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Primary synoptic and smaller-scale circulation features that affect cloudiness and 
precipitation in summer monsoon region. Locations of June to September rainfall 
exceeding 100 cm over the land west of 100oE associated with the southwest monsoon are 
ndicated (from Rao, 1981).  (Adapted from Johnson, R. H., and R. A. Houze, Jr., 1987) 

Multi-scale phenomenon 



Trend in JJAS precipitation during 1951-2014 
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Timeseries of count over Central India 

Changes in daily precipitation extremes  
Goswami et al. 2006 

Low and Moderate Events 

Heavy Events > 100 mm 

Very Heavy Events > 150 mm 

Time-series of count of very heavy rainfall  
occurrences (R > 150 mm) over Central India 

1901-2004 Rajeevan et al. 2008 



Aerosol forcing:  Fundamental driver for the physical climate system 

Observed & simulated precipitation trends 1920-2005  (mm day-1 decade-1)  

Undorf et al. 2018 



Overview 
• IITM Earth System Model (IITM-ESM): CMIP6  historical simulation and future projection 

• Sensitivity experiments using IITM-ESM – GHG versus aerosol forcing  

• Need for high resolution: LMDZ telescopic zooming (grid < 35 km) over South Asia – Western Ghats, Precipitation Extremes  

• Heavy monsoon precipitation areas Gujarat, Maharashtra, Mumbai  e.g., Mid-tropospheric cyclones (MTC) of the Indian Monsoon  

• Future plan for global high-resolution (27 km) atmospheric version of IITM-ESM  

• Scientific challenges:  Representation of monsoon wind and precipitation coupling, warm rain & moist processes, organized convection, etc 
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Spatial patterns of change in surface 
air temperature (oC) computed from 
trends during 1900-2014  (a) 
Observations (b) IITM-ESM (HIST) 

Spatial patterns of change in JJAS 
precipitation (mm day-1) computed 
from trends during 1950-2014  (a) 
Observations (b) IITM-ESM (HIST) 

Courtesy: Swapna 



Surface temperature and precipitation response in IITM-ESM  (SSP8.5) – CMIP6 

Near-term (2041-2069) minus PI-CTL (1850-1900) Long-term (2071-2099) minus PI-CTL (1850-1900) 

Courtesy: Swapna 



Ayantika Dey Choudhury, R. Krishnan, Manmeet Singh, P. Swapna,  
N. Sandeep, A.G. Prajeesh, R. Vellore, T.P. Sabin  (2019) – Under preparation  





EXP1 (GHG + AERO) – (PI-CTL)    

EXP2 (AERO) – (PI-CTL)    

EXP3 (GHG) – (PI-CTL)    

Evaporation & winds 850 hPa: JJAS 

EXP1 (GHG + AERO) – (PI-CTL)    

EXP2 (AERO) – (PI-CTL)    

EXP3 (GHG) – (PI-CTL)    

Vertically integrated moisture convergence 

EXP3 (GHG) – (PI-CTL)    

EXP2 (AERO) – (PI-CTL)    

EXP1 (GHG + AERO) – (PI-CTL)    

Mid-level vertical velocity 



Historical  (1886-2005):  Includes natural and anthropogenic (GHG, aerosols,  land cover, …)  forcing 
 

Historical Natural (1886 – 2005):  Includes only natural climate forcing for the historical period 

RCP 4.5 scenario (2006-2100) ~ 95 yrs: 
Future projection run which includes both natural & anthropogenic forcing based on the IPCC AR5 RCP4.5 climate scenario. The evolution of GHG & anthropogenic 
aerosols in RCP4.5 produces a global radiative forcing of + 4.5 W m-2 by 2100 

High-Resolution (~ 35 km)   
Climate Change Simulations 

Aerosol distribution 
from IPSL  ESM 

CO2 concentration in the 
future IPCC AR5 scenarios 

INCA:  INteraction with Chemistry and 
Aerosol  

Courtesy: Sabin  Simulations  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 



Global climate 
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ERA 
precip JJAS (mm/day) Mean winds at 850 hPa (JJAS) 

No zoom: 1°x1° ; Zoom: same number of points, with resolution ≈35 km over west Asia  

Sabin et al. 2013 
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Intensification of  
Somali Jet ! 

Rainfall & surface temperature over the Indian landmass 

JJAS mean rainfall 

Sabin et al. 2013 
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Moist Static Energy (x 103 Jm-2) 

Relative Vorticity  
(x 105 s-1) 

Divergence 
(x 105 s-1) 

Vertical velocity 
(hPa s-1) 

Vertical profiles [16N-28N, 65E 100E] 

Sabin et al. 2013 



Patterns generated by regressing the 850 hPa 
winds on the index of frequency count (FC) of 
moderate-to-heavy rainfall over the monsoon 
trough (70E-90E, 16N-28N). Shading 
corresponds to magnitude of regression. Unit 
of regression is ms-1 (std.dev FC)-1.  
 
Precipitation thresholds for moderate and 
heavy rainfall at each grid point correspond to 
the 75th and 95th percentile of daily rainfall. 

