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SIXTH ASSESSMENT REPORT IpCC

Working Group The Physical Science Basis INTERGOVERNMENTAL PANEL ON ClimaTe change

Box TS.13: Monsoons

OI"ISOOI"I domains A Global land monsoon precipitation decreased
o ‘ R IO\ S from the 1950s to the 198Cs, partly due to
- ‘ 8 anthropogenicaerosols but hasincreasedsince
then in responseto GHGforcing and large-scale
multi-decadablariability(mediumconfidencé.

A During the 21st century, global land monsoon
precipitation is projected to increase in
responseto GHGwarming in all time horizons
andscenarioghighconfidencé.

A In the long-term (2081-2100), global monsoon
rainfall changewill feature a robust north-south
asymmetry characterizedby a greater increase
in the Northern Hemisphere than in the
Southern Hemisphere and an eastwest

Figure AV.1 - Annex V: Monsoons asymmetry characterizedby enhanced Asian
African monsoons and a weakened North
Global (blackcontour) and regionalmonsoons(color shaded)domains Theglobal Americanmonsoon(mediumconfidencg:

monsoon (GM) is defined as the area with local summerminuswinter

precipitationrate exceeding.5 mm day:L. A Northern Hemispheric monsoon circulation will

likelyweaken over the ZLcentury(Lee et al.,
2021)¢ IPCC AR6 Ch4



How will the Indian summer monsoon
precipitation andcirculationrespond to

global warming ?



Simplified illustration othe influence of climatehange on monsoorainfall & circulation
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Caption Schematicdiagramillustrating the main ways that human activity influencesmonsoonrainfall. As the climate warms,
increasingwater vapour transport from the oceaninto land increaseshecausewarmer air containsmore water vapour Thisalso
increaseghe potential for heavyrainfalls. Warmingrelated changesn large-scalecirculationinfluencethe strength and extent of
the overall monsooncirculation. Landuse changeand atmosphericaerosolloading can also affect the amount of solarradiation
that isabsorbedn the atmosphereandland, potentiallymoderatingthe landgseatemperaturedifference  Source IPCCARS



Physics behind weakening circulation but
more precipitation
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All India Summer Monsoon Rainfall, 1871-2023 | Based on ITM/IMD Homogenous Indian Monthly Rainfall
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Differencemap of precipitationand windsfrom GPCRnd ERA datasetsbetween(2003-2020 and (19792002 (a) Precipitation(shading mm
day?') and 850hPawinds(vector m s-1), (b) Precipitationwith statisticalsignificancep < 0.01) shownby stippling




A mOiSt mOdel monsoon Nature News & Views 2010

Mark A. Cane Convective Quasi Equilibrium (CQE)

Received wisdom about the main driver of the South Asian monsoon comes into question with a report Framework
that tests the idea that the Himalayas, not the Tibetan plateau, are the essential topographic ingredient.

A Moist convective systems are in statistical

Colder, Maxsoum tippec equilibrium with their environment
drier air tropospheric temperature —
Lo A Virtual temperature of the free

)
g

atmosphere is directly linked tsubcloud
layer entropy

Himalayas

Moderate Monsoon
entippies circulation Ref
— \ A ArakawaandSchubert, 1974 JAtmosSci
Tibetan plateau Maximum A Emanuel, KA., Neelin DJ,Bretherton, CS, QJRMS,
! L”: subcloud 1994
gl SOLE _ A Arakawaand Cheng;1993 Met. Monograph
Onshore, moisture-laden winds A EmanueIKA, 1995 JAtmosSci _
A PriveandPlumb,2007, JAtmosSci
A Nig, J, Boos,WRKuangZ,2010, JClim

North South

Figurel | Anew model monsoon BoosandY dzI ythiihKirdg centreson the role of moist convectionrather than heat absorbedand radiated
by the Tibetanplateau Maximum subcloudmoist entropy occurssouth of the Himalayasand the heat releasedas water vapour risesand
condensess reflected in peak temperaturesin the overlyingupper troposphere The Himalayaskeep the moist warm air over South Asia
separatedfrom the colder, drier air to the north, so the high energyof this air massis undiluted, remainsfavourablefor moisture-driven
convectionandunderliesthe strengthof the SouthAsianmonsoon
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Time-mean JJA fields ECMWF analyses (19838) A Model of the Asian Summer Monsoon.
30 Part II: Crosf€quatorial Flow and P¥ehavior
Mark J.Rodwelland Brian J. Hoskins (8tmos.Scil995)

Mechanisms that sustain the lovlevel East African Jet

A TheEastAfricanHighlandand a land/seacontrastin surfacefriction are essentialfor
the existenceand concentrationof crossequatorialflow

A Surface friction and local diabatic heating provide mechanisms for material
modificationof PVandboth are important for the maintenanceof the jet

