[ —

10
11
12
13
14

15

16

17

18

19

20

21

22

Spring tropical cyclonesmodulate near-surfaceisotopic compositions of
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Abstract

While westerliesarerecognized as significant moisturéransportin Nepal during the
premonsoon season, precipitation is also attributed to moifturecyclones originatingn the
Bay of Bengal (BoB) or the Arabian Sea (AS). Tropical cyclones exhibit negativeitsoabpes
in both precipitation and atmospheric water wapdowever the factors influencing isotopic
fractionation during tropical cyclones remagoorly understod. We present the results of
continuous measurementsthe isotopic composition of atmospheric water vag@tio,, i D
and dexcesy at Kathmandu from 7 May to 7 June 2021 during tworpomsoon cyclorng
cyclone Tauktaéormed over the Arabian Sea, and cyclone Yaas formed over the Bay of Bengal.

Our study reveals that tropical cyclones origimgtfrom the BoBandthe ASduring the pre
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monsoon season modulasatopic signalsof nearsurface atmospheric water vapoarNepal.
Comparing conditions before and aftere whserved a significant depletion @fO, an d , U D
during both cyclong attributed to changes in moisture sources (local vs. ma@uvective
activity plays a pivotal role in the variability ofi*®*0, andii P during bothcyclones confirmed

by the spatialariationsof outgoing longwave radiation (OLR) and regional precipitation during
both cycloms. We also founda significant negativeorrelation betweeii™®0,/ti Rand rainfall
amount along the trajectoriesluring cyclone Tauktae probably resuling from integrated
upstream processes linked to the earlier Rayleigh distillation of wapeurvia rainfall, rather
than local rainfall The decrease ini*®0,/ti B during cyclone Yaasis asseciated with the
intensified conve@bn and moisture convergeneg the measurement sitghile thelower cloud

top temperature€CTT) andlower cloud top pressur@CTP)during intense convection contribute
to higher dexcess valueat the finalstage of gclone YaasThis characteristic is missing during
cyclone TauktaeOur results shed light on key processes governing the isotopic composition of
atmospheric water vapo at Kathmandwvith implications for themonsoon moisture transport

andpaleoclimate reonstructios of tropical cyclone activity.

Keywords: Cyclones; Isotopic composition of atmospheric water vapour; Convection; Moisture

convergence; Kathmandu
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1 Introduction

Although the Indian summer monsoaccounts fomore than 886 of annual rainfall in
Nepal, agricultural activitiesalso rely on precipitation inthe premonsoon sason Pre-
monsoonal rainfall in Nepal sftenassociated witleyclonic events that provide precipitatitm
support the timely plaimtg of monsoonal cropsrevious studiediave suggested thagxtreme
precipitation in Nepal is mostly fuelled by moisture frdime Arabian Sea (AS) arttie Bay of
Bengal (BoB) (Bohlinger et al., 2017; Boschi and Lucarini, 2019jigher sea surface
temperatureandthe westward movement of tropical cyclones formed over the Western Pacific
result in cyclones being formed over the Baidthe AS (Mohapatra et al., 20)6The number
of cyclones in the AS has increasextenly compared tdhe number of cyclones in thBoB
(Pandya et al., 2021). Accordingttee International Best Track Archive for Climate Stewardship
(IBTrACS) project(Knapp et al., 2010)n 2019three cyclone®riginated in the BoB anfive
cyclones dginated in the ASdue to arise in sea surface temperatleagthermng the cyclone
decay periodLi and Chakraborty, 2020YJsually, the impact of cyclones formed over the AS is
restricted to the nearest coastal regions. However, in recent years this appears to have changed as
cyclones are forming badk-back over he AS and affecting the entire Indian subcontinent
including surrounding regiongLi and Chakraborty, 2020)Cyclone Tauktaeaffected the
livelihoods of people both near the coast and further inthmrthg the pranonsoon season of
2021 (Pandya et al., 2021The impacs of cyclone Yaamfter cyclone Tauktagvere also felt in
Nepal, where it triggered flooding and landslides in several parts of the country
(https://floodlist.com/asia/nepfibod-landslidemay-2021). As both cyclones hit in short
succession, this led to severe agricultural damage in sewtslgb India at critical time when

farmers were preparing to sow their rice paddies ahead of the monsoon season
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(https:/ireliefweb.int/organization/acgp$n Nepal, the damage due to Yaeas mostly limited
to the Terai regions which experienced ineensand continuous rainfall
(https://kathmandupost.conMoisture flux associated with cyclones generally extends over a
large area and causes moderate to heavy precipitation along the cyclone path and on the nearest
land mas¢Chan et al., 2022; Rajeev and Mishra, 20%2¥ thereforeessential to understand the
moisture transport processafsthese extreme rainfall events on atmospheric waigour

