 12 ka BP (purple) and ERA5 reanalysis data for 400 
1979-2020 (gray) with shading denoting ±1 standard deviation in ERA5 monthly mean data. Also shown is the composite average over three 

most extreme El Niño extreme events (dashed gray line) from ERA5 (1983, 1998 and 2015). b) Average SST anomalies for the same three 

El Niño events, and c) simulated average temperature difference at 12 ka BP compared to PI. The overall global cooling signal averaged 

over ±23.5° N around the equator has been subtracted in c). While the modern SST anomalies represent only extreme El Niño states, spatially 

comparable El Niño-like conditions dominate the mean climate at 12 ka BP over the tropical Pacific with highly negative Walker Circulation 405 
Index values in winter. 
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Increased precipitation in the western Indian Ocean combined with the low Sunda precipitation, and strengthened easterly 410 

winds over the Indian ocean (Fig. 5), resembles a positive Indian Ocean Dipole (IOD+) state, which has been shown to be 

caused by Sunda and Sahul shelf exposures during the LGM (DiNezio et al., 2016). This relationship between IOD+ and El 

Niño-like circulation is in agreement with the IOD dependence on ENSO (Stuecker et al., 2017). This is consistent with the 

model output for annual precipitation that shows a drier western Pacific and relatively wetter central Pacific (Fig. 5). We 

therefore conclude that the mean climatic state that governed the tropical IPWP at 12 ka BP was largely modulated by a major 415 

reorganization of the Walker Circulation, resembling permanent El Niño and positive IOD states during NH winters in 

combination with a stronger winter monsoon and divergent flow over the IPWP region. 

 

Putting our 12 ka BP results into a wider context, the broken up ITCZ and lower temperatures south of Java and northwest of 

Australia, amongst the driest places in the simulation, may have been influenced by the lower sea level (DiNezio et al., 2016), 420 

but also by reduced heat transport from the Pacific to the Indian Ocean because of the reduced Indonesian Throughflow (ITF; 

Fig. 1) (Hendrizan et al., 2017). At 6.2 ka BP, the Indonesian Throughflow increased to modern levels in the TRACE 

simulation leading to a sudden wetting and hence decrease in seasonality (Fig. 2f). This sudden increase in through flow is an 

artifact of opening an ocean gate way at a low model resolution, and a more realistic representation of ITF opening would be 

gradual over the early- to mid-Holocene sea level rise. Still, it is clear that the overall effects on Sunda of opened ITF water 425 

flow and heat flux are drastically reduced seasonal differences in the region (Fig. 2) via increasing winter precipitation and 

reducing summer precipitation, as well as the general warming and decrease of insolation seasonality. According to TRACE, 

the sea level rise-induced opening of the ITF is thus the turning point in seasonality and transition to conditions resembling 

the present climate. Our CESM1 simulation agrees with earlier coupled climate model simulations of a closed Indonesian 

Throughflow that suggested an El Niño-like climate mean state (Santoso et al., 2011; Song et al., 2007). An exposed Sunda 430 

shelf has earlier been suggested to have suppressed deep atmospheric convection in ISEA during the last glacial period (Bush 

and Fairbanks, 2003; Chabangborn and Wohlfarth, 2014). Consistent with our results of extreme seasonality, Thirumalai et al. 

(2019) suggest increased rainfall seasonality caused by the exposure of Sahul and Sunda shelves. Higher albedo of land 

compared to ocean when the Sunda shelf was exposed has also been proposed to cause lower convection and moisture 

availability (DiNezio et al., 2016), which may explain part of the precipitation reduction seen in our simulation, since the 435 

Sunda shelf was still about 70 % exposed at 12 ka BP (Hanebuth, 2000; Voris and Sathiamurthy, 2006). Reduced heating of 

the exposed land would have significantly reduced the net energy input to the atmosphere (Byrne and Schneider, 2018) and 

thus reduced the intensity of ITCZ (DiNezio et al., 2016). Alternatively, the aridity during the last glacial period has been 

attributed to the exposure of the Sunda shelf that shrunk the Indo-Pacific Warm Pool (Windler et al., 2019). Since the 

seasonality simulated in TRACE follows insolation, which displays the opposite trend to the initial deglacial sea level rise, we 440 

suggest that insolation may have been a more important seasonality driver than sea level in Sunda during the deglaciation, 

even though precessional cycles may play a smaller role than shelf exposure over longer glacial-interglacial time scales 

(Windler et al., 2019).  
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4.4 Implications for the “Savanna Hypothesis” 

The simulated dry winters at 12 ka BP introduce a dry season in present-day ever-wet locations and/or increase the length of 445 

the dry season in other locations (Fig. 4). This must have caused a significant disturbance of the hydrological conditions of 

many ecosystems, in particular wetlands that could periodically be more prone to drying out. Together with mean annual P of 

~1500 mm in most coastal areas (Fig. 3), the 12 ka BP climate may in general have favored a savanna biome (Lehmann et al., 

