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Fig. S1 Precipitation and δ18Oprecip anomalies of negative IOD events minus positive IOD events 
in modern observations and iCESM. (a) Observed precipitation anomalies from the Global 
Precipitation Climatology Program (GPCP) from 1979-2020 (58). (b) Precipitation anomalies for 
iCESM from 1850-2005. (c) δ18Oprecip anomalies for GNIP observations spanning 1961-2016. (d) 
δ18Oprecip anomalies for iCESM from 1850-2005. Negative and positive IOD events are defined 
as intervals when the IOD Index (https://psl.noaa.gov/gcos_wgsp/Timeseries/DMI/) exceeds and 
falls below 0.4°C, respectively. IOD index is defined as the anomalous surface temperature 
gradient between western equatorial Indian Ocean (50˚E-70˚E and 10˚S-10˚N) and the 
southeastern equatorial Indian Ocean (90˚E-110˚E and 10˚S-10˚N) 
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Fig. S2 Simulated changes in subsurface ocean temperature (shading) over the equatorial Indian 
Ocean (40˚E–100˚E, 10˚N –10˚S) during HS1 relative to BA due to meltwater flux effect 
(MWF) in iTRACE. Solid and dashed black curve indicate the depth of thermocline during HS1 
and BA, respectively, calculated as the depth of maximum vertical temperature gradient. 
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Fig. S3 Simulated changes in precipitation in response to meltwater flux effect (MWF) during 
HS1 and YD (relative to BA) in boreal spring (MAM), summer (JJA), fall (SON), and winter 
(DJF). Coastlines (black outline) for HS1 and YD correspond to 120 m and 60 m drop in sea 
level, respectively. 
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Fig. S4 Simulated changes in surface temperature and surface wind (1000 hPa) in response to 
meltwater flux effect (MWF) during HS1 and YD (relative to BA) in boreal spring (MAM), 
summer (JJA), fall (SON), and winter (DJF). Coastlines (black outline) for HS1 and YD 
correspond to 120 m and 60 m drop in sea level, respectively. 
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Fig. S5 Simulated changes in Indian Ocean interannual surface temperature variability 
between HS1 and YD due to ice sheets and paleogeography (ICE run) in iTRACE. The 
changes in surface temperature variability are computed as the difference in standard deviation 
of 2–10-year bandpass filtered, monthly-resolved surface temperature during HS1 and YD. 
This result suggests increased climate variability over IO in response to the exposure of Sunda 
and Sahul shelves under glacial boundary conditions, in consistent with previous proxy (32) 
and model simulation (33) studies. Black outline and gray shadow indicate HS1 coastlines 
corresponding to a 120 m drop in sea level. 
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Fig. S6 Probability density functions (PDFs) of simulated fall (Sep-Nov) Indian Ocean Dipole 
(IOD) index in iTRACE in response to meltwater flux (MWF) effect, during LGM (19-20 ka, 
yellow), HS1 (14.5–18 ka, red), BA (14.5-12.9 ka, purple), and YD (11.7 –12.9 ka, blue). IOD 
index is defined as the anomalous surface temperature gradient between western equatorial 
Indian Ocean (50˚E-70˚E and 10˚S-10˚N) and the southeastern equatorial Indian Ocean 
(90˚E110˚E and 10˚S-10˚N). PDF estimates were computed using a kernel density estimation 
method (64).  
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Fig. S7 Proxy-model synthesis of precipitation anomalies during YD relative to BA in response 
to meltwater flux in iTRACE. The network of precipitation-sensitive proxies includes 
speleothem d18O, leaf wax dD, detrital flux, pollen, and lake level, capturing drier (brown) or 
wetter (green) conditions at YD. All speleothem d18O and leaf wax dD values have been 
corrected for global ice volume effects on the isotopic composition of sea water. Dashed circles 
represent sites where YD anomalies records are less robust due to chronologic uncertainties or 
low temporal resolution (see Methods for details). Black outline indicates YD coastlines 
corresponding to a 60 m drop in sea level. 
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Fig. S8 Simulated changes in annual (a) precipitation and (b) vertical velocity (omega) at 500 
hPa level from the Last Glacial Maximum to early Holocene (20ka minus 11ka) in response to 
ice sheets and paleogeography (ICE run) in iTRACE. The exposure of Sunda and Sahul shelves 
due to lower glacial sea level leads to weaker Walker circulation across the IO, indicated by 
reduced convection (anomalously positive omega) with drying conditions in eastern IO, and 
intensified convection (anomalously negative omega) with wetter conditions over the western 
IO. 
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Fig. S9 Simulated changes in annual (a) precipitation and (b) surface temperature and surface 
wind (1000 hPa) from the Last Glacial Maximum to early Holocene (20ka minus 11ka) in 
response to meltwater flux effect (MWF) in iTRACE. Black outline indicates HS1 coastlines 
corresponding to a 120 m drop in sea level. 
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Fig. S10 Simulated changes in fall (Sep-Nov) Indian Ocean Dipole (IOD) index (black) in 
response to meltwater flux (MWF) effect, and AMOC intensity (red) in iTRACE. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