With climate changethe amount of watevapourin the atmosphere is also expected to
increase creatng scientific interestin the impact ofatmospheric watevapouron changing
moisture patterns(Hoffmann et al., 2005)The isotopic composition oatmosphericwater
vapar ( *®0,, D, and dexces§ contairs comprehensive information abotfie history of
moistureexchange(Noone, 2012; Payne et al., 2007; Risi et al., 2008; Worden et al.,.2007)
Several studies hav&hownthat the isotopic composition is an effective indicator of cyclone
activity (Munksgaard et al., 2015; Sun et al., 20B®)Juding cyclone evolution and structure
(Lawrence et al., 2002The atmospheric watemapourand precipitation associated with trogi
cyclones tend to havextremely depleted isotopic compositions compared to monsoonal rain
(Chen et al., 2021; Jackisch et al., 2022; Munksgaard et al., 3@hBhezaMurillo et al., 2019)
which may bedue to the high condensation efficiency and substantial fractionassociated
with cyclones. A few studies foun@ systematic depletion of heavy isotopes towards the cyclone
eye (Lawrence et al., 2002, 1998; Lawrence and Gedzelman, 1996; Sun et al., 2022; Xu et al.,
2019) For example during cyclone ShanshapFudeyasuZ008 observed tat isotopc depletion
in precipitation and waterapourincreased adi al |y i nward i n,liketye cycl
due to a rainout effecA study conductedhinorth-easternAustralia during cyclone Ita in April

2014 underlinedthe role of synoptiscale meteorological settings in determining the isotopic
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variability of atmospheric water vapo(Munksgaard et al., 2015 Fuzhou, China, Xu et al.,

(2019r eported a signifi can®® reldtedpd teetconbimed ffect af y p h o ¢
largescale convectionhigh condensation efficiency, and recycling of isotopically depleted

vapalr in the rain shield are&anchezaMurillo et al., 019 highlighted the role of convective

and stratiform activity as well as precipitation type and amount.ifipeactof high stratiform

fractions and deep convection on isotopic depletion in precipitation during typhoon Leksna
confirmedby Han et al., 202]).

Although several studies have examined the isotopic variation of ebesed
precipitation in Nepl (Acharya et al., 2020; Adhikari et al., 2020; Chhetri et al., 20thére
remainsa knowledge gapegardingthe isotopic response of atmospheric watgpourduring
cyclone eventsWe presentfor the first timethe evolution ofthe isotopic conposition of
atmospheriowater vapour ( *°0,, Dy, and dexcess)in Kathmanduduring two premonsoon
cycloneevens. Isotopic data wrecollectedin 2021, from one week beforéo one weelafter the
cyclones. A substantial influencef these cyclone eventn the ampling site for several days
was apparentin the isotopic composition of atmospheric water wapshowcasing a marked
depletion in comparisoto normal daysThis allowed us tscrutinize fluctuations in isotopic
composition with a high temporal resoluti@nd to investigate the atmospheric processes
associated with cyclone events that lead to significant depletion in isotopic compasition

diurnal scales

2 Data and methods

2.1 Site description
The Kathmandu station lies on the southern slope of the Himalayds ZRYj852 OB)lj

at an altitude of approximatelyl400 m above sea level. Based on aryd&long record from

5
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the Department of Hydrology and Meteorology, Government ghaN€001 to 2018) this
region has an average annual temperature of Hhdaverage annuglrecipitationamountof
about1500 mm, with~78%of the annualrainfall occurring in the monsoon seasoom Juneto
SeptembefAdhikari et al., 2020)About 16% of annual rainfalin Kathmanduoccus in the
premonsoon seasofMarch to May)with air temperatureanging from 13 to 28 C andan
averagerelative humidity (RH) of 6®6. Advection ofthe southern branch of westerlies and
evaporation frormearby water bodieare the maircontributors to pranonsoonal precipitation
(Yu et al., 2015; Chhetri et al., 2014hese aridwesterlies, resudd in diminished temperature
and relative humidity (RH) within theegion whilea substantial presence of moisture was
observedover extensive areas encompassing the BoB, the AS, India, and surrounding regions
including our sampling siteluring our study periadFigure S1 shows theelevated specific

humidity levelsat850from May 7 to June7, 2021

2.2 The evolution of cyclones Tauktae and Yaaand weather conditiors at
Kathmandu

Cyclone Tauktae developed as a tropical disturbance on 13 2@2Y over the AS
evolvedinto a deep depression by Iy, movednorth and gradually intensgéd before turning
into acyclonic stormwith wind speeds reaching K/h onthatsame dayPandya et al., 2021)
After making landfallin the GirSomnath district of GujarafTauktae continued to strengthen
andwas classified aan extremelysevere cyclonic storm on 17 Magachingmaximum wind
speed of 185km/h (Verma and Gupta, 2021; Pandya et al., 20Payktaeweakened into a low
depression on 18 Ma3021at 20:30 h Indian Local Time(ILT) and finally dissipatedne day
later. Due toits large convectivearea, it brought heavy rainfall to different regions of India and

Nepal.



