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Trend in JJAS precipitation during 1951-2014 Changes in daily precipitation extremes
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Aerosol forcing: Fundamental driver for the physical climate system

Anthropogenic Aerosols and the Weakening of the South Asian
Summer Monsoon

Massimo A. Bollasina ef al.
Science 334, 502 (2011);

DOI: 10.1126/science. 1204994

Atmospheric brown clouds: Hemispherical and regional variations in

I Ramanathan et al. JGR-2007 I

long-range transport, absorption, and radiative forcing

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

reflection of solar radiation and influence climate
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Emerging consensus of the role of anthropogenic aerosols on the Undorf et al. 2018
decreasing trend of the South Asian monsoon precipitation o
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Physical mechanisms for the aerosol-monsoon connection include: 30°NF e T =
o 0.09
*Reduction of solar insolation (° solar dimming ‘ ) at surface through scattering & 15°N = - h .,
absorption by aerosols, decrease of meridional SST gradient between equator & 25°N, 0° : 6
resulting in decreased moisture convergence and suppressed convective activity over the 15°5 0.06
Bay of Bengal (Ramanathan et al. 2005, Meehl et al. 2008). H d e 3
) m
=Scattering-type aerosols over the Asian continent can induce large-scale cooling over the (c) ALL 003 %
Northern Hemisphere causing inter-hemispheric energy imbalance and weaken the o 5 Ca = ;
boreal summer monsoon circulation (Bollasina et al. 2011, Undorf et al. 2018) 30°N '250/0 000 3
15°N &
*Decrease of meridional gradient of tropospheric temperature & vertical wind-shear 0° %
3 o
<

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

-0.06

*Role of enhanced CCN counts in disrupting organized convection of the monsoon 30°N 009
depression . Impacts of air pollution over Asia (Krishnamurti et al. 2012) 15°N = ’
*Surface cooling over the Indian subcontinent (Sanap et al. 2015) 0° -012

*Decrease of water vapor availability (Salzmann et al. 2014) 15°S}y




Overview
* |ITM 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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RESEARCH ARTICLE  Long-Term Climate Simulations Using the IITM Earth System :
/ H H -
10102972017M5001262 Model (IITM-ESMv2) with Focus on the South Asian Monsoon :
Key Points: P.Swapna' ', R. Krishnan, N. Sandeep’, A. G. Prajeesh’, D. C. Ayantika’, i
« [ITM-ESMv2 simulations show fidelity S. Manmeet! and R. Vellore? r B
in capturing large-scale circulation ' ! ) y 1
and global climate drivers i i . . . il
+ Signfficant improvement in the 'Centre for Climate Change Research, Indian Institute of Tropical Meteorology (IITM), Pune, India 60S — -
representation of South Asia ’ Eﬁ_ [ I : : :
monsoon and its variability = T ! o
« First climate model from India Abstract Long-term climate simulations are performed using the IITM Earth System Model version 2 : | = . 1
contributing to the ! (ITM-ESMv2), a sequel to the earlier version (ITM-ESMv1), to assess climate variability and change with a == 5
Intergovernmental Panel for Climate ) : L ) ) =
Change (IPCC) sixth assessment special focus on the South Asian monsoon. Substantial improvements are incorporated in IITM-ESMv2 to g o
report (ARG) obtain a radiatively balanced global climate modeling framework. The IITM-ESMv2 includes time-varying =8 e
aerosol forcing and land-use land-cover changes. Multicentury simulations corresponding to preindustrial LMDZ global atmospheric EEE o
Supporting Information: and present-day conditions show major improvements in capturing key aspects of time-mean atmosphere model: Variable resolution == “
'i:ﬁl‘;“;'"g Information 1 and ocean large-scale circulation. Representations of the Atlantic Meridional Overturning Circulation and with zooming capability : = =
' poleward ocean heat transport, and major global climate drivers are superior to ESMv1. Teleconnections of i i H T : = -
Conrespondence te: the South Asian monsoon with climate drivers such as the EI-Nino-Southern Oscillation (ENSO) and the H -
5. Panickal, ) Indian Ocean Dipole (I0D) are found to be more robust in IITM-ESMv2, thus leading to improved simulation "
swapna@tropmet.resin of South Asian monsoon and its variability. The ITM-ESMv2 takes a novel pursuit from India to contribute in Source: Sabin, CCCR, IITM -

the Intergovernmental Panel for Climate Change (IPCC) sixth assessment report (AR6).
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Mean summer rainfall (June-Sept)

