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Increasing Trend of Extreme Rain Events 
over India in a Warming Environment 

Time series of count over Central India

Low and Moderate events

Heavy events (>100 mm)

Very Heavy events (>150 mm)Goswami et al. 
2006, Science

APHRODITE
1951 - 2007 

Spatial map of linear trend  
JJAS rainfall (1951 – 2007) 



Long-term climatology of total rainfall over India 
during (1 Jun - 30 Sep) summer monsoon season 
(http://www.tropmet.res.in)

Interannual variability of the 
Indian Summer Monsoon Rainfall

Mean = 848 mm
Std.Dev = 84 mm



Bollasina, Ming and Ramaswamy 
Science, 2011







Climatological results

Rainfall and surface 
temperature over the 
Indian landmass

JJAS mean rainfall
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JJAS mean (1951-2005):  Source: Ramarao et al. (2015) Earth Sys. Dynam 



GLDAS IPSL LMDZ

P 2.63 1.81 2.97

ET 1.99 2.25 1.92

R 0.65 0.28 1.06

P-ET 0.64 -0.44 1.05

Water balance averaged over 
70°-90°E;10°-28°N

The water balance is highlighted

Annual mean water balance (mm d-1) components: (1979-2005)
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Source: MVS. Ramarao, R. Krishnan 
J. Sanjay, TP. Sabin (2015):  ESD



Historical  (1886-2005):

Includes natural  and  anthropogenic (GHG, 
aerosols,  land cover etc) climate forcing 
during the historical period (1886 – 2005)  ~ 
120 years

Historical Natural (1886 – 2005):

Includes only natural climate forcing during 
the historical  period (1886– 2005)  ~ 120 yrs

RCP 4.5 scenario (2006-2100) ~ 95 years:

Future projection run which includes both
natural and anthropogenic forcing based
on the IPCC AR5 RCP4.5 climate scenario.
The evolution of GHG and anthropogenic
aerosols in RCP4.5 produces a global
radiative forcing of + 4.5 W m-2 by 2100

High-resolution (~ 35 km) modeling 
of climate change over S.Asia

Aerosol distribution from IPSL  ESM

CO2 concentration in future IPCC AR5 scenarios

INCA:  INteraction with Chemistry and Aerosol 

Runs performed on PRITHVI, CCCR-IITM
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Count of heavy rain events over central India (R > 100 mm/day)

SPEI  index for droughts

JJAS rainfall averaged over Indian region



Spatial map of JJAS rainfall trends
(1951-2005). Units mm day-1 (55 yr)-1

Observation:  APHRODITE

HIST1:  Emanuel Convection

HIST2:  Tiedtke Convection

HIST:  IPSL-CM5A-LR

Time-series (1951-2005): JJAS rainfall averaged (70-90E; 10-28N)



Mean difference  maps (All-forcing  minus  Natural)  during 1951-2005

JJAS rainfall and 850 hPa winds



Decomposing the monsoon response to GHG and regional forcing 



(HIST minus HISTNAT): 1951-2002

Crop fraction change (%) Tree fraction change (%)



Anthropogenic Aerosol Forcing @ TOA 

Atmospheric absorption  (TOA - SFC) 

Map of JJAS SST trend (1951-2005)



Long term trends of SST and surface winds over the Tropical Indian Ocean

June – September (JJAS) Rest of the year

P. Swapna, R. Krishnan & J. M. Wallace, Climate Dynamics,  2013



Time-series of regional forcing & simulated response
Tree (green) & Crop (brown) fractions
Planetary Albedo Grey

Anthropogenic Aerosol RF (Grey)  
& Equatorial Indian Ocean SST

Sea Level Pressure  – Model and 
Observation (black)

Soil moisture – Model simulation

Vertical shear of zonal 
wind (U200 – U850)

Precipitable water – Simulation



Latitude Pressure 
sections of difference 
plots of meridional 
overturning 
circulation anomalies

Weakening of monsoon Hadley-type overturning 
circulation



sponse of tropospheric temperature & large-scale circulation to Anthropogenic forc

IST minus HISTNAT   (1951 – 2005):  Winds & temperature vertically averaged 600-200 h



Time-series of year-wise count of heavy rain events (intensity > 100 mm/day) over Central India



Changes in Heavy &Moderate precipitation types to GHG & regional 
forcing

Central India:  74.5oE – 86.5oE,  16.5oN - 26.5oN

Period:1951-2000 

Frequency counts for both categories are relative to HISNAT



Summary
•Response of South Asian monsoon to climate change is examined using a zoomed 
version of LMDZ, forced by SST, without lateral boundary condition

•High resolution improves mean monsoon simulation - precipitation and interactions 
between precipitation and atmospheric circulation

•Long-term climate change experiments using the high-resolution LMDZ model 
highlight several value additions as compared to coarse resolution simulations

•The simulation with anthropogenic forcing captures the decreasing trend of S. Asian 
monsoon precipitation in the post-1950s . A 21st century projection based on the 
RCP4.5 scenario indicates further decline of monsoon rainfall, persistent drought 
conditions and soil moisture decrease in the coming decades.

•Results indicate the role of regional forcing elements (ie., land cover change, 
anthropogenic aerosols, equatorial IO SST warming) on the recent monsoon decline.

•An increase of regional planetary albedo by about 9% is seen in the simulation during 
1886-2005, which allows of suppression of monsoon precipitation through enhanced 
subsidence over the S. Asian region

•Robust increase in frequency of heavy precipitation (R > 100 mm/day) occurrences 
over Central India is noted in the high-resolution simulation



Coupled variability of monsoon precipitation and low level winds (1951-2005)

Observation

High resolution LMDZ

Low resolution LMDZ
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