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The South Asian Monsoon

Monsoon circulation and rainfall:   A convectively coupled phenomenon

Requires a thermal contrast between land  & ocean to set up the monsoon circulation

Once established, a positive feedback between circulation and latent heat release 
maintains the monsoon

The year to year variations in the seasonal (June – September) summer monsoon rains 
over India are influenced internal dynamics and external  drivers 
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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



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 of JJAS 
rainfall (1951 – 2007) 



Climatological mean density of back-trajectories of monsoon flows reaching Indian region

30E-115E; 15S-5N

Interannual variability of JJAS seasonal mean trajectory density (1958 – 2006)

Krishnan et al. 2013



Degrees Celsius above or below

30-year average global temperature

CO2 problem



Recent climate change report

Planet has warmed by 0.85 K over 1880-2012

IPCC, 2013



Climate Change 2013:   WG1  contribution to IPCC Fifth Assessment Report

Warming of the Climate System is unequivocal



The Water Vapor Feedback

Temp dependence of saturation vapor pressure
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Projected rainfall Change (2081-2100) 

IPCC 2013

RCP 8.5



Ramanathan et al. JGR-2007

Dec to Mar

Sep to OctApr  to  Jun

Jul to Aug

Courtesy: Ramanathan

Anthropogenic AOD

ABCs (eg. sulfate, organics, black carbon, ash, dust, sea-salt, etc)  alter absorption and 

reflection of solar radiation and influence climate



Observed Trends in Summer Rainfall: 1950 to 2002

The Sahelian Drought

The Weakening Indian Monsoon

N-S Shift in Asian rainfall

J. Climate 2006



Emerging consensus on likely role of anthropogenic aerosols on the
decreasing trend of the South Asian monsoon precipitation

Physical mechanisms for the aerosol-monsoon connection include:

•Reduction of solar insolation (‘ solar dimming ‘ ) at surface through scattering &
absorption by aerosols, decrease of meridional SST gradient between equator & 25oN,
resulting in decreased moisture convergence and suppressed convective activity over the
Bay of Bengal (Ramanathan et al. 2005, Meehl et al. 2008).

•Scattering-type aerosols over the Asian continent can induce large-scale cooling over the
Northern Hemisphere causing inter-hemispheric energy imbalance and weaken the
boreal summer monsoon circulation (Bollasina et al. 2011)

•Decrease of meridional gradient of tropospheric temperature & vertical wind-shear
(Ganguly et al. 2012)

•Increase of atmospheric static stability due to solar absorption by the aerosol layer (0-3
km) in the lower levels (Ramanathan et al. 2005)

•Role of enhanced CCN counts in disrupting organized convection of the monsoon
depression . Impacts of air pollution over Asia (Krishnamurti et al. 2012)

•Surface cooling over the Indian subcontinent (Sanap et al. 2015)

•Decrease of water vapor availability (Salzmann et al. 2014)



Bollasina, Ming and Ramaswamy 

Science, 2011







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

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

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

GHG-Only (1951-2005):
Includes GHG only forcing.  Other forcing set to pre-industrial values

Aerosol-Only (1951– 2005):
Includes Aerosol only forcing. Other forcing set to pre-industrial 
values



JJAS rainfall averaged over Indian region

Count of heavy rain events over central India (R > 100 mm/day)



Mean difference  maps (HIST  minus  HISTNAT)  during 1951-2005

JJAS rainfall and 850 hPa winds



HISTNAT GHG - HISTNAT

AERO - HISTNATHIST - HISTNAT

Courtesy: Sabin

SST  boundary forcing  and SST change



Simulation of summer monsoon precipitation & 850 hPa circulation

HISTNAT GHG only - HISTNAT

HIST - HISTNAT AERO - HISTNAT



Anthropogenic AOD

Courtesy: Sabin



Courtesy: Sabin



Courtesy: Sabin



Response of tropospheric temperature & large-scale circulation to Anthropogenic forcing

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



2002

Monsoon rainfall anomaly: 2002

Winds and streamlines 
at 500 mb, 02 August 
1965  Adapted from 
Raghavan, 1973

Example of a typical 
Monsoon Break



HISTNAT GHG only - HISTNAT

HIST - HISTNAT AERO - HISTNAT

Simulation of summer monsoon precipitable water response

Courtesy: Sabin



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

•Long-term climate change experiments conducted at CCCR-IITM using a global 
variable grid climate model with high-resolution  zooming (grid < 35 km) over S.Asia 

•The high-resolution simulation with anthropogenic forcing captures the decreasing 
trend of Indian monsoon precipitation in the post-1950s. 

•Recent monsoon decline ikely influenced significanly by Anthropogenic Aerosols with 
contributions from land use  land cover change, equatorial Indian Ocean warming.  

•Anthropogenic aerosols induce large-scale cooling over NH and continental Eurasia. 
Dynamical response to energy imbalance weakens South Asian monsoon via mid-
latitude circulation anomalies reminiscent of  break-monsoon conditions.

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

•Strong internal variability of the South Asian monsoon system makes it necessary to 
have multiple realizations to quantify aerosol impact on monsoon precipitation.

•Indian Ocean Warming Signal  (decadal variability and long-term trend):  Not well 
understood.

•Requirement of high-resolution atmosphere-ocean coupled model to better quantify 
the role of aerosol forcing on the South Asian monsoon.



Thank you