PVand horizontalwind vectorson the 302 Kisentropicsurface
Contourintervalis 0.05 PVunits.
Experiment Without (East African Highlands and
ECMWEF Analyse887hPawinds &isotachs Standard Integration (Day 14) Land/SeaContrast in Surfaceiction (Day 14)




Terrain field for boundary layer simulationg ...um:que eane

B isdszaccar A ThreeDimensional Planetary Boundary
: D i Layer Model for the Somali Jef. N.
B oo Krishnamurtiet al., 1982 J. AtmoSci
G Trcila
= J'F
i \
) I -'Tw\ Mesoscalefind mesh model, with a horizontal
Wil I I Eﬁ\, resolutilorjof ~55 kmand avc_artical resolut?onof
J / il ) 200m, isintegratedto examinethe evolution of
_ J h A A the 3D planetary boundary layer flows for

;f/‘/ W prescribed3-D pressurepatterns

=—— E‘% Thisstudy examinedthe balanceof forcesin the

LM surfacelayer and the planetary boundarylayer
Bl for regionsacrossthe equator, acrossand along
S . , i the low-level Somali jet, and across an
\-/o /“ a/ Intertropical convergencezone

.g ‘ ﬂ OB B//
2 | /@ @ | The important role of advective accelerations
= . .
= \K — ¢ hn the nteatr-zuatoual balance of forces was
3 S — emonstrate

" s0E —-— GO0E 65E TOE TSE

45E SOE
LONGITUDE (DEG)
FiG. 12. Vertical-zonal cross-section of the meridional wind {m s™'} along 2°S for
the WMONSOOMN 1977 simulation at day [8.



Annual intensification of the Somali jet in a
quasi-equilibrium framework: Observational composites

William R. Boos** and Kerry A. Emanuel®
Dept. of Earth and Planetary Sciences, Harvard University, Cambridge, Mass, USA
bProgram in Atmospheres, Oceans, and Climate, Massachusetts Institute of Technology, Cambridge, Mass, USA

ABSTRACT: The annual intensification of the Somali jet, which accompanies the onset of the Indian summer monsoon,
is rapid compared to the evolution of the seasonal insolation forcing. Using observationally-based data sets, the dynamic
and thermodynamic changes accompanying the onset of this jet are presented. The abrupt component of jet onset is shown
to occur over ocean about 1000 km east of the East African highlands. and is accompanied by increases in both deep
convection and baroclinic flow over the off-equatorial Arabian Sea. These abrupt changes are well separated from the core

The onset of the Somali jet and the associated monsoon are then examined in a convective quasi-equilibrium framework?
Such a framework is consistent with the mean summer state, in that peak free-tropospheric temperatures are nearly collocated
with peak subcloud layer entropies over the northern Bay of Bengal and adjacent coastal regions. Jet onset is accompanied
by a large (O{100W m~?}) increase in surface enthalpy flux over the Arabian Sea that is nearly collocated with, and
linearly related to, the concurrent increase in deep tropospheric ascent. At the same time, the highest subcloud entropies
shift inland slightly from the Bay of Bengal, and the region of warmest free-tropospheric temperatures expands poleward.
The consistency of all of these changes with a wind-evaporation feedback and several other hypothesized mechanisms of
abrupt monsoon onset is discussed. Copyright © 2009 Royal Meteorological Society

Boos and SRR PP W )

Emanuel,

2009

Annualcycleof the jet speedindexin 27

1 c"mau;lcgy ' ' years of the NCEFYeanaIys_is The ble_lck
121 composite /"\‘ line representsthe compositeevolution

- harmonics relativeto the date of jet onset,the grey
10 : line is a calendarbasedclimatology,and

100

200
time (days)

the dotted line is the bestfit of the first
two Fourierharmonicsof 9 | NJarf@i
cycle to the composite Time is the
number of days since 1 January,with
the compositetime seriesshifted sothat
jet onset occursat day 156, the mean
onset date. The two black dots are
positioned at the day of onset and 10
daysprior to onset

=
P
o

20

latitude
o

g
H
o

20

latitude
o

0 50 100 150
longitude

NCEPvector wind at 850 hPa (arrows) (a) is a composite 10
days before the date of jet onset, and (b) is the composite
changein vector wind over the 10-day period precedingjet
onset In both panels the shadingdenotesthe magnitudeof the
wind vector (m&1),not the change Areaswith surfacepressure
lessthan 850 hPaare maskedout.



