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Abstract

Aerosol-cloud interaction continues to be one of the most uncertain components of climate
change. This uncertainty is even more prominent at the regional level because of the
heterogeneity in aerosol and cloud properties (IPCC, 2013), especially over the Indian
monsoon region due to heterogeneity in aerosol and cloud properties. Ever since the role of
aerosols in altering the cloud characteristics was demonstrated during the Indian Ocean
Experiment, efforts have increased exponentially to advance understanding aerosol-cloud-
precipitation interaction using in-situ observations in stationery and campaign mode, satellite

data, and models.

Despite decades of research, climate models still struggle in representing aerosol and cloud
characteristics over the South Asian monsoon region. Subsequent observations from the
surface, aircraft, and ship campaigns (e.g., BoBMEX, ARMEX, ICARB, ISRO-GBP,
CAIPEEX, and CTCZ) provided critical inputs to the modelling community and even to the
satellite community to improve the model outputs and satellite products. Better observations
led to the robust estimates of aerosol direct radiative forcing at a local and regional scale.
However, key gaps exist, particularly in (1) year-round evidence of aerosol-cloud interaction
and (2) observationally-constrained estimates of aerosol indirect radiative forcing in the South

Asian monsoon region.

This thesis aims to fill these two critical gaps by analyzing fifteen years (Mar 2000-Feb
2015) of daily satellite data over the oceans adjacent to the Indian subcontinent. The focus of
the thesis is on marine low water clouds, as different cloud types have contrasting dynamics
that might have impacted the interpretation. The results are presented for the three oceanic
regions - the Arabian Sea (AS), Bay of Bengal (BoB), and South Indian Ocean (SIO). First, a
monthly climatology of cloud and aerosol parameters from various satellite products has been

developed to understand the seasonality. Since the satellite products do not provide



characteristics of natural and anthropogenic aerosols separately, a hybrid approach is proposed
to first quantify the relative contributions of anthropogenic, dust, and maritime aerosols on
total aerosol loading and use the data to understand the sensitivity of cloud characteristics to
individual aerosol types. Anthropogenic aerosols contribute 31%, 29%, and 28%, and dust
particles contribute 39%, 40%, and 24% to total aerosol optical depth over the AS, BoB, and

SIO, with the remaining contributions from maritime aerosols.

Further, the dependency of cloud top pressure on cloud fraction in clean and polluted
conditions is analyzed, which provided evidence of lifetime effect. Cloud cover has been found
to increase with a decrease in cloud top pressure by a larger margin in the clean conditions than
in the polluted condition for anthropogenic aerosols. The relationship is insensitive to marine
aerosols. Evidence of semi-direct effect has been identified in three seasons except for the post-
monsoon (Oct-Nov) season. In both AS and BOB, the aerosol-cloud interaction is strongly
modulated by meteorology compared to the SIO, with a larger impact during the monsoon

(Jun-Sep).

Previous studies in the Indian ocean provided evidence of aerosol impacts on cloud
properties during the winter (Dec-Feb). This study confirms the presence of aerosol-cloud
interaction throughout the year. The effective radius of clouds (Reff) has been found to increase
with an increase in Liquid Water Path (LWP) in clean and polluted conditions suggesting the
meteorological impact on the cloud dynamics. However, the segregation of the data into
various aerosol bins has allowed isolating the aerosol signal. One critical result is that the
aerosol-cloud interaction is the most prominent in the middle range of the liquid water path of
150-350 gm/m? in these regions. This study suggested that better and explicit representations
of aerosol-cloud interaction in the regional and climate model are required to reduce

uncertainty since such interaction is sensitive to the LWP and meteorology.
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Next, a theoretical framework has been proposed to analytically estimate aerosol indirect
radiative forcing. This framework relies on observationally-constrained estimates of the
aerosol-induced changes in cloud albedo (albedo or first indirect effect) and cloud fraction
(lifetime or second indirect effect). Cloud albedo (Rc) increases with an increase in LWP
(macrophysical pathway) and a decrease in Ref (microphysical pathway) due to aerosols. The
analysis has been carried out for total aerosols (aerosol optical depth, ta) and anthropogenic
aerosols (anthropogenic aerosol optical depth, Tan). Look-up tables are generated to quantify
the changes in cloud albedo per unit change in aerosol optical depth (dR./dta) for narrow bins
of LWP and Reff by analyzing the MODIS cloud and aerosol products. In the theoretical
construct, the macrophysical and microphysical pathways are separated. Rc response to an
increase in 7a is found to be the most sensitive in the range of LWP between 150-300 gm/m?

for a range of Ry varying from 8-24 pm.

