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Abstract

The southeastern Tibetan Plateau (SETP) has experienced a significant drying trend in recent decades, likely

linked to changes in moisture sources. Water vapor isotopes are valuable tracers of the atmospheric water cycle, yet

their interpretation is hindered by ambiguities in atmospheric controls. Fhe-FibetanPlateaun(FP)-serves-as-a-water

the-seureces—and-dynamies-of-atmospherie-meoistare-is—vital: To investigate the role of ocean surface evaporation,

continental air mass intrusion, and rain-vapor interaction, we present a three-year daily time series of near-surface
water-vapor—_isetope-compositions{5'°0 and d-excess) from the Seuth-East FPSETP station. We-findOur analysis

reveals that apparent negative correlations between d-excess and relative humidity over the Indian Ocean are mainty
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refleetprimarily driven by theirsimilar-seasenalitysimilar seasonal patterns, which become —When-anabyzedfor

different-seasons,-the-correlation—is-insignificant or enbyexplains—a-marginal fraction-ef-varianeewhen examined

seasonally. Fherefore; This result underscores the need for caution isrequired-whenin interpreting-the d-excess as a

conservative tracer of ocean surface evaporation. Instead, we identify local and upstream specific humidity is-as the
main-primary faetor-determiningdeterminant of non-monsoon season d-excess variability, due-toinfluenced by the
intrusion of cold and dry air from upper levels. During the summer monsoon season, both d-excess and §'80-mainly
reflect the effect of raindrop evaporation-en-humidity during transport, which decreases— lewervaper-3'30 but

increases d-excess-vataes. These findings provide new insights into the significanee-efusinguse of water isotopes

to track moisture sources and dynamics over the SETP, with—particularly under varying seasenaly—seasonal

alternating—circulation systems. Particularly, the findings for d-excess will i#mprevecontribute to our—the

understanding of different moisture sources and guide-provide a framework forthe interpreting ation—ef-d-excess

derivedfromotherwater bodiesin various hydroclimatic applications, including-and ice core studies.

1 Introduction

The Tibetan Plateau (TP) and its surrounding regions, alse-termedknown as the Third Pole and the Asian Water

water freshwatersupphes-ofto major riversystems—inAsian riversAsia, including the Mekong, Salween, Ganges,

Yarlung Zangbo, among others, sustaining ecosystems and populations across the continent (Immerzeel et al., 2020;

Yao et al., 2022). Heweverln recent decades, the water balance on the TP has experieneed-undergone significant
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changes under the backdrop of global warming (Yao et al., 2022). NotablyEerinstanee, the southeastern TP (SETP)

is experiencing a drying trend while wetting in the northersFP (Jiang et al., 2023; Zhang et al., 2023; Yao et al.,

2022). Atmospheric water vapor is the primary input to the hydrological system, making it essential to understand

its sources and dynamics to diagnose regional water imbalances. Atmespherie-water-vaperis-the-input-of the-water

hydrologicalsystem-Using a Lagrangian vapor tracking method, Zhang et al. (2023) suggested that the drying trend

is associated with meteorological droughts propagating from moisture source regions. However, their conclusions

and methodology are subjects of ongoing debate (Zhang et al., 2025; Zhao et al., 2025). —

Water stable isotopes are natural tracers of the water cycle, offering valuable insights into moisture sources and

dynamics (Bowen et al., 2019; Galewsky et al., 2016). and-These isotopes have been intensively studied on the TP

in precipitation, surface water, and ice cores (Yao et al., 2013; Thompson et al., 2024; Bershaw, 2018). However.

the interpretation of these isotopic signals remains challenging due to complex fractionation processes and shifting

circulation systems between summer monsoon and westerlies.