ERA 

Zoom 

No Zoom 

Sabin et al. 2013 



Difference (HIST  - HISTNAT): 
1951-2005 

 

Mean JJAS rainfall & 850 hPa 
winds 

Weakening Response of Indian Monsoon to Climate Change 

Monsoon rainfall (JJAS) averaged 
over Indian region 

Krishnan et al. 2016 



Simulation of summer monsoon precipitation & 850 hPa circulation 

HISTNAT GHG only - HISTNAT 

HIST - HISTNAT AERO - HISTNAT 



Anthropogenic AOD 

Courtesy: Sabin 

Anthropogenic Aerosol Radiative Forcing: TOA  

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

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



HISTNAT GHG only - HISTNAT 

HIST - HISTNAT AERO - HISTNAT 

Change in precipitable water w.r.t HISTNAT 

Courtesy: Sabin 



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

Changes in Heavy & Moderate 

precipitation types to GHG & 

regional forcing 

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

Period:1951-2000  

Krishnan et al. 2016 



Primary synoptic and smaller-scale circulation features that affect cloudiness and 
precipitation in summer monsoon region. Locations of June to September rainfall 
exceeding 100 cm over the land west of 100oE associated with the southwest monsoon are 
ndicated (from Rao, 1981).  (Adapted from Johnson, R. H., and R. A. Houze, Jr., 1987) 



 2-10 July 1963 MTC (Miller and Keshavamurty 1968) 

600 mb Surface 

31 Jul-7 Aug 2007 MTC  
600 hPa circulation 

The city recorded as many as five 
“extremely heavy” rain days this 
monsoon when over 200 mm of 
downpour lashed the city within a 24-
hour span and disrupted daily life  

During 29th June, 1st July, 5th September 
extreme rainfall days a quasi-stationary 
mid-level cyclonic circulation was 
located over north Konkan and 
adjoining south Gujarat region  Choudhury et al. 2018, J.Atmos.Sci 

Courtesy: Ayantika Dey Choudhury 



26th June 2019 28th June 2019 
Simplified  Atmospheric GCM experiments 

Snapshots of CSH latent 
heating over Arabian 

Sea and Western Ghats 
(day -3, -2, -1) 

Choudhury et al. 2018 





Figure. Spatial maps of climatological mean precipitation (mm day-1) and 850 hPa winds during the boreal summer monsoon (June – September) 
season (a) TRMM precipitation and MERRA reanalysis winds (b) IITM-ESMv2 (PI control simulation) and (c)  High-resolution (T574: 27 km grid) 
atmospheric-only version of IITM-ESMv2. The simulated means are based on the last 50 years of the PI Control experiment and 10 years from 
high-resolution atmospheric-only version of IITM-ESMv2.  

Future Plans:  High resolution (27 km grid) global climate model (T574) 



Simulation of present-day monsoon climate (PDC): MRI 20-km global model (Kitoh and Kusunoki, 2009, Krishnan et al. 2013)  

Rainfall (mm/day) 
Winds at 850 hPa 

MSLP  (hPa) Winds at 200 hPa 



Simulated changes in South Asian Monsoon: A1B scenario  (MRI 20-km GCM) 

Future (2075 – 2100) – Present (1979 – 2003) 

Precipitation anomaly Wind anomaly 850 hPa 

MSLP anomaly 
Wind anomaly 200 hPa 

Weakening of monsoon winds and decrease of precipitation over  southern Western Ghats 



Large-scale circulation changes 

Future (GWC) – Present (PDC) 

Weakening of the Monsoon Hadley-type 
circulation (60 E – 100E). Shading is for change in 

vertical velocity  (–ω x 100)  

Vertical velocity (+ω x 100) at 500 hPa. Weakening of 
vertical motions 



Simulation of summer monsoon precipitation & 850 hPa circulation (LMDZ – Zoom setup grid < 35 km) 

HISTNAT GHG only - HISTNAT 

HIST - HISTNAT AERO - HISTNAT 



Shige et al. 2017 : Role of orography, diurnal cycle and intraseasonal oscillation in summer rainfall over the Western Ghats and Myanmar Coast 

JJA mean precipitation (mm month-1) TRMM PR 2A25 V7   

Anomalies of PR-rainfall and 850 ERA-Interim wind vectors during 
the eight phases of the BSISO 



Summary 
 

•Influence of climate change on the Indian summer monsoon ? 
 

•Observations indicate a decreasing trend of summer monsoon precipitation averaged over whole of India about 
7%, with notable decrease over the Indo-Gangetic plains and Western Ghats, since 1950 and a clear increasing trend 
in the occurrence of localized heavy rainfall ( > 100 mm day-1) over Central India. 
 

•Emerging consensus from climate model simulations and multiple datasets that NH anthropogenic aerosol forcing 
have largely influenced the recent decline of monsoon precipitation by offsetting the expected increase in 
precipitation due to GHG warming. 
 

•Aerosols induce large-scale cooling over NH & continental Eurasia. Energy imbalance weakens the monsoon via 
mid-latitude circulation anomalies. 
 

•Increase in frequency of heavy precipitation (R > 100 mm/day) occurrences over Central India is projected in 
response to increasing atmospheric moisture in a globally warming world. 
 

•Challenges ahead:  (a) Monsoon: Multi-scale interactive phenomenon (b) Strong internal variability (c) Large 
uncertainties in model projections (c) Monsoon precipitation extremes strong links to circulation, organized 
convection, remote teleconnections, etc. 
 

•Way forward: Improve representation of organized monsoon convection in climate models, warm rain processes, 
orographic precipitation over WG, Myanmar, Himalayas, moist-convective processes, interactive feedbacks:  clouds-
aerosols-radiation-precipitation, latent heating and circulation, atmosphere-ocean-land coupling, among others. 



Thanks for your kind attention! 
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