20191817161514131211
-3

-2

-1

0

1

2

0

10

20

30

40

50
IOD index vs AMOC

Time (ka)

A
M

O
C

 [S
v]

IO
D

 in
de

x,
 S

O
N



Fig. S11 Simulated summer (June to August) d18Ovapor anomalies during (a) Heinrich stadial 1 
(HS1) and (b) Younger Dryas (YD) relative to Bølling-Allerød in response to meltwater flux in 
iTRACE. The wind field in (a) and (b) represent mean conditions during HS1 and YD, 
respectively. Coastlines (black outline) for HS1 and YD correspond to 120 m and 60 m drop in 
sea level, respectively. 
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Fig. S12 Precipitation-sensitive records included in the proxy synthesis. The dDwax record from 
core MD98-2151 (marked with *) only contains one data point during BA. The interpretation of 
precipitation change from Lake Rukwa and Lake Victoria are inferred from pollen and lake level 
records following Vincens et al. (62) and Stager et al. (63), respectively, and are not shown here. 
 
 
 



 
Fig. S13 SST records involved in the proxy synthesis in this study. Records whose chronology 
are based on oxygen isotope stratigraphy are marked with star (*).  
 
 



Table S1. List of the precipitation-sensitive proxy data involved in the proxy synthesis in this 
study. 
 
Region/Country Site/Core ID Lat Lon Proxy Category References 

East Africa Lake Tanganyika -6.10 29.83 𝞭Dwax Dry Tierney et al. (40) 

Tanzania aLake Rukwa -8.00 32.00 pollen Dry Vincens et al. (62) 
Tanzania Lake Massoko -9.33 33.75 lake level Dry Barker et al. (65) 

Malawi Lake Malawi -12.00 34.00 𝞭Dwax Dry Konecky et al. (39) 

Kenya/Uganda/Tanzania aLake Victoria -2.00 34.00 lake level Dry Stager et al. (63) 

Ethiopia Lake Tana 12.00 37.25 𝞭Dwax Dry Costa et al. (66) 

Mozambique channel GeoB9307-3 -18.57 37.38 𝞭Dwax Wet Schefuß et al. (13) 
Kenya Lake Rutundu -0.04 37.46 𝞭Dwax Dry Garelick et al. (67) 

Kenya/Tanzania Lake Challa -3.32 37.70 𝞭Dwax Dry Tierney et al. (68) 

Gulf of Aden P178-15P 11.96 44.30 𝞭Dwax Dry Tierney and DeMenocal (69) 

Yemen Moomi Cave 12.50 54.00 𝞭18Ocalcite Dry Shakun et al. (70) 

off Sumatra SO189-144KL 1.16 98.07 𝞭Dwax Dry Niedermeyer et al. (22) 
off Sumatra bMD98-2152 -6.33 103.88 𝞭Dwax Wet Windler et al. (71) 

off East Java GeoB10057-3 -8.68 112.87 𝞭Dwax Wet Ruan et al. (46) 

Borneo Gunung Buda 4.00 114.00 𝞭18Ocalcite Dry Partin et al. (17) 

Borneo BJ803-91GGC 2.87 118.39 𝞭Dwax Wet This study 

Sulawesi Gempa Bumi 
Cave -5.00 119.00 𝞭18Ocalcite Wet Krause et al. (27) 

Mandar Bay SO18515 -3.63 119.36 𝞭Dwax Wet Wicaksono et al. (72) 

Sulawesi BJ803-136GGC -5.93 120.23 𝞭Dwax Wet This study 

Flores Liang Luar cave -8.53 120.43 𝞭18Ocalcite Wet Ayliffe et al. (43) 

Flores GeoB10069-3 -9.59 120.92 𝞭Dwax Wet This study 

Sulawesi Lake Towuti -2.50 121.50 Ti counts Dry Russell et al. (26) 
Sulawesi Lake Towuti -2.73 121.52 𝞭Dwax Wet Konecky et al. (73) 

Flores Sea VM33-80 -7.86 123.00 detrital  
flux Wet Muller et al. (19) 

 
a HS1 precipitation anomalies (relative to BA) inferred from interpretation in previous literation. 
b Low temporal resolution. 𝞭Dwax data from core MD98-2152 only contains one data point during BA. Not 
included in Cohen’s Kappa analysis. 
 
 
 
 
 
 
 
 
 



Table S2. List of the sea surface temperature proxy data involved in the proxy synthesis of this 
study.  
 