—Recent studies have confirmed that monsoon

convection at upstream along moisture transport pathways, rather than local precipitation amount, is-the key-proeess

that-controls summer monsoon season precipitation §'80_over southern TP (Cai et al., 2017; He et al., 2015). This

is related to the “amount effect” (Dansgaard, 1964), Differentprocesses—havebeenproposed—to—elucidate—the

leads to lower §'%0 values due to the-continuous rainout associated with stronger convection-could-eause-depleted




65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85

86

preeipitation, following the Rayleigh distillation (Cai and Tian, 2016; Scholl et al., 2009; Vuille et al., 2003).

pinteractions between rain and

Additionally,

water vapor play a significant role tha

depletes—depleting the lower tropospheric water—vapor and—then—affeets—subsequent—preeipitation—isotope

eompesitionsisotopes (Risi et al., 2008a; Kurita et al., 2011; Cai et al., 2018; Lee and Fung, 2008). While the regional

amount effect prevails during the monsoon season, this relationship weakens or reverses in the non-monsoon season

when it is dominated by westerlies. This variability suggests additional controls such as moisture source variability,

kinetic fractionation, or shifts in atmospheric circulation patterns (Breitenbach et al., 2010; Cai and Tian, 2020; Guo

et al., 2024; Yao et al., 2013).

Observations of vapor isotope-eompesitiens could help disentangle the different processes involved in the

amount effect, espeetathyparticularly through examining the secondary parameter deuterium excess (d-excess). The

d-excess, is-defined as-8°H—88"0-by Dansgaard (1964) as §°H - 85'%0, and-mainlyprimarily reflects the effects of

kinetic fractionation. Fhe—During rainout process, mesthy—invebres—equilibrium fractionation is the dominant

mechanism, whereas white-raindrop evaporation is associated with kinetic fractionation;-and-they-ean-therefore-have

different-d-execess—signatures—in—water-vaper. Further, limited precipitation during non-monsoon seasons makes it

challenging to study a full seasonal cycle of the atmospheric water cycle, which can be compensated by continuous

monitoring of vapor isotopes. While a few stations on the TP have monitored }isotopic compositions in the vapor

phase-ha

of previous—studies (Tian et al., 2020; Dai et al., 2021; Chen et al., 2024; Yu et al., 2016; Yu et al., 2015), less—is

knewnthere is limited knowledge about vapor d-excess.
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Both theoretical predictions and observations over ocean surfaces suggested-indicate that d-excess reflects

ocean surface evaporation conditions; such as sea surface temperature (SST) and relative humidity normalized to

SST (RHssr) (Merlivat and Jouzel, 1979; Bonne et al., 2019; Liu et al., 2014; Craig and Gordon, 1965). These

relationships are frequently invoked in interpretinglaterpretations-of—_d-excess over the TP-also-frequenthy-invoke

theserelationships-with-ecean-evaperation-conditions (Zhao et al., 2012; Shao et al., 2021; Chen et al., 2024; Liu et

al., 2024). Heveeverelatonshipaseidhoithes L

For instance, Shao et al. (2021) showed significant correlations between an ice core d-excess record derived-from

the central TP and RHssr over the northern Bay of Bengal (BOB) and Arabian Sea (AS). However, the correlation

coefficient is-was only -0.44 and-theslope between-d-exeess-and RHssris-assteep-aswith a steep slope of -0.99%o %"

!, This contrasts with oceanic regions where tFhe slope ever—oceanic—regions—generallytypically ranges from -

0.3%0 %! to -0.6%0 % ! based-on—in-sita-observations (Bonne et al., 2019; Liu et al., 2014; Benetti et al., 2014;
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Uemura et al., 2008), suggesting additional complexities over terrestrial areas. Moreover, mMany studies have

suggested that d-excess at terrestrial sites is not a conservative tracer of evaporation conditions at-from the-oceanic

source regions (Fiorella et al., 2018; Aemisegger et al., 2014; Welp et al., 2012; Wei and Lee, 2019; Samuels -

Crow et al., 2014). Besides-temperal-variationsIn addition, ice core d-excess values at high altitudes are-are generally

higher than that-those observed in precipitation at lower altitudes on the TP (Shao et al., 2021; Tian et al., 2001;

Zhao et al., 2012; Joswiak et al., 2013; Zhao et al., 2017; Thompson et al., 2000). The reason for this discrepancy

remains unclear

understand the mechanism driving these differences.