136 The signalof cyclone Tauktaavas first detecte@t the Kathmandu siten 19 Mayat
137 approximately 03:00 local tim@T), followed bylight drizzle.The recorded air temperature was
138 about 22°C, and the relative humidity (RH) was approximately A28thin 16 hoursthe RH
139 increased from 72% to 91%, whitee temperature dropped fro@2°C to around 19°C. The
140 maximum RH and mimhum temperature were obsen@d 21 May aroun®4:00 h LT, reachng

141 92% and 17°C, respectively

142 Cyclone Yaasstartedout as a depression over the BoB on 22 N@g1at B:30 h ILT
143 and gradually intensified into deep depressidmefore turning inta cyclonic storm on£May
144 at 0530 h ILT as it moved northeagPaul and Chowdhury, 2021The corresponding wind
145 speed and central pressure were recorded as 65 km/h and 9Q9@dpreatively. On 24 May
146 around 230 h ILT, it intensified into a severe cyclonic stomth wind speeds ranging from 92
147 to 111km/h before becoming very severe cyclonic storm on 25 Mayl@t30 h ILT with wind
148 speed from120 km/h to 13%m/h. It madelandfall northof Odisha on 26 May with maximum
149 sustained wind spesdf 130km/hto 140 km/h and progressively weakened into a dejpress

150 27 Maybeforedissipaing overnorthern India on 28 May.

151 The Kathmanduweather station recorded a total of 59.6 mm of precipitation during
152 cyclone Yaas. Interntént small patches of rainfadlommencedn 25 May at 11:00h LT. The
153 main cyclone event occurred from 26 May at 01:00ht@ P9 Mayat 01:00h LT.Throughout

154 this period the groundevel RH fluctuatedbetween 84% and 93%vhile surfacetemperature
155 varied betweerl8°C and 22C. Notably, all RH véues exceeded 80%rom 25 May around

156 22:00 h LT to 29 Maywt10:00 h LT.
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Wind speeds, pressure, and cyclone eye location informatiwuiB resolution)were
retrievedfrom the best track data of tropical cyclonic disturb@ameer the north Indian Ocean

(available athttps://rsmcnewdelhi.imd.gov.)nmonitored by India Meteorological Department

(IMD). The | atter was used to calculate the spat.
measuremeriocation. Figurel illustrates the intensity and cumulative rainfall along the paths of
the cyclones A characteristic of both cyclones is the occurrence of rainout along their

trajectories, persisting as they move inland
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165 Figure 1 The intensity and track of cyclone Tauktae (Upper panel) and Yaas (Bottom

166 panel) along with accumulated rainfall during Tauktae (from 14 to 20 May2021) and Yaas
167 (24 to 28 May202]). The intensity and track of cyclones were retrieved fronthe best track

168  data of tropical cyclonic disturbance over the north Indian Ocean monitored by IMDand
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rainfall data was retrieved from the Integrated Multi -satellite Retrievals provided by the

Global Precipitation Measurement program(GPM, IMERG dataset)

2.3 Isotope measuremets

Nearsurface ®0, and D, were measured continuously usirgPicarro L2136
analyser based on wavelengdtanned cavity ringlown spectroscopy (WSRDS)(Brand et al.,
2009) locatedat the Kathmandu Cemt for Research and Education (KCRE), Nepdie
sampling inlet consisting @heated copper tube mounted 7 m above the grpustected with a
plastic hood and 40 L min™ pump transpoed the samplefrom the inletto the analyser. The
automated standard delivery module (SDNgs used for calibratigrwith each calibration made
using two reference standasdcalibrated against Vienna Standard Mean Ocean Water
(VSMOW), covering the isotopic ranges of ambient watgpourat Kathmandu. Each reference
standardwvas measured continuously fartotal of75 mineachday at three different humidity
levels @5 mirutesperlevel). The dry aipassedhroughDrieriteE desiccant (Merck, Germany)
andwasdelivered to the Picarranalyser for standardneasurementd he isotopic composition
of atmospherievatervapou is reportedasparts per thousandd( ) relative tovSMOW using