Using this framework, aerosol first and second indirect radiative forcing is calculated for
the three oceanic regions. The mean (£1c) annual total aerosol indirect radiative forcing over
the AS, BoB, and SIO are estimated as -6.7 + 2.7 W/m?, -4.3 + 1.1 W/m?, -3.6 + 1.4 W/m?,
respectively. The first aerosol indirect radiative forcing due to the microphysical pathway are
estimated to be -3.4 + 1.7 W/m?, -4.15 + 2.04 W/m?, -4.72 + 1.5 W/m? over the AS, BoB and
SIO, respectively. In contrast, mean (£1c) annual aerosol indirect radiative forcing due to
anthropogenic aerosols over the AS, BoB, and SIO are estimated as -5.96 + 2.4 W/m?, -4.12
+ 1.7 W/m? w/m?, -8.38 + .4 W/m?, respectively, out of which the contributions due to the
microphysical pathways are -5.9 + 3.4 W/m?, 4.12 + 2.1 W/m?, -8.6 + 5.04 W/m?

respectively.

The mean (+1c) annual aerosol indirect effect due to the lifetime effect over the AS, BoB,

and SIO are estimated as -3.1+ 1.4 W/m?, -2.5 + 0.92 W/m?, and -0.75 + 0.14 W/m? for total

Vi



aerosols, respectively. In contrast, the annual aerosol indirect radiative forcing due to the
lifetime effect over the AS, BoB, and SIO are estimated as -3.7 + 1.63 W/m?, -4.2+ 3.4 W/m?,

and -0.5 + 0.09 W/m? for the anthropogenic aerosols.

The results, particularly, the separation of the microphysical and macrophysical pathways
in the albedo effect and the comparative assessment relative to the lifetime effect would be
critical to modelers who can assess the model performance at a disaggregated level in the
aerosol-cloud interaction module. The approach can be applied to estimate aerosol indirect
radiative forcing over land and also for other types of clouds in future, and is universally

applicable.

VI



qRIA
WATA-FRA3S SRR STerarg URdd & Had 37T geehl H F U 8| WA 31K i3
Y9t # fafderdr & PBRUT &5 ¥R W Ig HeTddr 3tk Wl 31fde gq@ & (IPCC,2013),
TR 31K FeA138 Uruelar B fafdedr & BRoT fG9y BU § R H1AgT &5 § I8 31fis ¢ |
€& HERITTR WA (INDOEX) % QR ¥ aeil38 faQodrail bl gaei # WIS bl YfAhT &
g fasar T 7, 3R At A R 3R 1A Hie, Aelrge SeT AR Hised # g3-HIg el

BT 3TN Pb, WA -aFA3e-UUiee[ fdb STeeiid el FHeH & Y1 § dsit 4 gig Wi ge 2

QRAPT P MY P dTag, 3T Y SfeioT Tferams wred & # W 31K F3s fawarsii &t

TfafAfo@ & § TiTghe Aled 9 o3 38 & | Ids, fdaM 3R S8 31iiami (5, BoOBMEX,
ARMEX, ICARB, ISRO-GBP, CAIPEEX, 3iR CTCZ) & @dR 3idelel 7 Hisiei T T
31R T&l d o 3UUE HYSRI Pl Hisel 313YC 3R AeaTse 3cmal § GuR H¥ P iy wgerqof
STYE T {1 S8R 3rdetiehi 7 FAHIT 3R &1 TR TR WA Yagf fdfesior e & Hotgd
AT BT ST a1 BTeif, $8 & 3avTd AisG @ 89 hies H, fade %u & (1) WHEId-
FAT3S SR P HIeT Y b HIE; 3R (2) &0 TferaTs AIRIT &1 H WITeT 3Tqcgef fafdsyor

Il b Tl d-fdael 3TgHM |

S 2T BT 389 S Al Heayul iaRTall Bl WRAT 7, foRIW Ugg auf (AT 2000-HRa 2015)
BT e HATSC ST BT fIoTUT YR ITHETGIT H H HERTRI WR fdam a1 €1 39 2 BT
W Gt el ¢l UMl aTel greel R 8, Hifds fafi= YR & Tl § 37eT7T-37eTT MaRiteldT

B &, ST AT BT YMTfdd B Fbdt &1 39 2N & YR diF HgRITRIT &3 - 3R TR



(AS), ST BT @TET (BoB), 3R &f&iT &g HeImR (SI0) & fav wRgd Y Y €1 9 U,
fafi= Acrse 3curel | T3S 3IR WA ATUSS] &1 AT AW fast faesfad fasar mar 21
Yfcb YeTge 3T HTepidep R A I eI AT bl HAT-37eTT T T&i Bid
Y T TIRINTCT b 3TTHR faTford feba T 8 31R 57 T TRIATA YhRI BT 38 faIvdrsii
b1 HdeAMeTdT BT FHST 7T 81 SIed WA dlfsT |, TeusiHes WINEIA BT Aad 31%,
29% 3R 28% &, Yol T ANEA 39%, 40% 3R 24% AS, BoB 3R SIO W &, 3R ¥ AIe