Mountain valleys in the seutheasternFRSETP are believed-to-beconsidered significantmajor moistare-transport

channelspathways for delivering-water-vaper-toward-the FPtransporting water vapor into the TP (Araguas-Araguas

et al., 1998; Tian et al., 2007; Yao et al., 2013). FhereforeTo investigate these processes, we initiatedstarted a water

vapor sampling campaign at the South-East Tibetan Plateau Station for integrated observation and research of alpine

environment (SETP station) in June 2015. We aim to study the moisture sources and dynamics and their influence

influence on water-vapor isotope compositions_across different seasons. To achieve these goals, we explored the

relationships between vapor isotopes and oceanic evaporation conditions, continental air mass intrusions, as well as

rain-vapor interactions during different seasons. Finally, we discuss the implications of our findings for interpreting

ice core records. Ee
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2 Data and methods

2.1 Atmospheric water vapor sampling

Atmespherie-water—v Vapor samples were collected at the SETP station (29°46'N, 94°44'E, 3326 m above sea

level, and Fig. S1) using a cryogenic trapping method-at-the-SETP-station(29°46'N;-94°44'E.3326-m-abeve-sea

leveland Fig—S1H. The sampling system includes an air pump-pumping-ambient-airinto-the-, eold-trap;-a linked-

ball-shaped glass cold trap, and an electric-powered system that creates and maintains a cold environment filled by

95% ethanol as cold as below -80 °C. Ambient air was pumped from an inlet at-appreximatelypositioned about 8 m

above ground level through a Teflon tube to a glass trap maintained immersed-in-a-celd-environment-with-aat an

operational temperature ofat -70 °C. The airflow rate was adjusted-set to ~5 L/min,+te allowing the collection of 10-

20 ml of water samples—threughout during each sampling sessioneperation. Sampling durations were adjusted

seasonally: Duringsummers;-the-duration-of eachsamplingeperationis-24 hours_in summer and extended to 48

hours in winter when necessary to ensure adequate sample volume. Puring-dry-winters;-however,-we-inereased-the

Samples

were collected at 20:00 Beijing Standard Time (12:00 UTC). The efficiency of extracting-watervaporfromambient

airthe trapping method was tested-verified by connecting an additional cold trap to the eutlet-of-the—initial-cold

trapsystem, which showed-and no visible condensation was-neticed-in the additional cold trap (Yu et al., 2015).

Further eemparisen-validation was achieved through comparisons withagainst direct measurements efvaperisetope

compesttionby—theusing a Picarro L2130-1 Cavity Ring Down Spectroscopy (CRDS) at Lhasa, southern TP, alse
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eonfirmedconfirming the reliability of this method in-for samphing-atmospheric water vapor samplingever-the-FP

(Tian et al., 2020).

The sampling campaign was-started-enran from 25 June 2015 and-ended-onto 14 June 2018-1ntotal, yielding

a total of 742 samples—were—collected;. Thescand—allthe—ecolected samples were kept—stored frozen until

transportation-to-the laberatery for- measurementsanalysis. Samples collected before 28 June 2016 were measured

at the Key Laboratory of Tibetan Plateau Earth System, Environment and Resources, Institute of Tibetan Plateau

Research, Chinese Academy of Sciences by a Picarro L2130-1 analyzer. Samples collected after 28 June 2016 were

measured at the Institute of International River and Eco-security, Yunnan University by a Picarro L2140-i analyzer.

The isotopic values arewere calibrated using three standard waters, with detailed calibration procedures described

by Liu et al. (2024). and-The measurements are expressed relative to Vienna Standard Mean Ocean Water 2

(VSMOW?2)—The-precisions-of measurements-at-both-laberateries-are, with precisions of 0.1%o for 5'0, 0.4%o for

&?H, and 1.2%o for d-excess.

2.2 Meteorological data

Daily local meteorological data befere—prior to 2018, including precipitation amount, air temperature, air
pressure, and relative humidity; at the SETP station, were previded-bythe-station—atobtained from the National
Tibetan Plateau-/-Third Pole Environment Data Center (Luo, 2018). Specific humidity (¢) at the SETP station is-was

calculated frem-using air temperature, air pressure, and relative humidity at-thestatiendata following established

equations outlined in (Huang, 2018)._Consistent with Yao et al. (2013), we defined June-September (JJAS) as the

summer monsoon season. In contrast, November-April (Nov-Apr) was designated as the non-monsoon season, with

May and October considered transition periods between the two seasons.