U=(Ra/Rsil) T 1000 [ &], (1)

whereepr esent,® r 80 tard & andiiRDdenote the rat®of heavy to light
isotopes {0/*°0 or D/H) in the sample and standard, respecti&lgndall & Caldwell, 1998;
Yoshimura, 2015)As suggested bpansgaard, (1964)leuterium exces@l-excess= DI
0O,) is used asa tracerfor moisture source conditisr(Liu et al., 2008; Tian et al., 20QIJhe
detailed calibration procedures are outlined in the suppiéany material, with the humidity

isotopes response functipresentedn Figure 2 and all cabration data shown in Figure S3

10



192 We examinedthe hourly isotopic compositiorof atmospheric waterapourbetween/ May and

193 7 June 2021, coverirthe Tauktaeand Yas cyclones includingoneweekon either side

194 2.4 Meteorological data

195 An automated weather station (AWBavis Vantage Prop continuously measured air
196 temperature, relative humidity, dew point temperature, wind speed and direction, rainfall
197 amount, surface pressure, gttoneminute intervalsrom 7 Mayto 7 June 2021

198 We usedthe Integrated Multsatellite Retrievals provetl by the Global Rcipitation

199 Measurement prografPM, IMERG dataset)with a spatial resolution of 0.X&r latitude and

200 longitude (Huffman et al., 2017jo analge the regional rainfall intensity before, during, and
201 after the cyclone event3hese higkresolutiondata allow for the identification of convective
202 rainfall areas and the gsage of tropical cyclonddackisch et al., 2022Yheyhave been used

203 previously todepict cyclone tracks and associated rainfall intensifigsona et al., 2018;

204  Jackisch et al., 2022; Villarini et al., 2011)

205 We further acquired data on outgoing longeaadiation (OLR), zonal and meridional
206 winds, specific humidity, vertical velocity, ggsure, vertical distribution oélative humidity and

207 temperature from ERAS datasets (Herbash et al., 2020). The data has a spatial resolutién of 0.25

208 based orongitudelatitude grids(https://cds.climate.copernicus.pU@OLR data has already been

209 used as an index of tropical convectifimiebmann and Smith, 1996Additionally, we used
210 cloudtop pressure (CTP) and clotmp temperature (CTT) data from MERRAReanalysis

211 datasetsetrieved fromhttps://giovanni.gsfc.nasa.gowith a spatial resolutiofor 0.5°x0.625°,

212 as indicators of convective intensity.

11
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2.5 Moisture backward trajectory analysis

To assesghe influence of moisture transport history tre isotopic compositionof
atmospheric water vapourefore, during, and at the cyclone events, we anagdive-day
moisture backward trajectories th@rminated athe sampling site using the Hybrid §le-
Particle Lagrangian Integrated Trajectory (HYSPLIT) mo(®@taxler and Hess, 1997 he
Global Data Assimilation System (GDAS) with a spatial resolutiorf ¢Kleist et al., 2009)vas
usedto provide themeteorologicalforcing for the HYSPLIT model.Variatiors in specific
humidity along the moisture fextories vere also calculatedConsidering the variation in
boundary layer height at Kathmandu during the study period, ranging from approximately 100 m
to 1170 m, and with the majority of the dd#dling below 600 m,we setthe initid starting

height br the moisture backward trajectortess00m above ground.

12



224 3 Resultsand discussion

225 3.1 Isotope dynamicsand their relation with local weather before, during,
226 and after cyclone events

227
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Figure 2 Water vapour isotopic evolution (hourly averags) before, during, and after the
Tauktae and Yaascyclone eventsas indicated by the colour shadinglong with associated
surface air temperature, relative humidity (RH), and rainfall amount. The blue dashed line

represerts daily average

Significantvariability wasobservedn isotopic compasion before during,and after the
cyclonesat Kathmandu statiorF{gure2 andTable1) .*%0,a n d , sHolveda sudden depletion
in isotopic compositionat the final stags of both cyclones coincidng with RH reaching
maximum values The depletion was more prouncedduring cyclone Yaas compared to

cyclone Tauktae.

Before the cyclondauktae %0, ( U,)Dvaried from-7.404 -49.538 ) -12al0& -(
84.15a ) with an average ofl004a -69.51a ) andd-excesgranged from 4.2& t 038 15.
a with an @&4ae The paopiodompbditionlearlyshows a downward trend agth
remnant ofcyclonespassed oveKathmandu %@, decreased by over 2 f r1d May to 20
May (Tauktae)and agairbetween 24Mlay and29 May (Yaas) reaching minima foi*°0, (U B)
of -20.218 (-149.498 ) a24.824 (-183.344 ), respectivelyDuring Tauktaei*®0, ( u,)D
varied from-8.208 (-56.06 ) to-20.21a (-149.4% ) with anaverage of14.7& (-106.76 )
and during Yaaghe range wadrom -12.17a (-83.8@1 ) to -24.924 (-183.34 ) with an
average of-17.87a (-129.1& ). Similarly, d-excesg during Tauktaevaried from7.97a to
14.24a with an average df1.06a while during Yaast varied from8.71a to 18.29a with
an average o13.77a4 .Af t er both cycl 8°G,€ s nh)astir@d to esovep at e d ,
precyclone values of8.29a t-1¢.94a -57.40a t-1®9.31a), wi t h a-bl.0@ver ag:

a -79.38a ), andad-excess ranged betwe&rB80a and15.11a with an average d3.37a .