T WA BT 8

S 37T, 31T g AT H CTP Y fiRar £ IR wes 3R ugfva awss uRfefaal # <&t

Tt B 3R faEdR 4 3ot e T 7T 7, SiT 1 d1gth <ISH SWhae &l JHIUT Uad &dl &1 37R
HHaSTHd QRIATA & a1d fdsotrd at ugfed fE3ifd 6F gorm e uRfeSfdal § ve a8 iR I
CTP ® &HI & HIY T3 b (f,) H g &l T8 21 STaf Tgt Redr gl WAd & ufd
3G &1 URS-AHAGT (3TaEeR-TdeR) HIGH Bl Blga A1 AIGHT H JHI-SRINGE Shae &
18T BT UEHT Bl T 81 AS 3R BoB aHI N, WNIIA-T138 S Bl AINTH faiH gRT gadT
J GeNferd fosar T 2 S10 & gt T ®, fo e Ay (S-fAder) & SR Teb 98T JMTd il &
fee AerTR # fowel st 3 AT (RHaR-wer)) & AR d1edi & oI R WA el
& JHTOT YT fbV | T8 31T R 99 WIATA-TRA138 ST bl IRATA @bl Yfee il 1 Faes
3R gfd uRFRATGAN # el STl & (LWP) ® qfg & 1Y d1Gal ol Tt 3T (Re) ® I

T TS €, ST a1gel & TfdefietdT W R et 7MTa BT geimd <t €1 gTaifas, fafi=T Wi



o= 7 32T & YaaoT 4 WA T DI 3T B $I 3AT & T &1 39 2T BT UP
TEyol IR 48 & o WHIA-aeT3s Selare Tel T 37 LWP (150-350 gm/m?) &5 &

T dR W s e g

P qTe, WKl Sfevae ASufed WIfF &1 faeayureies ®9 & AN T & g 7o

dgifde e ywdarfdd foam 7T g1 g Sie, 3dciip-faaer 3igaMl W R Bear g, foram &

WRAA-URAT aRadl I T3S 3essl (38l / gl sfevae ghae) 3R T3S thae
(ATSHeIgH AT QI Sfevae shae)l WA & BRUT F@I3S 3fcsisl (R,) dedl & LWP
(HepItsfSiamat a1ad) H Ifg & T1e 3R R,; (ATSPIGISIdRa Ured) § &H & 1| I8 faeeisor
e WA e 3 (7,) 3R AFaSTHd WA 3fedd 3 (1,,) & fav far mar 2l
ufd gfie uRadd R, &1 fd gfie URad 7, (dRc/dr,) o H1er T Rete=T & 67 ofep- 370 S
dIR T2 T €, S MODIS @38 3R WA 3dral & fdeeivoy eics LWP 3R R,; b
Gebiuf fa AR 1Y 81 Agifdes FAHfoT #, HepIfthfSichet 3R AT ehITUh oiehel I 3TCTTT- 37T &l
SITd &1 R 1 Ufdfesa ¢, B Ifg & Tt Hdeaeitad LWP &Y (150-300 gm/m?) 35T H 3IR R, (8-
24 um) 357 & ToQ UTam 7T B

BT &Y AT B TRY B wHer, d aiffe (+1o) $ Uea sfevae Iufed wife
(ATSShIfthfoidhel + HebIfUhfoichel) AS, BoB 3R SIO W -6.7 + 2.7 W/m?,-4.3 + 1.1 W/m?,-3.6

+ 1.4 W/m? 3TTATAT &1 TRA €| T8l WA sfevae ST BRI Had HIgehI U ot ured

B BRIT-3.4 + 1.7 Wm2, -4.15 + 2.04 W/m2, -4.72 + 1.5 W/m2 AS, BoB 31R SIO R 81 &7
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ST ST 7T & 1§99 fIoRid, 31Rd aTfSe (+10) AS, BoB 3iR SIO TR AHISIHd QI
& PRUT gfeXae ST BT (HISHhIUBISIdRd + HepIfthfoide) BT 3ITHA § -5.96 + 2.4 W/m?2,
412 + 1.7 W/m? w/m?, -8.38 + 4 W/m? HH2I:, {58 I ddd HIShIhioihd Ured & BRUT

gNE 8 -5.9 + 3.4 W/m?, -4.12 + 2.1 W/m?, -8.6 £ 5.04 W/m? shH2I|

37d o, 31N aTfvies WS TS H TMTA P BRUT Hol WA G Sfevae sufed BIfdT (+10)
AS, BoB 3R SIO W -3.1+ 1.4 W/m?2, -2.5£0.92 W/m?, iR -0.75+0.14 W/m? T 31JH1 &1
g9 fawid, AS, BoB 3R SIO W @IEHegH YT & BRUT 1S AMHASTHd TN GaY
sfevae TNl WM & B § 3rgmfad & -3.7 +1.63 W/m2, -4.243.4 Winr, 3R -0.5+0.09

W/m?|

gRoTH, faoIy HU A, 3rcas! shae H HTSshIthloldd 3R HeblfthfSidd UTed @bl 31T BT

37K CITEheIEH Stha< & HIUE JoiTcHeD Hodichd 37 HIsed & feiy HEeaqul 87T Sl GaRITol-

FAT3S SR HISYW H Teb 71T &R W HISH b Ta2lT BT 3ot Y Hebd 81 YH W 3R
=T o 3171 TR o a1Gel o folg HY QINATCT gfeere ISUfed I &1 SIgAM™ @A & i} I8

SfSeBIUT ST b STT HepdlT &, 3TR g i ies B F 1Y BraT 21
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