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Increasing frequency of 
droughts – 1/3rd of the last 
15 years were droughts



Monsoon variability and Extreme events over South Asia 
– Present and Future

Roxy Mathew Koll
Indian Institute of Tropical Meteorology, Pune

Annual Media Briefing on Climate Change
for journalists of the Global South

Present/Past
o South Asian monsoon during the past  half-century shows a weakening trend
o Frequency of extreme events have increased in the past
o Indian Ocean warming, anthropogenic aerosols, land use changes play a major role

Future of the monsoon is still not clear :
o Future (CMIP5) simulations indicate an increase in the monsoon rainfall
o However, they fail to simulate present day monsoon rainfall trends
o A major shortcoming – Indian Ocean warming and aerosol impacts are not 

represented well in the models
o Extreme events (rainfall/rainstorms, temperature, tropical cyclones) set to increase

Plan:
o CORDEX Development and Data Portal for regional climate projections
o Development of Earth System Model focusing on the South Asian Climate
o First Climate Model to participate from South Asia in CMIP6



Climate change – can cause changes 
in mean, variance or both
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21st century projections over India

Chaturvedi et al. Current Science, 2012

1.7 – 2 C 2 – 4.8 C 1 – 2.4 % 3.5 – 11 %



21st century projections over India

Sooraj  et al. Climate Dynamics, 2012

North-South rainfall dipole pattern:
Increased rainfall over Indian 
subcontinent extending into the 
western Pacific region (north ASM 
region, NASM) and decreased
rainfall over equatorial oceanic 
convergence zone over eastern Indian 
Ocean region (south ASM region, 
SASM).

This robust future pattern is well 
conspicuous at both seasonal and sub-
seasonal time scalesc



Failure of CMIP5 Climate Models in Simulating the 
Post-1950 Decreasing Trend of Indian Monsoon

Saha et al. GRL, 2014 Sabeerali et al. Climate Dynamics, 2015

Future projections suggest increasing monsoon rainfall (Sharmila et al 2015).

However it is to be noted that these models fail to reproduce the present day 
monsoon (Saha et al 2014, Sabeerali et al 2015)

These studies point the poor representation of the Indian Ocean warming 
as one of the reasons.



Another shortcoming of present day Models 
– El Niño-monsoon teleconnections are not captured

Wang et al. Nature Communications, 2015



Monsoon - Seasonal migration of solar insolation and 
land-sea temperature differences

January

July



Changes in Monsoon drivers
Increase in land-sea contrast in the Northern Hemisphere

Sutton et al. GRL, 2007; Hansen et al. Rev.Geophys, 2010

Observations and climate models suggest an increase in land-sea contrast over 
Northern Hemisphere during recent decades 

–as surface temperatures over land increase more rapidly than over 
sea in response to greenhouse gas forcing.



Changes in Monsoon drivers 
Ocean warming in a changing climate

IPCC, AR5, 2013



Indian Ocean during the last century
western Indian Ocean warmed up to 1.2degC, in 100 yrs

Roxy et al. J.Climate, 2014

Monotonous warming over west nullifies zonal SST gradient
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In early 1900s, the western Indian 
Ocean was much cooler than the 
warm-pool. 

The monotonous warming over west 
nullifies zonal SST gradient - may 
influence monsoon dynamics.



Ideally, Increased land-sea contrast = more rainfall
Increased ocean warming = more rainfall
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Increased land-sea thermal contrast Increased ocean warming

Sutton et al. GRL, 2007; Hansen et al. Rev.Geophys, 2010
Gadgil et al.,Nature, 1984; Roxy,Climate Dynamics, 2013; Nair and Rajeev, J.Climate, 2013



but it’s a weak South Asian Monsoon
central India shows significant reduction in rainfall

Decreasing trend in 
precipitation from 
Pakistan through central 
India to Bangladesh. 
Significant over central 
Indian subcontinent 
(horse-shoe pattern)

Guhathakurta and Rajeevan, IJOC, 2008; Sandeep and Ajayamohan, Sci.Rep., 2014
Roxy et al. Nature Communications, 2015

Similar results from subdivisional station data:
Guhathakurta and Rajeevan, 2008

Western Ghats show dipole like trends: 
Sandeep and Ajayamohan 2014

(a) Trend in IMD Precip. (b) Trend in CRU Precip. mm day-1 (112 year-1)
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Land-sea thermal contrast over South Asian domain
Indian Ocean-large warming, Subcontinent-suppressed warming

Roxy et al. Nature Communications, 2015

Though models and observations suggest increase in land-sea contrast over Northern Hemisphere 
due to global warming, it is different over South Asia/Indian Ocean.