IITM-ESM for long-term climate change studies
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Surface temperature and precipitation response in ITM-ESM (SSP8.5) — CMIP6
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Indian summer monsoon response to GHG & Aerosol forcing

Sensitivity experiments using the IITM ESMv2 &
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MACvV2-SP: a parameterization of anthropogenic aerosol optical
properties and an associated Twomey effect for use in CMIP6

Bjorn Stevens', Stephanie Fiedler', Stefan Kinne', Karsten Peters', Sebastian Rast', Jobst Miisse', Steven J. Smith?,

and Thorsten Mauritsen'

"'Max Planck Institute for Meteorology, Hamburg, Germany

2Joint Global Change Research Institute, Pacific Northwest National Laboratory, College Park, MD, USA

Anthropogenic fine-mode AOD
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Figure 1. Global distribution of annually averaged anthropogenic
aerosol optical depth 7, at 550 nm. Also indicated are the locations
of MACvVv2-SP plume centers. Industrial and biomass plumes are
distinguished by the choice of symbol: circles for industrial plumes

and triangles for biomass plumes.
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High-Resolution (~ 35 km) CO2 concentration in the Aerosol distribution
Climate Change Simulations future IPCC ARS scenarios from IPSL ESM
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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

G H G'Onl y ( 1 .95 1 '2 005 ) . Includes GHG only forcing. Other forcing set to pre-industrial values

Aerosol-Onl y ( 1951- 2005 ) . Includes Aerosol only forcing. Other forcing set to pre-industrial values

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
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Global climate

No zoom: 1°x1° ; Zoom: same number of points, with resolution =35 km over west Asia
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™ Precip JJAS (mm/day)

Mean winds at 850 hPa

Rainfall & surface temperature over the Indian landmass
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Moist Static Energy (x 103 Jm-2)
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Difference (HIST - HISTNAT):
1951-2005

Mean JJAS rainfall & 850 hPa
winds

Monsoon rainfall (JJAS) averaged

over Indian region
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Weakening Response of Indian Monsoon to Climate Change
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Simulation of summer monsoon precipitation & 850 hPa circulation
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Response of tropospheric temperature & large-
scale circulation to anthropogenic forcing

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

Courtesy: Sabin




Change in precipitable water w.r.t HISTNAT
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No. of heavy rainfall events _

Change in distribution of yearly counts (%)
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2-10 July 1963 MTC (Miller and Keshavamurty 1968)

THE TIMES OF INDIA

Mumbai: Five extremely heavy rain days in Monsoon

31 Jul-7 Aug 2007 MTC
600 hPa circulation

1 2019 alone, eight in past decade

0 TNN | Sep 29, 2019, 05,58 AM IST
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_ LBS Road, Kurla, Sept 4,2019

observatory recorded this monsoon
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8 worst rainfall days in the past 10 years
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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 29t June, 15t July, 5t" September
extreme rainfall days a quasi-stationary

mid-level

located
adjoining south Gujarat region

cyclonic circulation was

north Konkan and

Mean rainfall

No. MTC case No. of days accumulation (cm) MTC selection
I 15-22 Aug 1988 § I /
2 20-25 Aug 1989 ; 3 /
3 11-15 Sep 1989 5 4

4 26-30 Jun 1990 5 M /
5 13-22 Aug 1991 10 i

b 1825 Jul 1992 8 58 /
7 18-29 Aug 1993 12 10

§ 22-30 Aug 1994 9 4 /
9 14-22 Sep 1994 9 3

10 4-8Jul 1993 5 4

1 1123 Jul 1993 13 70 /
1 10-20 Aug 1993 1l b

13 6-11 Sep 1993 ] 3

14 20-24 Jul 1996 5 i /
15 49 Jul 1997 b i /
16 f-11 Sep 1997 b 19

1 30 Auge4 Sep 19% 6 9

18 43 Aug 1999 § ) /
19 26 Sep 1999 5 !