2011). The only location that still receives rainfall throughout the year in our simulation (>60 mm P/month, annual P >2000 

mm) is Borneo. Together with a minimum monthly surface temperature of 18-23 °C, this provides conditions favorable for 450 

ever-wet tropical rainforest vegetation, according to definitions by Köppen and biome reconstructions (Beck et al., 2018; 

Cannon et al., 2009). The simulated moderate reduction in precipitation on Borneo compared to the rest of Sunda is due to the 

orographic effect caused by the high mountains on the island, resulting in local near-surface convection and precipitation, 

despite the large-scale subsidence generally dominating ISEA (Fig. 5 and Fig. 6). Our results are hence also consistent with 

proxy records around Borneo (Chabangborn et al., 2018; Dubois et al., 2014; Schröder et al., 2018; Wang et al., 2007; Wurster 455 

et al., 2019, 2010) and peatland accumulation (Dommain et al., 2014). Dommain et al. (2014) report that the first wetlands to 

initiate peat accumulation (and are still remaining) in SE Asia were on inland Borneo at approximately 14-15 ka BP. Our 

simulations show that Borneo was the only location to not experience dry winters during 12 ka BP, giving a possible 

explanation as to why that was the first location for peat initiation. Furthermore, our results suggest that dry glacial conditions 

may have lingered on the Sunda shelf until at least 12 ka BP, conditions that may have been suitable for a contiguous Savanna 460 

Corridor. While the environmental consequences to our modelling results are not simulated here, and need to be tested using 

vegetation modelling and further proxy research, the extreme shift in seasonality suggested by our simulations lend a robust 

modelling support for a Savanna Corridor to be present even during the Late Glacial. Based on the transient simulation of 

precipitation seasonality of TRACE (Fig. 2f), the combination of an opened Indonesian Throughflow, inundation of Sunda 

land and a decrease in seasonally diverging orbital forcing (Fig. 2e) may have successively turned ISEA into the ever-wet 465 

climate and ecosystem it is today during the early to mid-Holocene.   
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5 Conclusions 

Using climate simulations for 12 ka BP and the pre-industrial climate state, a transient simulation from the Last Glacial 

Maximum to the present, and a proxy compilation from the region, we investigate how the mean climate and its seasonality 470 

has changed in Island South East Asia. We particularly focus on the identification of relevant changes and climate mechanisms 

preventing the establishment of tropical peats and rainforests under glacial and late glacial conditions. Our climate modelling 

results are in good agreement with proxy-evidence for the generally drier annual conditions that prevailed at 12 ka BP and 

extended all the way back to the LGM. A more detailed analysis of the source of generally drier conditions highlights that 

changes during the boreal winter climate were fundamentally different relative to today. Our simulations show that the 475 

(hydro)climate was much more seasonal, with the whole region except Borneo experiencing very dry conditions (<60 mm 

monthly precipitation) for several months per year. The spatial pattern of precipitation seasonality agrees well with climate 

proxies in the region. Notably, CESM1 correctly reproduces ever-wet conditions on Borneo due to local orography-induced 

convection that provides an explanation for why peat accumulation initiated there, while being impaired elsewhere in the 

region until the early-mid Holocene. 480 

 

Key drivers for seasonally dry conditions resulting from differences of the 12 ka BP climate relative to PI consist of 2-3 K 

colder SST around ISEA – today’s heat and moisture engine of the globe – and a ~27 % larger thermal interhemispheric 

gradient under Late Glacial conditions between Siberia and Australia in boreal winter, driving a stronger winter monsoon. Dry 

and cold northeasterly winds of the winter monsoon extend far south over today’s IPWP region. As a result, winters were dry 485 

at 12 ka BP, with a complete collapse of tropical deep convection over ISEA due to diverging winds from land to sea and 

subsiding air masses over land areas. While lower precipitation due to a southward shift of the ITCZ during (late) glacial 

conditions has been proposed previously, CESM1 clearly shows that the reversal of the land-sea circulation over ISEA in 

boreal winter acts as an independent mechanism dissolving any large-scale convergence of a potential ITCZ over land.  

 490 

In summary, the main reason for the extreme precipitation seasonality changes relate to the suppressed deep convection over 

ISEA in response to a reduced winter insolation on the northern hemisphere and Sunda shelf exposure that render land areas 

much colder than the sea around it in boreal winters. This in turn leads to a major reorganization of the Walker circulation with 

a mean state in winters at 12 ka BP strongly resembling today’s extreme El Niño events in the Pacific Ocean, and to a lesser 

extent positive Indian Ocean Dipole conditions. Using our results as analogues for future climate change in the IPWP, we 495 

suggest that the seasonal droughts simulated in the model and indicated by vegetation proxies under enhanced ENSO variability 

in the late glacial, may provide clues to a future response of the earth system under global warming and projected changes in 

rainfall variability and ENSO. In particular, the paleo-record underlines the importance of closely tracking climate change with 

a focus on interhemispheric and seasonal divergence which may introduce seasonal aridity in today’s ever-wet ISEA region. 
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