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Abstract

This PhD thesis investigates the equilibrium climate responses of the South Asian Summer
Monsoon (SASM) system to various anthropogenic emissions and their projected changes
under a warming climate. Using CESM1.2.2-SOM, an atmospheric general circulation model
coupled with a slab ocean model, the study evaluates the impacts of greenhouse gases (GHGs),
aerosols, black carbon (BC), CO., and sulfate emissions, individually and in combination. The
analysis also includes mid-21st-century projections under the RCP8.5 scenario and examines
the role of dust emissions from West Asia (WA), the Tibetan Plateau (TP), and South Asia (SA)
in modulating the onset and withdrawal of the SASM. These investigations provide insights
into how anthropogenic and natural forcings shape one of the most climate-sensitive systems

globally.

The findings reveal that aerosols consistently delay the SASM onset while advancing its
withdrawal, significantly shortening the monsoon’s length (LOM) across most of India. GHG
emissions also reduce the LOM, primarily by advancing withdrawal. In contrast, BC emissions
uniquely advance the SASM onset by 13—20 days and extend its duration by approximately 15
days. Sulfate emissions delay onset and further shorten the monsoon season. Under mid-21st-
century RCP8.5 scenarios, SASM onset is projected to be delayed by over five days, with
withdrawal advanced by up to 15 days, leading to a reduction of more than 20 days in LOM.
Regionally, aerosols delay onset over South and Central India, with combined aerosol and GHG
forcings amplifying this effect over Southern and Eastern India. BC generally advances the
onset, except for delays in the northern hilly regions and the southern tip of India. Sulfate and
CO2 emissions delay onset across much of South and Western India, with similar regional

patterns projected for 2050.

The SASM withdrawal phase exhibits contrasting responses. Aerosol and combined aerosol-
GHG forcings advance withdrawal over parts of India, particularly the northwest, while CO2
and BC emissions delay it. Sulfate emissions, in contrast, advance withdrawal across most
regions. By 2050, withdrawal is projected to be delayed over most parts of India except Punjab.
Combined forcings of aerosols and GHGs significantly reduce the LOM across Central,
Southern, and Western India, while BC emissions extend the LOM in most regions except for

the northern hilly areas and Punjab.



Dust emissions further add complexity to SASM dynamics. Suppressed dust emissions over
the Tibetan Plateau advance onset, whereas suppression over both TP and WA delays onset
over Kerala. Enhanced dust emissions from TP and WA also delay onset, while suppressed WA
dust and enhanced SA dust advance withdrawal. These variations result in regionally specific
changes to the LOM, underscoring the sensitivity of SASM dynamics to natural dust

perturbations.

Anthropogenic forcings significantly impact seasonal mean precipitation (SMP) and
temperature across South Asia, with aerosol forcings predominantly suppressing SMP. The
most pronounced reductions occur along the Indian western coastline and Nepal, driven by
sulfate emissions, which exert the strongest cooling effects. Combined aerosol and GHG
forcings yield a similar but slightly less pronounced SMP pattern compared to aerosols alone,
highlighting the dominant role of aerosols. BC emissions enhance precipitation in specific
regions, while GHG and CO; forcings increase SMP over Northern India and the Indo-Gangetic
Plain. These increases are expected to intensify by mid-century, with SMP projected to rise

over northwestern India but decline over the Western Ghats.

The precipitation responses are closely tied to SASM dynamics. A weakened SASM correlates
with reduced sea surface temperature (SST) gradient anomalies and weakened vertical wind
shear, suppressing prevailing wind patterns and the local Hadley cell. Enhanced SASM
dynamics, on the other hand, strengthen these mechanisms. Seasonal mean precipitation minus
evaporation (SPME) reflects these dynamics, with most forcings, including aerosols and
sulfate, reducing SPME across South Asia. However, BC and CO; forcings increase SPME in

many regions, particularly outside Telangana, the eastern Himalayas, and northeastern India.

Temperature extremes exhibit similarly diverse responses. Aerosols and sulfate emissions
suppress maximum and minimum daily temperatures and reduce diurnal temperature ranges
(DTR), with the strongest cooling effects over the Indo-Gangetic Plain, Northeast, and Eastern
India. In contrast, GHG and CO; forcings amplify extreme temperatures, significantly
increasing the maximum daily maximum temperature (TXx) and maximum daily minimum
temperature (TNx) across India, particularly in Northeast India and the Indo-Gangetic Plain.
By 2050, warming trends under RCPS8.5 are projected to intensify, with increases in the
frequency of warm days (TX90p) and warm nights (TN90p) alongside reductions in DTR and
cold nights (TN10p).
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BC emissions have a dual impact, moderating daytime temperatures while warming nighttime
temperatures, particularly in Northern India. BC significantly increases the warm spell duration
index (WSDI), indicating prolonged heatwaves. In contrast, sulfate and aerosol emissions
reduce warm spell durations, while cold spell durations (CSDI) increase in specific regions,

such as the Deccan Plateau and parts of Western India.

