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South Asian summer monsoon  (SASM)

From NOAA
Data source: NESDIS, NCEP Data source: GTOPO30, ERA5, GPCP

Topography Precipitation and 850hPa wind climatology 

(Jun to Sep)

OLR, 200hPa streamlines and 850hPa wind 

Climatology (annual cycle)
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Impacts of anomalous SASM  behavior

Floods due to excessive monsoon rainfall

Photo by Press Trust of India Photo by Christopher Michel

Droughts due to monsoon breaks
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Wu et al. 2022, ACCR;  Kitohet al. 2013, JGR, doi:10.1002/jgrd.50258 

Monsoon rainfall changes Monsoon circulation changes

ÅProjection paradox of South Asian summer monsoon: rainfall increases, but circulation weakens

Future Projection of South Asian Summer Monsoon (SASM)

4



5

Chen, Z., Zhou T.* et al. (2020). Global land monsoon precipitation changes in CMIP6 projections. Geophysical Research Letters, 47, e2019GL086902

Spread in monsoon rainfall projection



Model structure

Scenario

Internal variability

Mean prcp: Pav

Extreme prcp: RX5day

Model structure

Internal

Zhou T.* et al. 2020: The Sources of Uncertainty in the Projection of Global Land Monsoon Precipitation. Geophysical Research Letters, 47, e2020GL088415

The sources of uncertainty in monsoon rainfall projection: Fraction of total variance



Past warm climates as future analogs

Å PMIP4 warm intervals as future analogs: mid-Pliocene, Last Interglacial, mid-Holocene

Cenozoic evolution of global mean surface temperature

Burke et al. 2018, PNAS

~3.3 3 Ma ~127 Ka ~6 Ka

Past warm climates as future analogs
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Mid-Pliocene Last interglacial Mid-Holocene
vegetation and ice sheet patterns Insolation changes Insolation changes

Otto-Bliesneret al. 2017, GMD

Å Elevated CO2 and its 
long-term feedback

Å Perihelion near the 
summer solstice

Å Perihelion near the 
autumn equinox

Arias et al. 2021 

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

Research Question 1
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Proxy records and model data

Å Thirty-one proxy records indicate generally wetter conditions, especially along the Himalayan foothills.

Details ofproxy records during pastwarm intervals

He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer monsoon. Nature 641, 653ï659 (2025).

Proxy records and model data
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ÅForty-two model simulations (six model groups across seven climate backgrounds).

ÅCalendar adjustment for the Last interglacialand mid-Holocene.

Details of CMIP6 simulationsduring warm intervals

He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer monsoon. Nature 641, 653ï659 (2025).

Proxy records and model data
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Despiteregionaldifferences,the SASMischaracterizedby:

Åanoverallincreasein monsoonrainfall
Åweakeningoverthe Bayof Bengal,andstrengtheningoverthe northernArabianSea

Monsoon rainfall and 850hPa wind changes 

He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer monsoon. Nature 641, 653ï659 (2025).

Consistent SASM changes in warm climates
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WHYcan past warm climates serve as analogs for the future monsoon?

Research Question 2
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YES, but WHY



ÅThethermodynamiceffect followstheάǿŜǘgetswetter, dry getsŘǊƛŜǊέparadigm.

ÅThemid-Holocenethermodynamiceffect isweakerdueto weakersummerwarming.

Role of atmospheric moisture (thermodynamics)

He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer monsoon. Nature 641, 653ï659 (2025).

Roles of atmospheric moisture and circulation
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ÅA higherglobalmeansurfacetemperaturefavorsmoister
air overSouthAsia,leadingto increasedmonsoonrainfall.

Scatterplots of atmospheric variables 
related to thermodynamics

He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer monsoon. Nature 641, 653ï659 (2025).

Controls of warming level in thermodynamics
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Role of atmospheric circulation (dynamics)

Å The dynamic effect is spatially non-uniform, with south drying and north wetting.

He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer monsoon. Nature 641, 653ï659 (2025).

ÅThenon-uniform dynamiceffect helpsexplainwhy the monsooncirculationappearsto strengthen
in the pastbut weakenin the future whenmeasuredby regional-meanverticalmotion.

Roles of atmospheric moisture and circulation
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Surface temperature changes

Å Consistent warming pattern: Enhanced 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, 653ï659 (2025).

Controls of warming pattern in dynamics
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He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer monsoon. Nature 641, 653ï659 (2025).

Rainfall and 850hPa wind changes

Å Warming induces a westerlyςeasterly dipole over South Asia linked to stronger West African monsoon.

Controls of warming pattern in dynamics
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Scatterplots of atmospheric variables related to dynamics

Å A stronger meridional temperature contrast favors weakened monsoon circulation

over the Bay of Bengal, enhanced circulation over the northern Arabian Sea, and a

ñsouth drying and north wettingòrainfall pattern.

Controls of warming pattern in dynamics

19He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer  monsoon. Nature 641, 653ï659 (2025).



Controls of warming pattern in dynamics

Details of the atmospheric model experiments

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

Model: CAM5

Resolution: ~2¯
Integration: 30 years

20He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer  monsoon. Nature 641, 653ï659 (2025).



Idealized warming pattern and its effects

ÅTheatmosphericgeneralcirculationexperimentswith reducedsurfacealbedoconfirm
that the warmingpattern caneffectivelydrivethe dynamiceffect of SASM.

He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer monsoon. Nature 641, 653ï659 (2025).

Controls of warming pattern in dynamics
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Zonal wind changes-induced sensible heat advection

Monsoon rainfall dynamics driven by zonal winds

Å 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.

22He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer  monsoon. Nature 641, 653ï659 (2025).



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

Research Question 3
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Prediction based on analogue: Regression model



Future prediction of SASM thermodynamics and dynamics

ÅTo demonstrate that past can inform future, we construct physics-based
regressionmodelsusingpastinformation.

ÅRegressionpredictionsaregenerallyconsistentwith climatemodelprojections.

He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer monsoon. Nature 641, 653ï659 (2025).

y Ґ лΦннx y Ґ ҍмΦноx ҍ лΦрф

Future prediction using past information
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ÅSpatialpattern correlationsbetween regression-basedpredictions and climate
modelprojections: 0.80for monsooncirculationand0.70for monsoonrainfall.

Future prediction of SASM rainfall and circulation

He, L., Zhou, T.* & Guo, Z. Past warm intervals inform the future South Asian summer monsoon. Nature 641, 653ï659 (2025).

Regression models Climate models

Future prediction using past information
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