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Abstract

The long-term changes in clouds can lead to regional and global climate change. At present,
the interaction of clouds with different earth system components is difficult to parametrise in
the climate models. Hence, they are the major source of uncertainty in future climate
projections. The key is to understand the long-term changes in cloud properties using
observational datasets at a regional scale. Previous global and regional studies of clouds
reported long-term trends in clouds up to 2009. However, the inadequacy of recent results and
regional contrasts in results emphasise on the need to analyse the long-term trends in cloud
properties at a regional scale and extend the analysis to the most recent years. Clouds over the
Indian Ocean are vital for regional and global climate. Most cloud-related studies over the
Indian Ocean are either of short study periods or focused on the cloud-aerosol-microphysical
interaction, highlighting a need for studying long-term changes in clouds over the region.
Among the micro- and macro-physical properties of clouds, cloud fraction (CF) stands out as
a key parameter deriving the cloud-climate interaction. This study highlights the long-term

changes and associated modulation of radiative feedback of CFs over the Indian Ocean.

Currently, all long-term CF datasets have limitations, ground-based and ship observation
datasets suffer from limited temporal and spatial resolution and are not free from human bias.
The satellite datasets often contain technical artefacts or are available for a short time duration,
rendering them unsuitable for climate studies. European Centre for Medium-Range Weather
Forecasts (ECMWF) fifth-generation reanalysis (ERAS) provides global three-dimensional CF
data at 0.25°%0.25° spatial and hourly temporal resolution at 37 pressure levels for more than
four decades, making it fit for climate studies. This study first evaluated the ERAS CF against
resolution-corrected Multi-angle Imaging Spectroradiometer (MISR), view-angle corrected
Moderate Resolution Imaging Spectroradiometer (MODIS) and GCM-Oriented Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) Cloud Product (CALIPSO-
GOCCP) datasets.

The diurnal, seasonal, inter-annual and long-term variation of CF is evident over the Indian
Ocean. During the period of the last four decades (1979-2018), the low-level CF (LCF) has
decreased by 0.04, the mid-level CF (MCF) has increased by 0.05, and the high-level CF (HCF)

has increased by 0.05-0.12 over the Indian Ocean. The observed changes in the CF has caused
12



a change in the LCF radiative feedback by 1.17X10° Wm™2K"! and a change in the MCF and

HCF radiative feedback by 2.95X10° Wm2K™ and 3.3X10° Wm?K"! respectively. The
temporal and spatial characteristics of all three types of clouds are well explained by sea surface
temperature (SST). Additionally, a seasonally varying SST threshold between 28.5°C and 29°C
for HCF is observed over the Indian Ocean, which has increased by 0.5°C in the last four
decades. This study suggests that the overall warming and positive radiative feedback over the

Indian Ocean is contributed by the long-term changes in the CF.

A novel ‘Diurnal Clock’ method has been used to scrutinise the seasonal and spatial patterns
of the diurnal variations of CF in this study. The climatologically high values of LCF, MCF
and HCF are observed to peak after midnight to morning hours, while the secondary values are
observed to peak during afternoon to evening hours. The long-term changes in CF have altered
the diurnal amplitude of clouds over the Indian Ocean. The diurnal amplitude of LCF has
decreased, while the diurnal amplitudes of MCF and HCF have increased over the last four
decades. The time of maximum CF (TCmax) over the Indian Ocean has also changed over the
last four decades. The CF over the Indian Ocean shows an increase during midnight to morning
hours and a decrease during the afternoon to evening hours. These results have important

implications for the local energy budget and hydrological cycle.

All three types of clouds exhibited inter-annual variability from September to November
(SON) period, with the highest inter-annual variability shown by HCF. This study asserts that
inter-annual variability of CF over the Indian Ocean is predominantly governed by the direct
and indirect consequences of mean-sea level pressure (MSLP) anomalies of the subtropical
high. The CF increases over the western side during the positive phase of the Indian Ocean
dipole (IOD) and El Nifio. Conversely, the CF increases over the eastern side during the
negative phase of IOD and La Nifa. The inter-annual anomalies of CF over the eastern side of
the Indian Ocean are governed by a mixed effect of SST and moisture convergence anomalies,
while governed by moisture convergence anomalies over the western part of the Indian Ocean.
During the positive phase of IOD and ENSO, the coastal upwelling and shallowing of

thermocline near the Indonesian Coast is triggered by the basin-scale spatial spread of MSLP
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anomalies. During the negative phase of IOD and ENSO, moisture over the eastern part of the

basin is transported by the strong westerly wind anomalies near the equator.