2 27 Jun-15 Jul 2000 19 § /
2 16-24 Aug 2000 7 n

p4) 6-11 Aug 2002 b 5 /
n 18-27 Sep 2002 10 ]

p] 18 Jul 2003 8 4 /
P 12-19 Jul 2003 8 4 /
2 1-13 Aug 2003 13 U /
pAl 13-26 Sep 2003 14 12

2 29 Jun- Jul 2004 10 gl /
b 12-19 Sep 2004 8 5

Rl 24 Jun-3 Jul 2005 10 150 /
3l 23 Aug-1 Sep 2005 10 7

R 28 Jun4 Jul 2006 7 8 /
B 31 Jul-7 Aug 2007 8 91 /
H 27 Jul-5 Aug 2008 10 4 /
3 12-18 Sep 2008 7 1 /

Choudhury et al. 2018, J.Atmos.Sci

Courtesy: Ayantika Dey Choudhury
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A conceptual sequence of mechanisms /processes leading to development of MTC
ummer monsoon south-westerly Trlow &

northward propagating rain belt
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Formation of MTCs have a dependence on slow
northward propagating monsoon rain belt
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Top heavy heating from stratiform precipitating
systems plays a pivotal role
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cyclonic vortex directly, thereafter intensification

occurs through mid-level convergence and
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Journal of Atmospheric Sciences, September 2018



Future Plans: High resolution (27 km grid) global climate model (T574)
a) MERRA
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c) ITM-GFS (T574)

30N AT R < )N | 12
=L % i :

308

0 60E 120E 180 120W 60W 0

Figure. Spatial maps of climatological mean precipitation (mm day!) and 850 hPa winds during the boreal summer monsoon (June — September)
season (@) TRMM precipitation and MERRA reanalysis winds (b) IITM-ESMv2 (Pl 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 Pl Control experiment and 10 years from
high-resolution atmospheric-only version of ITM-ESMv?2.



Simulation of present-day monsoon climate (PDC): MRI 20-km global model (Kitoh and Kusunoki, 2009, Krishnan et al. 2013)
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Simulated changes in South Asian Monsoon: A1B scenario (MRI 20-km GCM)

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

Weakening of monsoon winds and decrease of precipitation over southern Western Ghats
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Large-scale circulation changes
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Simulation of summer monsoon precipitation & 850 hPa circulation (LMDZ — Zoom setup grid < 35 km)

2 0%H
10
9 -
L] = e
105H 10 —;;"/"
e . 7 ¥
3 | | i S F
" S e g b p
e e e e T - — | °
S T e - =l . | = Froro ’
T"TJ'Iff!:,-___,,,__,____,_____-wﬂ.-'ﬂ__—:_q I — 4 | T . p
I O T T T T T e, PR r I 5 I ,
o \I" — —1 3 o &
.‘k"‘x"‘x‘\\\khu-.__-..;r.i.r.!.l'.rri-.....L 1o L Y L T T
‘\\‘\‘\\‘\\‘H\-“‘“‘u‘-“‘-“-—ﬁ‘h‘q—-‘_‘-ﬁl\N‘\\\\‘\H‘-"\.‘L‘hh-.._. x PR D = I R A ) - = o
- T - e —— 1 —] -uGHG e
[ - N T S i - e L S R e R L S S S -.__4;_‘}__.__ — o = - On
m"r.mhvl-_h_ﬂ-._q-l._- -n__-T-_-u -u_l_-__-u__-q_l-_-_-_l-q_- = I-|| -m_-__r\__- -__I-_ - B W q
SO°E SO°E FO*E BO*E BO0°E 100°E 110°E
SO0°H -
S
20°M
20
S P ————
B = o e e 3 . e, —
107K %-i"k';ri--—;'-fﬂ" e IO T T T e e
] —— e
Pl o S ’ 10°M — : R A O
PV S A e A R
. . [ I T T T B
PP P A s Lo
—‘;";‘;";J.-_.-.-‘,‘_.'_-_,l_.,--l JoF 8 & F F F 3 8 P&} OT
I I I T T T T TS i R T S T T T T T TR O
|:|-||'|=LI-'I-'-'~"""'I/ " L T T T T T
i T T T T T o L T T T T
T T T T e s o v " L T T e
A L I - Lo ow oy v o R e
THIST < HISTNAT -~~~ © L P e
= TAERO - HISTNAT : -
o E -t et S - g - - ] . a - -
. 7. . =B 3 -
T T T T T T T T T T T
SOoE SO*E TO*E BO"E 20*E 130°E 110*E T T T T T T T T T |‘ - T -

S0°E S0°E FO"E BO*E



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