Location Site/Core ID Lat Lon Proxy Reference 

Mozambique channel GeoB9307-3 -18.57 37.38 Mg/Ca-g.rub Weldeab et al. (74) 

off southeast Africa GIK16160-3 -18.24 37.87 Mg/Ca-g.rub Wang et al. (75) 
off East Africa GeoB12610-2 -4.82 39.42 Mg/Ca-g.rub Rippert et al. (76) 

off southeast Africa GeoB12615-4 -7.14 39.84 Mg/Ca-g.rub Romahn et al. (77) 

Arabian Sea P178-15P 11.96 44.30 Uk'37 & Mg/Ca-g.rub Tierney et al. (41) 

off southeast Africa WIND 28K -10.15 51.01 Mg/Ca-g.rub Johnstone et al. (78) 

Arabian Sea *TY93929/P 13.70 53.25 Uk'37 Rostek et al. (79); 
Bard et al. (80) 

Arabian Sea SO42-74KL 14.32 57.35 Uk'37 Huguet et al. (81) 
Arabian Sea *GeoB3007-1 16.17 59.76 Uk'37 Budziak et al. (82) 

Arabian Sea AAS9-21 14.51 72.65 Mg/Ca-g.rub Govil et al. (83) 

Arabian Sea SK237-GC04 10.98 75.00 Mg/Ca-g.rub Saraswat et al. (84) 

Bay of Bengal BOB-24 15.57 89.15 Mg/Ca-g.rub Liu et al. (85) 

Bay of Bengal *SO93-126K 19.97 90.03 Uk'37 Kudrass et al. (86) 
Andaman Sea ADM-159 9.27 95.61 Mg/Ca-g.rub Liu et al. (87) 

off Sumatra SO189-119KL 3.52 96.32 Mg/Ca-g.rub Mohtadi et al. (11) 

off Sumatra SO189-39KL -0.78 99.90 Mg/Ca-g.rub Mohtadi et al. (11) 

off southern Sumatra  SO139-74KL -6.54 103.83 Mg/Ca-g.rub Wang et al. (88) 
Java Sea GeoB10043-3 -7.31 105.06 Mg/Ca-g.rub Setiawan et al. (89) 

southwest South China Sea MD01-2390 6.64 113.41 Mg/Ca-g.rub Steinke et al. (90) 

Makassar Fan MD98-2161 -5.21 117.48 Mg/Ca-g.rub Fan et al. (91) 

Makassar strait GIK18519-2 -0.57 118.11 Mg/Ca-g.rub Schröder et al. (92) 

Makassar strait GIK18526-3 -3.61 118.17 Mg/Ca-g.rub Schröder et al. (92) 
South of Sunda MD98-2165 -9.65 118.33 Mg/Ca-g.rub Levi et al. (93) 

Celebes Sea MD98-2178 3.62 118.70 Mg/Ca-g.rub Fan et al. (91) 

Celebes Sea GIK18522-3 1.40 119.08 Mg/Ca-g.rub Schröder et al. (92) 

Flores Sea GIK18540-3 -6.87 119.58 Mg/Ca-g.rub Schröder et al. (92) 

Savu Sea GeoB10069-3 -9.59 120.92 Mg/Ca-g.rub Gibbons et al. (94) 
Sulu Sea MD97-2141 8.47 121.17 Mg/Ca-g.rub Rosenthal et al. (95) 

Timor Sea MD01-2378 -13.08 121.79 Mg/Ca-g.rub Xu et al. (96) 

Indonesian Archipelago TGS-931 -2.41 122.62 Mg/Ca-g.rub Schröder et al. (92) 

open ocean near Mindanao MD06-3067 6.51 126.50 Mg/Ca-g.rub Bolliet et al. (97) 

Timor Sea SO185-18460 -9.09 129.24 Mg/Ca-g.rub Holbourn et al. (98) 
Halmahera MD01-2386 1.01 129.79 Mg/Ca-g.rub Jian et al. (99) 
 
* SST records whose chronology are based on oxygen isotope stratigraphy. 



Table S3. List of proxy data used in this study for thermocline depth, reflected by the difference 
between surface temperature (SST) and thermocline water temperature (TWT). 

 
 

Region Site/Core ID Lat Lon SST TWT Reference 

off East Africa GeoB12610-2 -4.82 39.42 G. ruber Mg/Ca, N. dutertrei Mg/Ca Rippert et al. (76) 

off Sumatra GeoB 10038-4 -5.94 103.3 G. ruber Mg/Ca, N. dutertrei Mg/Ca Mohtadi et al. (100, 
101) 

Timor Sea MD01-2378 -13.1 121.8 G. ruber Mg/Ca, P. obliqu. Mg/Ca Xu et al. (96) 
off southern 
Sumatra SO139-74KL -6.54 103.83 G. ruber Mg/Ca, P. obliqu. Mg/Ca Wang et al. (88) 

East Arabian Sea BP3-GCR1 15.52 70.01 G. sacculifer Mg/Ca Gr. tumida Mg/Ca Rajasree et al. (102) 
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