In summary, the long-term changes of low-, mid-, and high-level CFs and the associated
modulation of radiative feedback are highlighted in this study. The long-term changes in the
diurnal amplitude of clouds are associated with long-term changes in the CF over the Indian
Ocean. There has been a shift in the tendency of clouds to peak after midnight to morning hours
as compared to afternoon to evening hours, and this transition suggests plausible changes in
the diurnal temperature range, regional warming and changes in the precipitation patterns.
Apart from the diurnal and long-term changes, clouds over the Indian Ocean are also affected
by the IOD, ENSO and dynamics of subtropical high causing inter-annual variations in the
spatial patterns of CF. The results of this study suggest the role of contrasting trends of CF in

positive radiative feedback over the Indian Ocean.

Future research should expand the analysis by including a broader set of cloud-controlling
variables to better understand the mechanism behind cloud formation and variability.
Comparative modelling studies could be conducted to validate the cloud radiative feedback
results obtained in this study. Additionally, the diurnal clock method could be applied to
investigate the diurnal variation of clouds over other regions of the Indian Ocean, providing a
more comprehensive view. Future work might also focus on identifying the underlying causes

for the observed shift in the TCmax, particularly over the Bay of Bengal (BOB) region.
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AR

STeal § drdIicrd ukad- &g 3R afYd STaarg uRad &1 RO 94 9ad ¢ | IaHH
& Sorarg Arsal # it gt yomelt gewm! o a1 dTedl bt IRER a1 &1 Hiefdd U
YA Pl 3 I HIT P Soarg Al H U@ HAfEadr &1 ¥ g
T 91 I8 € b &9 ¥R R AGAGATES fidbel I SUANT dRd diedl &
o H e IRadd &l gagEll ed dfe iR &3t sremet § 2009 A%

SIeal H drddifad Sl &1 SHGR! < T3 g1 gTdifes, gifern gRumdl &t sroafear

3R &g faturyr el & SRl &g TR W dIedl Pt fARvdrel # ddeiias s
HT IR0 HA 3R 3 BT & aNf d ARG B DI MaHdl W §d a1
T 71 e TeNTR & FW a6 & S8R afYe Jaary & faw srdd mgayuf
gl fee TR R s area dddt sremm a1 df Bic 3w @l & 3 §

I SIed-UIREIa-ged Hifdeia sia:far ) $fed 81d 8, B8 39 &7 § seal &
e giad-l & 3ieggT ®1 Aaxghal WY Bl §1 deal & Jei- 3R Rd-
Wigw o7 H, Sled 3 (CF) U YW WRflex & U § IWRal & S ded-
Saarg efdfoear &1 Fuid exar 81 I8 edF URAG™W HgNFR W CF &

ddwifere ufadal ok 398 et fafevofin ufagf® & J=eq &1 ISR ol
gl

gda H, gt Seeifare CF Sertied H W § 1 Y semid 3R STt ¥ U Sraic
STRicY Hiftd THR® R RiIfA® faded 9 1d 81d § 3R A4 garig J Jad e gid|
JIE SCRICH | SRR ddh-1e! el gl € a1 d had YT IHT 3afd & e Iuasy
B1d €, S8 3 Saarg 1w & fofg Sruged 81 ofid €1 qRIU Aegdleld Hd
qafqqH &g (ECMWF) &1 gigdl digt &1 qA:fazawur (ERA5) 37 Tad WRi WR

0.25°x0.25° RIfA® 3R Ufd deT Julie Tidwdr & WY afyed dH-smmft CF et
e IRl §, Ol IR DI J HYFH BT ST Uy IIal 8, Y I8 Sadryg
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3T & U I9gaEd g1 39 T § a9 Ugd ERAS CF &1, RuiiegRH-guia
Heel-TTa 3ARHT WaeRfsanfier (MISR), T-Ta-guika HAiste Reffeg  afshT
WaRRfSAHR (MODIS) 3R GCM-37[d F¥s-TRNA feR iR RS

~

BTSSR Acdge 3edd¥g (CALIPSO) T3S Wede (CALIPSO-GOCCP) 3¢l
I & Y Gegih foar T g

f§g TERITR W CF &1 ¢fd, O, SfR-avfg iR difaifere uRad @y &4
J T T ThaT ¢l USA IR DI (1979-2018) & TRM, FE-W: ded 3w
(LCF) & 0.04 3 I 35 §, AH-WRIG §ad 3 (MCF) H 0.05 &I If& B8 &,
3R IH-ITR d16d 3 (HCF) & 0.05-0.12 &I gfg & &l CF & < 7Y giRadHi
& SR LCF faforofia afagf® & 1.17X10° wm?K! &1 GRadd 3R MCF 3fR HCF
faferxoia ufagf® § HHRr 2.95X10° Wm2K! 3R 3.3X103 Wm2K'! &1 IRad gafl gl
It 9 PR & dcdl @I GG SR Wife faRivan g &1 9dg druHH
(SST) §RT 3B TRe ¥ WF Bl 5l 9b 3ffaRad, e TEMFR HCF & o
28.5°C 3R 29°C ¥ o9 T Al TU ¥ uRkafda sST W &t et €, <
U3 IR ¥ # 0.5°C §1 B1 T8 31eOT Y <l ¢ b &g HeR W Ty