(a) surface temperature trends °C (112 year-1) (b) upper troposphere temp. trends °C (65 year-1)

(c) Trend in land-sea temperature difference
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Monsoon and Indian Ocean warming

Roxy et al. Nature Communications, 2015



21st century projection of drying trend 
of the South Asian monsoon

Krishnan et al. Climate Dynamics, 2015

Difference in June–September mean precipitation and 850 hPa
winds between the HIST1 and HISTNAT1 (1951–2005).

Spatial pattern of linear trend of SST (C per 55 years) 
from the IPSL-CM5A-LR simulation. (1951–2005).

Monsoon weakening:
Land-use changes, aerosol forcing and the rapid warming of the Indian Ocean 



21st century projection of drying trend of the South Asian 
monsoon

Krishnan et al. Climate Dynamics, 2015

Drought like 
conditions??

Exrteme
events



21st century projection of extreme rainfall events over 
Central India

Krishnan et al. Climate Dynamics, 2015

30%~40% increase in heavy precipitation events in the Past, and for the Future too



Rainstorms over India

Satyanarayana and Rajeevan, Climate Dynamics, 2015 Revised.

1. The area should be more than 
50000 sq km in which rainfall 
should be more than 25 mm.
2. The centre of the storm should 
have rainfall 125 mm or more.
3. The above two conditions 
should be met for two consecutive 
days.



Indian Ocean warming and Extreme Rainfall Events

Rajeevan et al., GRL, 2008; Turner and Annamalai, Nature Climate Change, 2015

It’s difficult to say for certain that a particular extreme event for the monsoon is 
attributable to anthropogenic climate change – like the Pakistan floods of 2010 – but we 
do know that with a warming climate more moisture can be held in the atmosphere, 
leading to heavier rainfall when it does occur.

Extreme rainfall events 
over central India has 
increased. Shows 
association with increasing 
sea surface temperatures, 
which increases the 
available moisture.



North  Indian Ocean Accumulated Cyclone Energy 
(1980-2013)

Rajeevan et al.
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Ocean Heat Content is important for Tropical Cyclones

Ocean heat content is more important 
for Tropical Cyclone intensification than 
Sea Surface Temperatures.
E.g., Cyclone Nargis, 2008

Rajeevan et al.



Indian Ocean warming and heavy rainfall 
over Indo-Pakistan region, 2010

Priya et al., J.Climate, 2015

The warmer SST anomalies over the 
southeast and western Indian Ocean 
strengthen the cyclonic convergence 
(divergence) over southeastern
Indian Ocean (central & western 
equatorial Indian Ocean) promotes 
enhanced convection and northward 
moisture transport over northern 
Arabian Sea during 2010.

ENSO related SST

ENSO unrelated SST

Indian Ocean SST



Trend in African Rainfall 1950-1999

Hodson and Sutton



Model Forced with 1C Indian Ocean Anomaly indicates
Indian Ocean warming may have weakened the African Monsoon

Hodson and Sutton



Hodson and Sutton

Model Forced with 1C Indian Ocean Anomaly indicates
Indian Ocean warming may have weakened the African Monsoon



East Asia, RCP 4.5/8.5 temperatures (2m)
CORDEX East Asia

Lee et al. Climate Dynamics, 2014

Difference in seasonally averaged temperature against 
the current climate (1980–2005) obtained from R45 
and R85 (2025 to 2050) for JJA and DJF.



East Asia, RCP 4.5/8.5 precipitation
CORDEX East Asia

Lee et al. Climate Dynamics, 2014

Difference in seasonally averaged precipitation against 
the current climate (1980–2005) obtained from R45 
and R85 (2025 to 2050) for JJA and DJF.