14



251 The remnants of cyclone Tauktae caused light raikathmandu with a significant
252 depletion in 0, ( D) by ~84 (~66a ) on 20 May compared to the previous désom the

253 formation ofa depression over the AS on 14 May 2021 until the dissipation inland on 19 May
254  no significant variationn the isotopic compositiom atmospheric water vappat Kathmandu
255 was observed (Fig2). After the dissipation, when the residual Tauktegour passed the
256 Kathmandusite producing light rains, *®0, and D, began to decrease independently of the
257 rainfall amount, starting on 19 May arouf:00 h Local Time (LT) from -8 . 3 4for &%0,

258 and-56.06a for D, anddecreasing irone hour to-10.12a ard -68.41a respectively This

259 decreaseantinuedfor 24 hoursreaching a minimum 0f20.214 and-149.49& for ®0, and

260 D, respectivelyon 20 May atL2:00 h LT. However, dexcesgdid not show notable variations

261 during the passage of cyclone Tauktd®0, and D, remained depleted from 20 to 22 May

262 On 24 May, cyclone Yaas formed over the BoB #oilbwed a trajectory through north
263 eastern IndiaThe effect of cyclone Yaas o0, and D, at Kathmanduwas observedon 25
264 May with %0, ( D,) droppingrapidly from-12.624 (-88.714a ) on 25May at20:00 h LT to -
265 15.07a (-106.22a ) just one hour lateAt the same time,-@xcesgincreased from 12.38 to
266 14.344 . The depletion continued until 28ay with a minimum of 0, ( D) by -24.924 (-
267 182.35a ) at16:00 h LT. Yaas had already weakened into a-jm@ssure area over Bihar in
268 southeastern Uttar Pradesh, Indid®0, and D, started to increasey about 108 on 29 May
269 at 16:00 h LTafter Yaas had dissipateBrom 25 to 29 May, -@xcesg gradually increaseds
270 opposed to *®0, and Dy, resulting in a negativeorrelationwith *20, and D, of -0.60 and-

271 0.55 respectively.

272 The passage of cyclones that had formed over the AS (Tauktae) and BoB (Yaas) caused

273 significant depletionin the isotopic composition and led to cumulative rainfall of 9.2 mm

15
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288

(Tauktae) between 14 May and 20 May 2021 and 59.6 mm (Yaas) between 25 May and 28 May

2021 at our site. Thislepletion isdue to cyclonessociated intense rainfalhd agrees with
previous studiegKrishnamurthy and Shukla, 2007; Rahul et al., 20M8jte the above 0O,
minimum (-24.92 & ) observedduring cycloneYaasis similar to the minima observedin
Bangal or ¥Q,=-22548) (Rahu et al., 2016a nd Roor k ¥® =25B58di a
(Saranya et al., 2018yhen cyclones evolved over the BgBssed neathar sampling sites
These resultsndicate a similar oceanic source omoistureduring cyclonesWe discussthe

influence of moisture sourcas Sect.3.2.

The rel at i*na nkde taves éonthetperiodbefore, during, and after the
cyclones, showing differenslopes and interceptgith the Local Meteoric Vapar Line (LMVL)
(Figure 3). Before the first event, both theope (5.85) and intercep(-12.12)are significantly
lower indicating the strong influence of naguilibrium processes such as evaporatuaring
both cyclones the slopes and intercepts resemblegh of the global meteoric water line
( GMWL : #°D=18) IFigure 3). After the cyclons, the slopeand intercept decreased to