These findings emphasize the complex and often opposing effects of anthropogenic emissions
on the SASM system. Aerosols and sulfate dominate as drivers of cooling and precipitation
suppression, while GHGs and CO; amplify warming and enhance extreme rainfall events. BC
emissions uniquely balance cooling effects on daytime temperatures with warming effects on
nighttime temperatures, while also influencing dynamic precipitation responses. These
nuanced insights into the interactions between different forcings and regional climate processes
highlight the critical need for targeted mitigation strategies and adaptive measures to address
the diverse impacts of climate change on the South Asian Summer Monsoon system. This thesis
provides a foundation for informed policymaking and robust interventions to mitigate future

climate risks in this vulnerable and densely populated region.

il



AR

g NTaS! MY Te Glaor UiRrms Ad e Iy (THUTHTH) JuMTel &1 Hqa siaar]
gfaforarsfi &1 Sieqg= &l &, Sl fafia AFaed SctoiA! 3R T Bt Sfaarg & d&d
I yafa uRkad-l & g2iar g1 HETHuH1.2.2-TI3TH HT IWINT Hd gU, St U
JHSH A IR A8d § 3R Wd AENFR Hisd & 1 I 8, T8 37600
MTEST M1 (SliTah), TR, st BT (s, Wil 3R Telbe IFoi-! & GHTE]
DT S-S SR T T § Teidh Xl ¢ | IH A 2191 Tet o RES.5 aRezd
& q8d STHM R Uiy UM (Ssygu), fissdl UeR (@), iR S tRmr (wHe) @ ¢d
Ieoi! 1 YfirepT & ot =i foram T g, S THuuHud & BT 3R aTa & gutfad
TR ¢ | A 31T I8 GHH T Heg HRd ¢ [ AHaI-d 3R WG garard diyd &4
T qE P TAarg-Hae=ie Jonferdl ®l o THR S 7 |

Ty & e g2ifd B o TRIGIe THUTHUA $1 Y3MTd &l AR facifed &3 § Safe
3T IT0YT B Ugd IR &d 3, O YR & ST fRwdt # A 1 3raf¥y (Tersiie)
HHBI O g | STeast Saaoi H TS &1 &8 Sl 5, T&Id: a9y! &1 Uga & | 3P
faodia, S Ioi THUTHEH & S &1 13-20 T 9% U8 &R <al 8 3R S
3fafd P U 15 &1 T 1 a1 81 Tethe Ioi- Yo ! fadfad oar g 3R
A &1 A BT R HH IRAT 8 | ARIATNS.5 URE=T & dIgd, 7ed 219 9 Hf voveaed
DI Y31 5 fEAT § 31 facifad iR arodt 15 i3 9% ugd 8t wavd! g, o Tasied
20 feT O 31t g SuTh | &l U 9, TR ST 3R He YR H Ye3iTd &I fadifad
PR g, STafh Tgard TR 3IR SiTTel! SaTdTd 39 WHTG B G707 3R Ydf HRd H Serd
& | SR WTHIRIE: YB3 P U BT §, Afh1 STR & UgTe! &t 3R YR & gfémft R
A fadd &ar 81 Gebe 3R el I gféor oiR ufdnft wRa & siftreier fexat o
ST P! [qdifad #xa 8, o aH 2050 & forw +ft wom esftg T s €|

THUTHUA 1 Aol # faudia uffehany fawms odl 81 TR SR 4G TR
Siegslt garard ARl & HRd & $o R, fatiy 0 & 3TR-ufdy, § ugd o3d §, S
i3 3R IRt Iei = facifod #rd §1 590 fAwid, Icthe I e &= |
U BT U IR Gl g1 2050 TP, ATIR YRA & SHfAHI gl § facifad g 9ol B,
GolTe &) BISH | Tgad TR 3R Siieasll garard $at, gfémft ok ufgedt yra o

v




TASNTH &l BT §E db HH B o, TP SIS HTYBI &3 H TANTH B T T
2, IR P UBTS! &3 3R UoTe &) Breas|

Yo Scor TIUEHUA st § SR Sfedar Siedr g1 fdssd 78R R &4 6T g 4d
I BT Pl UG BHRd &, S iUt 3R S&gU g1 IR $HH [ U Ioi vl H
Y31 B! fJafed xd g1 At 3R Ssuu ¥ §¢ §U 4d S Wi aid &l facifaa
B 8, S B U §T SsU 4 3R 9¢ §T THT el aTU &) Uga hd & | A fafdeamy
TdNen ¥ & IRy uRad i &) o 3t B, R vauaus miiet & uiefae
gRadH! & Ufd Hae-=iddr SoR gidl 8|