Fo-facilitate analyses-onlarserspatial sealeswWe further obtained meteorological variables such as ineluding

2-meter air temperature, 2-meter dew point temperature, ard-SST, etejand others at 0.25°x0.25° and hourly
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resolution from the European Centre for Medium-Range Weather Forecasts fifth generation reanalysis (ERAS)

(Hersbach et al., 2019). RHssr is estimated frem-using ERAS 2-meter—meteorological-data—and-SSTdata-using:

RHgor = e4ir/€sar, Where ey, is vapor pressure of air and eg,; is saturation vapor pressure with respect to SST.

Additionally, We-further-obtained-precipitation data at 0.1°%0.1° and half-hourly resolution were obtained from the

Integrated Multi-satellitE Retrievals for GPM (V07)_dataset (Huffman et al., 2023). In—additienMoreover,

meteorological data at 1°x1° and 3-hourly resolution from the Global Data Assimilation System (GDAS) are-were

used to calculate air-massbackward trajectories (see sSection 2.4 for details).

Statistical analyses primarily involved linear correlations and regressions, with the coefficient of determination

(R?) used to quantify the variance explained by each variable. In addition, we also used composite analysis to reveal

relationships between variables. For example, to identify general patterns in backward trajectories associated with

d-excess exceeding 30%o, all the days with such high d-excess were compiled into a collection. A composite map of

trajectories from this collection was then constructed to reveal typical pathways under these conditions.

2.3 Theoretical framework for the understanding of isotope compositions and humidity

Besides complex atmospheric circulation models, the evolution of vapor isotope compositions during different

moistening and dehydration processes can be understeod—predicted by-through a compilation of atmospheric

processes; such as condensation, mixing, and raindrop evaporation;—thatlead-to—differentpathways—ef-isetopie

evolutionalongatmespherie-humidity (Noone, 2012; Worden et al., 2007; Galewsky et al., 2016). These process

shape distinct pathways of isotopic evolution in relation to atmospheric humidity.

The Rayleigh distillation model describes Fthe progressive condensation of water vapor-and-remeval-asrain

(Dansgaard, 1964). In-the Rayleigh

The isotope ratie

composition of remaining vapor, denoted as &, is—deseribedcan be expressed as § = (1 + 85)(q/qe)* * — 1,
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where— g 1is the specific humidity, and a is the fractionation factor. A subscript of 0 refers to the initial condition

of the air mass. The—faling+¥Raindrop evaporation introduces further complexity.may—partially—evaperate—or

exchange-isotopes—with-ambient—vaper—_ As raindrops arefoermedform at higher altitudes where watervapor is

depleted in heavy isotopes, the-their partial evaporation-efraindrops wenld-preferentially-—deplete—itsaffects the

surrounding-water vapor, leading to isotope values lower than those predicted by Rayleigh models-butinerease-the

r (Risi et al.,

2008a; Worden et al., 2007). Th

inis effect gives rise to—a “super-Rayleigh” trajeetory—trajectories, characterized by an inflatedting the-effective

fractionation factor (a,), defined as @, = (1 + ¢)a, where ¢ quantifies the-degree-to-which—deviatesdeviations

from equilibrium. We-nete-thatNotably, Worden et al. (2007) and Noone (2012) have given different equations te

afor such deviations, and the-same

wthis study

aligns with the formulations by Noone (2012).

FEinaly-theAir mass mixing also influence-efairmass-mixing-ons humidity and isotopic compositions ean-be

medeled-through the-mass balance perspeetiveprinciples. When eensidering—mixing-a dry air mass mixes with a

moist air-massone, for-instanees-the specific humidity of the mixed air-sass can be described as q = fury Gary +

fmoistdmoist> Where [ is-represents the fraction of each air mass, with fg,y, + frnoise = 1the-subseript-denoting

different-air-masses—and-. Isotopic compositions ef-the-mixed-air-mass—eanbeare similarly derived similarbyby

solving the-mass balance equations for the light and heavy isotopes, respeetively—Theeoutcome-of the- mixing proeess

leadstoresulting in a hyperbolic relationship between § and q. In other words, § X q and g should have a linear

relationship in the mixing process (Fiorella et al., 2018). Inaframework-efthe Keehngplots (Iceeling, 1958 ) the

The intercept of the regression between & and 1/q or the slope between § X g and q gives—provides an

10
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estimation-estimate of the moist end member’s isotope composition—_(Keeling, 1958)efthe-meoist-end-member.