7.37and 2.34espectivelyjmplying achange of moisture sourcasdevaporation
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40 5D=5.85%' "0-12.12, n=134, R°=0.87
{ 5D=7.95%5'30+10.10, n=137, R®=0.99
-60 - 5D=7.75*5'80+9.54, n=109, R®=0.99
1 8D=7.37%5'30+2.34, =281, R%=0.99
801 LMVL:5D=7.60%5'30+6.05, n=661, R?=0.99 ¥
—~-100 |
3\0./ . Before
() -120 - Cyclone Tauktae
o 4 Cyclone Yaas
-140 - After
J Regr. line before cyclones
-160 - Regr. line during Tauktae
] Regr. line during Yaas
-180 4 Regr. line after cyclones
1l - [ GMWL
'200 'l L I L) I " I i3 1 Y I % I ILM\'/L T T
26 24 -22 -20 -18 -16 -14 -12 -10 -8 -6
289 8'°0 (%o)
290  Figure 3 Relationships betweeni'®*0, a n d , hiefbre, during, and after the cyclone events.
291 The regression lines for each perioare presented along with GMWL for comparison.
292 Table 1 Descriptive statistics of **0,, D., and d-excesgmeasured before, during, and
293 after the cyclone events.
18 = ~ -
Period . Ov[ a] . R[ a] . d-excesg|a |
min max avg min max avg min max avg
Before 1510 -7.40 -10.04 -84.15 -4953 -69.51 4.24 1538 10.8
Cyclone
Tauktae -20.21 -8.20 -14.73 -149.49 -56.06 -106.76 7.97 1424  11.06
Cyclone
Yaas -24.92 -12.17 -17.87 -183.34 -83.85 -129.18 8.71 18.29  13.77
After -1494 -8.29 -11.09 -109.31 -57.40 -79.38 1.80 15.11 9.37
294
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To assess the meteorologidafluence on the isotopic compositiomt Kathmandu, we
examined thdinear correlations betweehe isotopic compositiof 0y, D,, and dexcesg),
and air temperature (T), relative humidity (RH), precipitation amount (P), weetlgpVS), and
dew point temperature {'before, during, and after the cycla{@able 2) Before the cyclong
both '®0, and D, showeda positive correlation withsir temperature (i.etemperature effect)
anddew point temperature buab correlationswith other meteorological variabl¢fable 2) The
correlation between'®0,/ D, and surface airemperature and Ridecame weaker during the
cyclone Tauktae while mucttronger (=0.60for temperature and=-0.68 for RH) during Yaas
During Tauktae, we did not observe any effect of precipitation amount on the isotopic
composition, while during Yaas there was a negatweelation (r=0.56) D-excesg was
positively correlated with local air temperatuigegatively correlated withocal RH before,

during and afterTauktae whilst no correlationsvereobserved durinyyaas (Table 2).
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Table 2 Linear correlations betweenthe isotopic composition of atmospheric water vapar

( *®*0,, Dy, and d-excesg) and air temperature (T), relative humidity (RH), precipitation
amount (P), wind speed (WS), and dew point temperature () before, during, and ater the
cyclone events. ***** and * indicate correlation significance levels 00.001, 0.01, and 0.05

respectively.

Before
T RH P WS Tq
o, 0.24~ -0.03 -0.41 -0.10 051"
») 0.44~ 0.21° -0.37 0.08 0.63"
d-excess 0.66 -0.64" 0.35 0.68" 0.28"
Cyclone Tauktae
o, 0.15 -0.19 0.11 -0.004 0.07
») 0.21 -0.25° 0.10 0.05 0.11
d-excess 0.77" -0.82" -0.22 0.61" 0.51"
Cyclone Yaas
o, 0.60 -0.68" -0.56 0.02 0.3"
») 0.63" -0.76” -0.56 0.05 0.26°
d-excess 0.10 -0.006 0.19 0.32" 0.26
After
o, 0.17 -0.19 - 0.19 0.09
») 0.30" -0.317 - 0.307 0.20
d-excess 0.627 -0.58" - 0.52" 0.55"

3.2 Influence of moisture source

Previous studies suggested tKatthmanduis predominantlyimpactedby local moisture
sourceswith short and longangetransport of westerliesefore the onset of summer monsoon,
which is generally dryand characterizethy sporadicrainfall with enrichedi®0 values in
precipitation (Adhikari et al., 2020; Chhetri et al., 20Y4 et al., 2015 We foundsignificant
proportiors of moisture trajectoriegrior to cyclone Tauktae either originated locally or by
westerlies, characterized bgw specific humidity(Fig. 4, upper left pangl These moisture

trajectories were traced Hato the Gangetic plain beforgaone TauktaeThe associated 0,
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andi Pvalues for these moisture sources exhibited enrichment, with average vallied of 0 4 a
and-6 9 . 5 1 &%Ofandii B respectivelyA similar slope (5.85) and intercepi2.12)of the
local meteoric vapour lineefore Tauktaeto the surface water linealculatedin the Gangetic

plain (Hassenruck Gudipati et al., 2023)vhich provided corroboration for the impact of local