ATaSI-d SaTaTd Sferor TR & At sied aut (TaeHdh) SR droHH &) Agdyul 0
T gHIfad &Rd 7, FOH TR daTdrd THUHT! & T 0 ¥ $H a3d g YR
T qeaT SR AT & 1Y T 1A i Tethe Joasi-i gRT I1erd gl 8, S Jad
Aol daH UHTd STad & | Tgad TORINIE 3R Siuel! garard THedYt & JAM dfd
NST HH TE TAT 0T Hd &, S TR Pt T YAewT & g2id 81 Fif S
fafRry &= o aui o §gTd €, Safes Sl 3R Hisih sarard IR HRd 3R R 1
& e T TquA &) §erd ¥ T8 gfe 7L It I g 81 e 2, Foras Tt IwR-
gfgrdt yRa & Sg SR Uyt urel & gen &1 srAF B

Iy yfafshamy TaueHed iae! ¥ Admed I I8! € | HFHGR THUIITH HHIR 9% 8
AIHH (THEEE) T fagmfadt 3R FHSIR $HeafeR Tad Ha-t & I Jgdeg g, ol
TrAferd Uae AT 3R R g8l Udl & &a odl g | e 3R, Tafid Tqueeed 39 ol
DI HoTgd PR 8 | FIGHT 31d o el ariieh vl (TIUTHS) 3 Tiaeh! ol gxifdr 8, forad
31T SaTaTd, o TR 3R Yethe A &, SfémT ufmn & Tadiens & & s
g gTdifp, S 3R T3 JaTdTd THUITHS & &S &3l § 9¢id §, ARV U I de T,
udf fgurerg 3R gaiir YRd & a6

IO oA S 99 w0 3§ fafay gfafkan uelRid axdl €1 TR 3R dethe
Igoi YA 3R FaH S dTIHM B HH DA & 3R S argdHH 4T (STE3iR)
& HH IR &, oH HRAG 71 & M, IIR-gd iR gdf YRa H T Ao aa
TG BIdT ¢ 1 39 fausia, Shuash SiR Hei2 gamard it aud & S ld 8§, HRd
R ¥ 3fpdn 2w sifiedd aoa @ueua) iR ey e gaad e

v




TR P! AEIY0 U J FeTd 7, oy ®u ¥ IWR-gd YR 3R HRdg i & AgM
Tl 2050 I, SRUMUIS.5 F TG AMHT B & g 811 BT 3IHA &, forad 7o &t
@TaRIo0T) 3R TH I1dl (Te90T) FT Mgy & i 3R SIS 3R 381 3dt (10T
o ol Rl

IR IS BT GIGRT UG §, il fa & qTIae &1 He9H SRl & SIaidh Id & arad = &l
T4 R &, faRIY &0 4 I YRA H | TH R 3fafd qaoioh (SSIuasS3TS) B Agayqul
U Y FGId1 §, S T I d I a1d b1 aaR Bl SR Bl 81 59 famid, Tethe
3R TR IS TH A B 3@l P HH HId 8, TP ! Ay HI Al
ETeTStang) favy &3 S g & UoR 3R U3 YRd & %3 el & 9l 5

3 sy THUTHTH JUTel TR AFaST-d 3ol & siied 3R SR faRIemHRi grumal iR
Wk a1 TR 3R Getbe e 3R auf aH- & Tt dide & ©0 H &1 Bd 3,
Siafe shigel 3R W3 TH & ggid § 3R 3rdfde aul gersii ol 9¢rd & | St I
&9 & qUEE W qe UHTE &1 A & dIIH IR TH o GHTE! & a1 Jgferd SRl §,
Safes Tfasita auf wfafearst @1 off guifdd w=ar ¢ it Sl SR &3 Jaag
yfsrareit & st sid:foparell 1R 7 gar Siaeival § Aférd R YOIl 3R Srdel Ul
B HEAYU STIRGehdl IR YehT=T ST 74T 8, difeh 301 TfRmns Feqetel= Iy yormeit
IR SAar] URadH & fafdy THTal o1 Teifid foran S 9o | 98 TNy TeY 39 Faea=id 3R
T} SMTaTet aret &5 H HiIST & Saary SfRaH! &1 HH HRA & forg gfera =ifa Fafor efk
oISl BEIEI b oY T 3TUR U el 81

Vi