Tl 3R IR fafezuita ufafear, cF & dideifae uRad—l & SR gt gl

39 3w ¥ CF 3! e fafdearst & At ok w1 Oed &t Jifg &1 &
i T a9 faaR SRRAA Fle &1 IuANT fosal 1 g1 LCF, MCF iR HCF
& Soarg et I= AF ot Id ¥ YEg P °el P oRM WWH W W W T,
Sefe fgdiad A QU ¥ W & °9e & GRF IRH W @ T g1 CF H

Jrdpiieid uRadHl 3 @ TeTR & FW dIGdl & e A &I 95 &aT g
fUod IR <ol § LCF & ¢ 3 # PHHt 35 8, Safd MCF 3R HCF &
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e o # 9fg & gl Usd IR @l ¥ f§e TeNMR W ifi&dd CF &1
99 (TCmax) W} 9ea 1 g1 e HeNTR & SHW CF AR ¥ g & 9

7 gfg ok GUER ¥ AW & U & GRE HH Gl ¢l 39 YR BT R
Sl golc 3R o a9 9% W AgdqUl UHE ISl gl

it T gPR & dEal 7 AR ¥ qdR (SON) 3@y & IRM fR-aife
URadRiterd TafRid B, fSH HCF gRT quiis 78 I=aaH SfaR-afties aRadeiterd
dl| g5 3fegg arar Pl § b ffa HE™IR R CF &1 fR-aiies uRad=feran
T %0 § IUuUGeadd 3o & SiNd-99% WR aald (THuauad) fasnfaat &
e 3R e aRomdl ¥ FEfa gkt 81 &g AeMrR fgya (10D) SR o =
& FHRIAS WU & R CF Uyt @% dgar g1 39 faudia, smeendl ik @
1 & THRIES WU & RE CF Ydf TR ¥ 9¢ al g1 Be Ae™mR & udf
R # CF &1 siR-aiifie fagmfodl SST ok =+ sifterur fadvfaal & farfsra
gy ¥ FABE gl §, Sefe ffe AeR & ufdeht yrr o Tl st fadfor
g1 Efa gieh 81 10D 3R ENSO & USRI oRUI & GRM, TSHIRMAR dC &
O YHIGHArRA BT dcid IUM 3R YT MSLP fawfadl & IRF-wra wie

TR ¥ Y= BT g1 10D 3R ENSO & THRIASG TRUI & SR SR & gaf HIT
H yge 3G & UM oo gt gar &t fodnfoet gR1 9t @1 uikag g gl

& ¥, 39 owd ¥ g, 99- SR SE-WR CF & dd@ie uRadd SR
fafe~or ufagf® & Jafta AfegaRE W USRI ST T g1 Sed & oD S
# e ukad fée ™R & W CF § ddoiee uRad 3 I8 3l
GIUgR ¥ YW & ©dl B ol § el Id & §1g Yag & ucl § dlcdl &b RY W
UgaR &I Ugid # deard oM g, 3R 39 9edd & HRUN &A% argHE A o
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gedma, &g aiftfT 3R awf & Ued ¥ 9GAd 8 9hdl g1 oFd 3R HBIaD
gRadHl & s, g TENTR W sed 10D, ENSO 3R IUweiedda 3= &t
Tfafterar @ o guifda gid &, o CF & w1 Ued o siR-aifie sgama gl
g1 39 ¥ & ol fgg TR W IHRISS fafdbRur ufdfeear § CF & faudia
S B YfHHT BT gIE <d ]

Yo & SEYE H Siad M SR gRad-Riad & UiS & oF &I ek o 9
JagH & iU ded-aae @R D Te A0S YWl & AMEA e A=y &1
foRIR BT =1eTI 39 3y H Ui Sl fdfeor ufdfebar & aRomal &1 7=
A & T qaTdS HisiiT il &1 I fhar S Tedr g1 39 3Sifafad,
e a9t ugfa &1 ST fEg HENITR & o & B iedl & ¢fHd uRad-Ritearn
@ AT & o fear o1 9@ar 8, oY T o e @i ura fear o
I | Hiew & 1 § faRY U ¥ §7d 3t Wie! (BOB) &F H <9 W TCmax &
Seord & Sfdfied HRUT &) ugaH Wt @ Bfed fbar S g g
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