evaporation orhe isotopic compositian

As cyclone Tauktae approached the contindr, primary moisturéo Kathmanduwas
comingfrom the Arabian Seanstead oflocal origins(Fig. 4, upper right pangl The specific
humidity along these trajectories exhibited higher levels over the oceans, diminishing as they
traversed over lanthrough precipitatiorfFig. 4, upper right pangl During this phase %0, and
U Pweresignificantly lower (onaverage oved5a and 3& for 0, andU B respectively
than measurementweceding the cyclone&Ssuch depletiorcan beattributedto the progressive
rainout along the moisture transport patherein heavy isotopes are removed during successive
condensatior(Xu et al., 2019)Notably, the isotopic composition before thauktaeinduced
rainfall remained enriched, refléag) inflow from the surface layefMunksgaard et al., 2015)
Furthermorethe dexcesgvariation at Kathmandu during Taukta@ayrhave been influenced by

local moisture recycling processes
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Figure 4 Five-day backward trajectories reaching the sampling site before, during, and
after the cyclone eventsColours denote specific humidity(q in g kg™) along the

trajectories.

During cyclone Yaaspnly the BoB vapar contributed tomoisture atKathmanduand
specific humidityalong the trajectories over the ocean was [j30. 4, bottom left pangl The

high specific humidity over India and surrounding regions duciygjone fornation suggesthat
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352 Yaas lifted a substantial amount of watapourfrom theBoB yielding intense rainfall along its

353 path The isotopic composition during Yaas was more depleted than that of Tuaktae with
354 averages of17.87 and-129.1& for %0, andi B respectivelyThe differencecould stem

355 from varied moisture sources, rainout histories, and the respective strengths of each cyclone
356 Moreover the high isotopic depletion during cyclone Yaaght be attributed to the dispariby

357 sea surface watér?O betweerthe AS and BoBThe surface watai°0O in theBoB is relatively

358 depleted compared to teS (Lekshmy et al., 2014)which results froma substantial influx of

359 freshwater fromrain and runoff originating from the Ganga Brahmaputra river basin

360 (Breitenbach et al., 201®&ingh et al., 2010

361 Although, the progressive increment was seethétime series of %0, a n d , afted
362 the dissiption of Tauktae (Fig2) ,**O\a n d , initie earlier stage of Yaas were significantly
363 lower compared to Tauktdmcause there was not enough tiimrerecovey. There was a strong
364 association between*®0,/ o r , afidDiocal meteorological conditions during cyclone Yaas
365 associated with high relative humidity from the remote o¢€duen et al., 2021; Xu et al., 2019)
366 Furthermore, the negative correlatiofi 0,/ D, vs. RH and the fact that **0,/ D, was
367 depeted highlight the influence of humid moisture sourd&al et al., 2008) which was also
368 confirmed by our moisture baslard trajectory analysis (Fig4, bottom left pangl A similar
369 correlation was also observed in midopospheric watewvapour over the western Pacific

370 associated with intense convective actiykipone, 2012)

371 In contrast to cyclone Tauktadetlack of correlation of-éxcesgwith RH and local air
372 temperatureduring cyclone Yaas implies thdbcal moisture recycling processese not
373 significant in determining-@&xcesg variation andRH might not be a reliable predictor of kinetic
374 fractionation during evaporatioRrevious research conducted in the Indian Ocean (didhun
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375 et al.,, 2013; Uemura et al., 2008)ggested that the high relative humidity (i.e. >80%) at the
376 sampling sites weakens tleomrelation between ekxcesg and RH. Our observed data also
377 satisfied that condition during Yaas becatis=majority of isotopic measurements (about 75%)
378 were associated with high relative humidity (>80Q%hile this fraction was only 25% during

379 Tauktae

380 Following the dissipation of the cyclonesomeportion of moisture at Kathmandwas
381 providedby BoB sourcetogethemwith local evaporatiorfFig. 4, bottom right pangl However,
382 the isotopic compositioneverted to the original (eiched levels ( §O, = -11.094 , U b= -
383 79.38 4, and dexcess= 9.37 & ). The diminished correlation between'®0,/ D, and
384 temperaturdollowing the cyclons is attributedto the admixture of vapour originating from

385 plant transpiration during that period (Delattre et al., 2015).