Assuming a surface temperature of 25 °C and relative humidity of 85%, fellewing-we utilize the evaporation

model by Craig and Gordon (1965) we-ean-derive-thatto determine the isotopic composition of ocean evaporation.

This results in §'3%0 ef-oceansurface-evaporation-is= -11.5%o, 8*H = -81.4%o, and d-excess = 10.6%o. We-use-this

isotopic-signature-of evaperated-watervaperThese values serve as a-the wet end member to-medel-thefor modeling

moistening process throughby mixing with ocean surfaee-evaporation. For the dry end member, we consider a

dehydrated air mass A-hypethetical-dry-end-memberfrom the Rayleigh curve at ¢ = 0.5 g/kg, §'*0 = -60.3%o. and

57H = -418.0%o is-chosen-torepresent-the-dehydrated-dry-air(Fig. S2). The dehydration process by-via condensation
is-modeledis initiated at —by-choosingastartingpoint-at-the-mixing Hne-with-a relative humidity of 80%_on the

mixing line. Similarly, the-“super-Rayleigh” distillation with-involving partial rain evaporation —is-started-fremalso

begins from the-samethis starting point. We explore two Ferthe-eases-of ‘super-Rayleigh”;wesimulated-the-isotopie

evolutionundertweo—_scenarios: (Rain_evap A assumes 2% rain evaporation, while and-Rain_evap B)— assumes

5%, based on EeHewingthe-equations fromin Noone (2012);Rain—evap—A-represents-that 2% of rain-is-evaperated

and-Rain—evap—Brepresents-an-evaporatedfraction-0£5%. Additionally, we consider the influence of-Mixing-with

evapotranspiration over south Asia and the TP is-another-way-that-could-modify—theon atmospheric humidity and

vapor isotope compositions over seutheastern-SETP. Aeeurate-gQuantifyieationng efthe-isotopic compositions of
land surface evapotranspiration is challenging. Given—that the—precipitation 5'%0 over south Asia is-generally
between-ranges from -1.0%o0 and-to -5.0%0 (Bowen and Wilkinson, 2002; Terzer-Wassmuth et al., 2021) and

transpiration may-aeeeunt-constitutes two-thirds or more of evapotranspiration-ermere (Cao et al., 2022; Han et al.,

2022; Good et al., 2015), we assume the-a 5'0 value of -5.0%o as an upper bound for land surface evapotranspiration

hasa-valueof 5-0%oas-anupperbeund. Similarly, we assume thatthea d-excess of 15.0%o for thise wet end member

 and such cation is 15.0%
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2.4 Air-massBackward trajectory and moisture source diagnostic

Adr-mass-baekward-trajectories-were-ealenlatedtTo investigate the-air mass transport and diagnose moisture

sources and transpert-pathways toward SETP, we calculated backward trajectories using the Hybrid Single-Particle

Lagrangian Integrated Trajectory model (HYSPLIT) (Stein et al., 2015). Trajectory calculations is-were driven by

the-meteorological data effrom the GDAS. We-released-aAir parcels were released from 5 locations: the studied

study site and points displaced 0.2° in each cardinal direction)-at. These releases occurred at 7 different vertical

levels-at: 10, 50, 100, 200, 300, 400, and 500 m above ground level. For each day during the sampling campaign,

trajectories were initiated every 3 hours to calculate 10-day backward trajectories—ta-this-setting;, resulting in 280

trajectories were—derivedfor-eachsingleper day. Geographical and meteorological variables, including location,

pressure, temperature, specific humidity, rainfall amount, boundary layer height, and the-terrain height along the

trajectories, were stored at hourly intervals.

To quantify mMoisture contributions along air—sass—trajectories to the—humidity—at-SETP’s humidity, is

quantified-usingwe applied the Lagrangian moisture source diagnostic method ef-developed by Sodemann et al.

