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Past warm climates inform the future South Asian summer monsoon
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South Asian summer monsoon (SASM)

OLR, 200hPa streamlines and 850hPa wind Topography Precipitation and 850hPa wind climatology
Climatology (annual cycle) (Jun to Sep)
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Impacts of anomalous SASM behavior

Floods due to excessive monsoon rainfall Droughts due to monsoon breaks
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Future Projection of South Asian Summer Monso@ASM)
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A Projection paradox of South Asian summer monseaimfall increasesbut circulation weakens
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Spread in monsoon rainfall projection

Global Land Monsoon Precipitation Index SOUth Asia
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The sources of uncertainty in monsoon rainfall projectidaraction of total variance
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Past warm climates as future analogs

Cenozoic evolution of global mean surface temperature
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Past warm climates as future analogs

Mid-Pliocene Last interglacial Mid-Holocene

vegetation and ice sheet patterns
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Research Question 1

Can past warm climates serve as analogs for the future monsoon?



Proxy records and model data

Details ofproxy records during pastarm intervas

Period Site Lat (°N) Lon (°E) Interpretation Proxy
. Hoti cave 23.08 57.35 Wetter Speleothems
Period
Period S Xiaobailong cave 24.2 103.35 Wetter Speleothems
DSDP Da Mawmluh Cave 25.26 91.88 Wetter Stalagmite
Longlinf Chay Last Heqin basin 26.56 100.17 Wetter Sediment composition
Yua . interglacial Thar Desert 27 71 Wetter Other/unspecified
| Z
Mangban:r mid- Didv Namco 30.3 91 Wetter Pollens, lake sediments
y Gaoligony Holocene Li Bittoo cave 30.79 77.78 Wetter Speleothems
mid- |
Pliocene Lon - Tianmen cave 30.92 90.67 Wetter Speleothems
Surai - . i . i
| Gujjar Hut 30.9 78.8 No change Peat
Kathman. Siling Co 31.75 89 Wetter Underwater lake cores
Qin Tso Kar 33.16 78 Wetter Underwater lake cores
Chandigarh 30.73 76.77 Wetter Floral and Faunal Remains
Subathu and Kangra 32.09 76.26 Wetter Soil Carbonate

A Thirty-one proxy recordindicate generallyvetter conditions especially along the Himalayan foothills.

He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer monsoon. Nature 641, 653i 659 (2025). 10



Proxy records and model data

Details ofCMIP6 simulationduringwarm intervas

Last Interglacial, Pre-industrial SSP2-4.5, SSP3-

No mid-Pliocene =, 4 Holocene period  7.0,SSPs-g5  lon* Mt
1 CESM2 CESM2 CESM2 CESM2 288 x 192
EC-Earth3-LR/ 320 x 160/

2 EC-Earth3-LR ~ EC-Earth3-LR EOEatd EC-Barth3 1 5o
3 GISS-E2-1-G GISS-E2-1-G ~ GISS-E2-1-G  GISS-E2-1-G 144 % 90
, DGO MDA s s,

- ony - oty GC31-LL GC31-LL
precipitation) precipitation)

5 IPSL-CM6A-LR  IPSL-CM6A-LR IPSL-CM6A-LR IPSL-CM6A-LR 144 x 143

NorESM1-F/ 144 x 96/
6 NorESM1-F NorESM1-F NoESMo.Ly  NOrESM2LM o

A Fortytwo model simulationssix model groupacrossseven climate backgrounjis

A Calendar adjustmerfor the Last interglaciaand midHolocene

He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer monsoon. Nature 641, 6537 659 (2025). 11



Consistent SASM changes in warm climates

Monsoon rainfall and 850hPa wind changes
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Despiteregionaldifferencesthe SASMs characterizedy:

A anoverallincreasein monsoonrainfall
A weakeningoverthe Bayof Bengal and strengtheningoverthe northern ArabianSea

He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer monsoon. Nature 641, 653i 659 (2025). 12



Research Question 2

WHYcan past warm climates serve as analogs for the future monsoor

YES, but WHY

13



Roles of atmospheric moisture and circulation
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Controls of warming level in thermodynamics

Scatterplots of atmospheric variables

mid-Pliocene
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Roles of atmospheric moisture and circulation
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A The dynamic effect is spatially nomiform, with south drying and north wetting

A Thenon-uniform dynamiceffect helpsexplainwhy the monsooncirculationappearsto strengthen
In the pastbut weakenin the future whenmeasuredoy regionatmeanverticalmotion.