386 We usedhe vapar D,-q plot combined with the Rayleigh distillation and mixing curve
387 to assess thmoisturemixing (Fig. 5). Before the development of cyclone Tauk#ae during its
388 early stags, the data pointsid well above the mixingcurve indicating that the isotopic
389 variability was mainly dominated byapourfrom local evapotranspiration contrast, during
390 the latter stage of cyclone Tauktae,p was significanty depleed to levelswell below the
391 Rayleigh curveDuring the early stagef cyclone Yaasthere are only a few data poiritstween
392 the mixing and Rayleigh cursewith the majority well below thdRayleighcurve particularly
393 during thelater stage During both events, Kathmandu was dominated by demwection
394 leadingto a strong convergence of moisture from both the AS (Tauktae) and the BoB (Yaas).
395 This points toward the influence of convective process@ge Section 3.3) (Galewsky and
396 SamuelsCrow, 2015) After Yaashad dissipatedi [ graduallyincreased again withalf of the

397 data points clusteredetweenthe mixing andRayleigh curve. The remaining data pointaere
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398 well above the mixing curveindicating the influence of locally evaporatestapour also

399 evidencedvy the moisture back trajectoridsr(or! Reference source not found.bottomright

400 panel)
-501
-100+ season
~ * Before
e
= -150- * Tauktae
7 * Yaas
2004 «  After
-250+
0 5 10 15 20 25
Specific humidity (g kg™
401 p y (gkg )

402 Figure5Scatter pl ot of,vh spacifid hpymidity(. iMhe goiiddblack Burve

403 represents the Rayleigh distillati oyr-7820r ve ca
404  a , BoB-averagedu [ (Lekshmy et al., 2022)SST of 30 C, and RH of 90%. The dashed

405 purple curve represents the mixing linecalculatedbased ondry continental air (q= 0.59g

406 kgtand D,=-3008 ( Wang e t)andthe wet s@ufte Whjclcorresponds to the

407 initial condition s used to calculate théheoretical Rayleigh curve.

408 3.3 Influence of deep convection associated with cyclones

409 One of thelikely causesfor large isotopic depletion during cycloeemight be the
410 associatecconvectiveprocessesStudies have demonstrated thainvective processes within
411 tropical cyclonesan causethe depleted isotopic composition of precipitation and atmospheric

412 watervapour(Fudeyasu et al., 2008; Jackisch et al., 20M@nksgaard et al., 201%)ue toa
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413 combination ofstrong cyclonic circulationintense largescale convectionheaw precipitation
414 and high wind speed€hen et al., 2021; Xu et al., 2019Ye analged the relationship between
415 theisotopic compositiorand convective processasing OLR and vertical velocityasa proxy
416 for convection.Due to the frequent eoccurrence ofntense convectiomnd significant mid
417 tropospheric convergence of moist air, the vertical veéscitan also serve as a proxy for

418 convective activitfLekshmy et al., 2014)

419 Figure 6and Figure 7depict the prevalence aftrongconvective processesssociated
420 with both cyclone throughout their lifespamuring theinitial days of cyclone formation, OLR
421 exceede®60Wm=in the area of theamplingsite anddecrease rapidly tobelow 200Wm2in
422 the final stageof bothcyclones when approaicty the site Although the amount of precipitation
423 associated with Tauktd6.2 mm) wasnuchlower thanYaas (59.6 mm),*%0, depletedby up to
424 12a dur i ng Isdhehprogregsivé minoat was evident alongehtre cyclone track
425 (Figs. S4 and S5, and tle spatial distribution of precipitation wasghly correlatedwith the
426 convective processuggesng rainfall occurred from the deep convective cloud rather than local
427 evaporation. This was confirmed by precipitati@miations The site received its firgainfall on
428 19 May during cyclone Tauktae and on 25 May during cyclone,Yssathownin Figure4 and
429 Figure S5. In situ observationsonfirm that during the days leading up tyclone Tauktae, the
430 sampling site received total of12.2 mmof precipitation with maximum rainfall of 9.2 nim
431 recorded onll May at13.00 h LT, equal to thetotal accumulated rainfall during thentire
432 cyclone Although the pre and durirBauktae rainfall amounts are similar, fmgclone i*0,
433 an d , wet@significantly more enrichedagerags: i*®0, = -10.04&4 an ¢ = 63614 )
434 than during Taukta¢averags: U*°0, = -14.734 an d = {@5.764 ) We compard the

435 values ofti®0,, .iddd dexcess during both eventsandalso examined them in comparison
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437

438
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440

with the isotopic composition at theeginning of the summer monso@lune 2021). This initial
period of intense and continuous rainfall at our sampling €. ) is regulated by the
monsoon system originating in theoB. Consequently, oufocus centered on the isotopic

distinctions between water vapoon typical rainy days and that associated with cyclone Yaas.
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Figure 6 Regional winds (arrows) and outgoing longwave radiation (colours in Wwh)

durin g cyclone Tauktae

Following the initiation of the summer monsoon, batffO, a n d , ekibbited a
progressive depletion, coinciding with a decline in air temperaamancrease in relative
humidity (RH), and amplified rainfall amountBi¢. ). Despite the daily accumulated rainfall
and RH being significantly higher during the normal monsoon period,Bh a n d , wer®

markedly lower during cyclone Yaasf average by ovetO,a8n8atiBnd
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