LMDZ variable resolution global atmospheric model with zooming over South Asia
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JJAS mean rainfall and 8&Pawinds
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Robust strengthening of both monsoon rainfall & cressjuatorial winds under global warming
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200 hPa Winds
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Winds and PV at 50BPa HIST (1992014)
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Changan winds and PV at 506Pac (2081-2100) relative to HIST (1995014)
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Free Tropospheric Temperature
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a) Map of JJASime-mean sea surfacetemperature (SST; C) and moisture  Time mean maps of surfacemoist static energy (MSE)in kJm2 (left column)and free
transport (kg m-1 s-1) from HIST(19952014). Differencemapsof SST2081- tropospheridemperatureaveragedbetween450hPaand 100 hPain K (right column)for

2100 relative to HIST(1995 2014) b) (SSR45 minusHIST)and c) (SSR45  HIST(19952014) in (a, d); SSR45 (20812100 in (b, e); SSR45GHG(2081-2100) in (c, f).
GHGMinusHIST) Courtesy:Aswin Sagar




JJAS timemean (19952014) vertically averaged apparent
heat source (Q1) from 758Pato 200 hPafrom HIST

Apparent Heat Source (Y& Apparent Moisture
Sink (Q) ¢ Yanaket al. 1973 )anaiand Johnson,
1993, Li and¥anaj 1996,Yanaiand Tomita, 1998

(1)

Box Whisker percent Q1 (10,25,70,105)
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Variablegelated to thelndian summer monsoon circulation
(70E105E, 10NBON)

HIST, (SSP245IST), (SSP245GHBIST)

Precipitation 6.9 mm/day 12.5 % 24.16 %

Omega * (-1) 0.029 Pa/S 22.3 % 36.02 %
Precipitable 46.78 kg/m? 1.94 % 4.38 %
water

Courtesy:Aswin Sagar



Annual HIST
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Wind Power Potential over India using the ERA
reanalysisg SaiKrishnaSakuru& M.V. Ramana(2023

W/m?

Wind energypotential is higherin the off-shore EEZegion (annualmean
of 254 W/m2; ~2.2 R 10-3 GWHm2 per annum) than in the mainland
(annualmeanof 74 W/m2; ~0.65 R10-3 GWHmM 2). Gujaratstateisrichin

wind resources(annual mean of 150 W/m2), followed by Puducherry,
RajasthanKarnatakaAndhraPradesh& Telangana )

IS estimatedthat 7, : of power canbe harnesse
solelyfrom wind over L Y R thainfadd(EEZ)egions,assuming3%of the

areais utilized for this purpose Thesenumberscomfortablyexceedthe J
projected annualgrosselectricity production of 2.4 R106 GWhto 2.7 R
y Ject
indicate that electricity generationfrom renewables(wind) may account

for about22 % (5 to 6.7 %) of L Y R ththl €lectricitygenerationin 2030

The authors estimatedthe wind energypotential at 100 m abovethe surfac
usingnearlyfour decadesof historicalwind speeddata (1979- 2018 from the
recently available ERA reanalysis The wind speed frequency distribution
which is relevant for choosingthe optimal turbine model from a techno
economicaspectwasmodelledusinga Weibullmixture distribution.

ignificantvariability in wind speedsover the annualcycle,up to 50 % of th
annualmean,is often observed,which can significantlyaffect the harvestabl
wind power. Further,windswithin the operationalrangefor wind turbines(3 to
25 m/s) occurover inland areasfor more than 60 % of the year only over the
windiest regions,in contrastto the off-shore areas(more than 70 % of the

year).

Thegeneratedwind power density mapsindicate comparativelyhighervalue
duringthe monsoonseasonpoth over mainland& off-shoreregions

India's wind power output is high during low solar monsoon months
Average capacity factors of solar and wind power since 2022

= Solar 2024 === Solar 2023 Solar 2022 === Wind 2024 Wind 2023 Wind 2022

During the monsoon
months, wind output is high
while solar output dips.

EMB=R



Summary

A Humaninduced climate change is already affecting weather & climate patterns in every region of the glob

A Indian SummerMonsoon (ISM) Complex dynamical system involving mutual / coupledinteractionsof the
LandOceanAtmospherecomponentson different spaceand time-scales Robustinteractionsamong Indian
monsooncirculation(winds), precipitation, oceancirculation& biogeochemicaprocesses

A 1SM changesover the 20" century influenced by anthropogenicemissionsof greenhousegases(GHG)and
aerosols Increasedn the monsoonprecipitation due to warming from GHGemissionswere counteractedby
decreasesin monsoon precipitation due to cooling from humancausedaerosol emissions As the climate
continuesto warm, the ISMprecipitationis projectedto increaseduringthe 215 century (IPCAR5)

A Monsoonwind responseto globalwarmingin the LMDz (zoomingover SouthAsia)atmosphericGCM
A Substantialncreaseof monsoonprecipitationover the subcontinent

A Robuststrengtheningnonsooncrossequatorialflow andlow-level SomaliJet(CQHEramework)
A Intensificationof the verticalgradientof apparentheatsource(QL)

A Enhancednid-troposphericcyclonicPVandverticalvelocity

A Strengtheningf monsoonwind speedhasimplicationsfor wind energygeneration

A Futureplan: Couplingof LMDz(zoomedsetup)globalatmospheriomodel and oceanmodel Veryimportant tool
to investigate Monsoon dynamics, Indian Ocean Circulation and Marine Biogeochemicalnteractionsin a
changingclimate
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