East Asia, RCP 4.5/8.5 temperature and precipitation
CORDEX East Asia

Lee et al. Climate Dynamics, 2014

In the future, strong warming is 
distinctly coupled with intensified 
monsoonal precipitation over East Asia. 
In particular, extreme weather 
conditions are increased and intensified 
over South Korea as follows: 
(1) The frequency of heat wave 

events with temperature greater 
than 30C is projected to increase 
by 131 and 111 % in the RCP 8.5 
and 4.5 downscaling, relative to the 
current climate. 

(2) The RCP 8.5 downscaling shows the 
frequency and variability of heavy 
rainfall to increase by 24 and 31.5 
%, respectively, while the statistics 
given by the RCP 4.5 downscaling 
are similar to those of the current 
climate.



South Africa, agriculture
Projections - 2050

Knox et al. Environ. Res. Lett., 2012

Although global food production has been rising, the world still faces a persistent food security 
challenge. By 2050 the world will need to increase crop production to feed a projected nine billion 
people, in the face of changing consumption patterns, the impacts of climate change and growing 
scarcity of water and land. Sub-Saharan Africa (SSA) is often cited as one of the most vulnerable regions 
(Slingo et al 2005) since it maintains the highest proportion of malnourished populations in the world; a 
significant portion of its national economies are dependent on agriculture, and most of its available 
water resources (85%) are used for agriculture. Farming techniques are also relatively primitive, the 
majority of the continent is already arid and the smallholder systems that dominate the agricultural 
landscape have very limited capacity to adapt.



South Asia, agriculture
Projections - 2050

Knox et al. Environ. Res. Lett., 2012

Similar issues exist in South Asia, where more than 75% of the region’s rural poor are dependent on 
rainfed agriculture, livestock and forestry for their livelihoods.



South Asia and South Africa, agriculture
Projections

Knox et al. Environ. Res. Lett., 2012 Challinor et al. Nature Clim. Change, 2014

The projected mean change in 
yield of all crops is -8% by the 
2050s in both regions. 

Across Africa, mean yield changes 
of -17% (wheat), -5% (maize), -
15% (sorghum) and -10% (millet).

Across South Asia of -16% (maize) 
and -11% (sorghum) were 
estimated. 

No mean change in yield was 
detected for rice.



Warming – Marine Primary Production
western Indian Ocean is a highly productive region...



Warming Ocean, Reduced Marine Productivity

Annual catch rates of tuna (N/100 hooks) in the Indian Ocean
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Coordinated Regional 
Climate Downscaling Experiment (CORDEX)

http://esg-cccr.tropmet.res.in/esgf-web-fe/

CORDEX South Asia Co-ordination @ CCCR, IITM, Pune
• Development of multi-model ensemble projections of high

resolution (50km) regional climate change scenarios

• Generation of regional climate projections at CCCR-IITM

• LMDZ variable grid global climate model

• RegCM4 regional climate model

• Co-ordination with partner institutions for multi-model

ensemble projections – SMHI, IAES, CSC, CSIRO, ICTP…

• Development of an Earth System Grid (ESG) node

• Archival, Management, Dissemination of CORDEX South Asia data

• Evaluation of regional climate projections over South Asia

• For reliable regional climate change information for effective
harnessing of science-based climate information by Vulnerability,
Impact Adaptation (VIA) community

• Development of regional capacity for assessment of regional
climate change

The CORDEX vision is to advance and coordinate the science and
application of regional climate downscaling through global partnerships

ESG Data Node @ CCCR, IITM



Coordinated Regional 
Climate Downscaling Experiment (CORDEX)



Indian Earth System Model
for Future Climate Projections

Swapna et al. BAMS, 2015



Present/Past
o South Asian monsoon during the past  half-century shows a weakening trend
o Frequency of extreme events have increased in the past
o Indian Ocean warming, anthropogenic aerosols, land use changes play a major role

Future of the monsoon is still not clear :
o Future (CMIP5) simulations indicate an increase in the monsoon rainfall
o However, they fail to simulate present day monsoon rainfall trends
o A major shortcoming – Indian Ocean warming and aerosol impacts are not 

represented well in the models
o Extreme events (rainfall/rainstorms, temperature, tropical cyclones) set to increase

Plan:
o CORDEX Development and Data Portal for regional climate projections
o Development of Earth System Model focusing on the South Asian Climate
o First Climate Model to participate from South Asia in CMIP6

Monsoon variability and Extreme events over South Asia 
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Thank You!