He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer monsoon. Nature 641, 653i 659 (2025). 16



Controls of warming pattern in dynamics

Surface temperature changes

a mid-Pliocene: ts b Last Interglacial: ts
50°N 50°N -
40°N 40°N 4
30°N 30°N o
20°N 20°N A
10°N 10°N -
0° 0° -
0° 30°E 60°E 90°E
C  mid-Holocene: ts d  sSsp5-85:ts
L R S —
40°N A I\ g i
30°N o .. % I°,
20°N - N 3
]\
0° | 1 o0/ N
0° 30°E 60°E 90°E 0° 30°E 60°E 90°E

A Consistent warming patterrEnhanced subtropical land warming relative to tropical Africa.

He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer monsoon. Nature 641, 653i 659 (2025). 17



Controls of warming pattern in dynamics

Rainfall and 850hPa wind changes

a mid-Pliocene: uv850 & pr b Last Interglacial: uv850 & pr
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A Warming induces westerlyeasterly dipoleover South Asia linked &ronger West African monsoon

He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer monsoon. Nature 641, 653i 659 (2025). 18



Controls of warming pattern in dynamics

Scatterplots of atmospheric variables related to dynamics
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A A stronger meridional temperature contrast favors weakened monsoon circulation
over the Bay of Bengal, enhanced circulation over the northern Arabian Sea, and a
fsouth drying and north wettingorainfall pattern.

He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer monsoon. Nature 641, 653i 659 (2025). 19



Controls of warming pattern in dynamics

Details of the atmospheric model experiments

No Experiment name Experiment design Experiment purpose
1 Exp control Standardized atmospheric experiment forced by Simulate the present-day
P modern observational sea surface temperature climate
Same as Exp_control but with a 60% reduction in Examine the effect of
2 Exp_albedo land surface albedo over (20°-50°N, 20°W—-70°E) meridional temperature
from June to September contrast

Same as Exp_control but with the surface type in  Examine the role of surface

. P yegice the mid-Pliocene type changes
4 Exp orbit Same as Exp_control but with orbital parameters in Examine the role of increased
P the Last interglacial insolation
Model: CAM5 5 Exp CO Same as Exp_control but with the atmospheric CO, Examine the role of
Resolution: ~2 P2 concentration in the SSP5-8.5 atmospheric CO,

Integration: 30 years _
Same as Exp_control but with the modern

6 Exp_sst observational SST plus anomalies of the multi-
model mean in the SSP 5-8.5

Examine the role of CO2-
induced SST

A To confirm the warming pattern effect, we designed idealized albedo experiments.

He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer monsoon. Nature 641, 653i 659 (2025). 20



Controls of warming pattern in dynamics

|dealized warming pattern and its effects
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A Theatmosphericgeneralcirculationexperimentswith reducedsurfacealbedoconfirm
that the warmingpattern caneffectivelydrive the dynamiceffect of SASM

He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer monsoon. Nature 641, 653i 659 (2025). 21



Monsoon rainfall dynamics driven by zonal winds

Zonal wind changes-induced sensible heat advection
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A According to the moist static energy framework, the spatially non-uniform monsoon rainfall dynamics
related to zonal wind changes are primarily driven by sensible heat advection.

He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer monsoon. Nature 641, 653i 659 (2025). 22



Research Question 3

HOWdo past warm climates serve as analogs for the future monsoon?

Prediction based on analogue: Regression model

23



Future prediction using past information
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A To demonstrate that past can inform future, we construct physicsbased
regressiormmodelsusingpastinformation.

A Regressiopredictionsare generallyconsistentwith climate modelprojections

He, L., Zhou, T.* & Guo, Z. Past warm

intervals inform the future South Asian summer monsoon. Nature 641, 653i 659 (2025). 24




Future prediction using past information

Future prediction of SASM rainfall and circulation

Regression models Climate models

A Spatial pattern correlations between regressiorbased predictions and climate
modelprojections 0.80 for monsooncirculationand0.70 for monsoonrainfall.

He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer monsoon. Nature 641, 653i 659 (2025). 25