(2008). Fhe-This method eensiders-uses mass balance principles along_—the-trajectories.y and-assigasinterpreting

increases in specific humidity (forward in time) as moisture uptake; and decreases in-speeific-humidity-as moisture

lost-loss due to precipitation. Fhe—methodlt also prepertionally—ecensidersaccounts for the deereased-reduced

contribution of earby—earlier moisture uptake due to the-precipitation en route. We have-previously adapted this

method to gquantify-theidentify moisture sources foref precipitation in sub-regions of South Asia and East Asia (Cai

et al., 2018; Cai and Tian, 2020).

The diagnostic results suggest-indicated that the-approximately 5% of the moisture arriving at SETP remained

unattributed-fraction-of meisturearrivingat SETPis~5%—and-therefore, confirming that 10-day trajectories are

eapable-efdiagnosingmestefthesufficient to diagnose most moisture sources. Unlike previous applications focused

12
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on - i ifrngidentifying the-evaporative moisture sources from the Earth’s surface, in-this

study—we—foeus—onthis study emphasizes the contribution of the-air parcels—itself themselves to the-humidityat

SEFPSETP’s humidity. This variable is readily available from the diagnostic method, and-thewhere changes inef

air parcel contributions within the boundary layer between time steps within-the-beundarytayeris—therepresent

moisture uptake from the Earth-surface.

The moisture contribution by-of an air parcel to SETP’s humidity-at-SETFP gives-is a measure of the importance

of upstream air-masses. We calculated weighted-mean values for key variables by using the moisture contribution

of'the air parcel along trajectoriesUsing-this-variable as the weight;-mean-upstream-geographical-and-meteorological

variables-are-hence-caleulated-as-weighted-means. We also applied K-means clustering to group eluster-analysis-on

the-trajectories, helping to wvisualize-theidentify major transport pathways-using-the K—means—clustering-method.

When calculating the mean trajectory for each cluster and meteorological variables along each mean trajectory, the

moisture contribution by-of the air parcel is also considered as the weight to calculate weighted-weighted-means.

3 Results

3.1 General characteristics of vapor §'80, d-excess, and local meteorological variables

In general, watervaper0'°0 values are at a-lower levels during the summer monsoon season and a-higher
levels during the non-monsoon season (Fig. 1a). Mean—_waper5'30 values are -18.4%o for the non-monsoon season,
-23.3%o for the summer monsoon season, -16.9%o for May, and -22.8%o for October. Duringthe-onset-of the-summer

meﬂseeﬂ,—th%vaper—SlsO shows a dramatic decrease te-lowervalgesat the onset of the summer monsoon. Conversely,

from the end of the summer monsoon season to spring and early summer, Witheut-a-sharp-rebeund-te-valuesbefore

the-summer monsoon;the-5'%0-value shows a gradual increase trend-from-the-end-of the summer monsoon-season

toward-the-highest-values-during springand-early-summer. Although the amount effect significantly influences this

13
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region-is-significantly-influenced by-the amounteffeet, the seasonal variationtrerd of—_vaper-6'°0 does not strictly

foHow-the-seasenal-vartation-ofalign with local precipitation_patterns. For instance, while local precipitation shews

eleareessationceases clearly after the summer monsoon (Fig. le).—_while-3'%0 doesnotreboundto-the level before

summer-monsoon-onsetremains at relatively low levels. Ihes%se&sm*&l—eha%&eteﬂsﬁes—e#vaper—é”@This behavior

is consistent with precipitation 5'30 ebserved-in seutheastera-SETP, northeast India, and Bangladesh (Yao et al.,
2013; Cai and Tian, 2020; Yang et al., 2017).

In contrast to 81809¥era14, water-vaper-d-excess displays different seasonal dynamics. alse-hastewerThe d-

excess values during-are lower during the summer monsoon season and higher valses-during the-non-monsoon

seasen—periods (Fig. 1b). Mean vaper—d-excess values are 18.3%o for the non-monsoon season, 11.9%o for the
summer monsoon season, 13.7%o for May, and 14.9%o. for October. However, the timing of the-seasonal transitions

ofin vaperd-excess is-differentdiffers from that ofvaper— §'%0. The highest vaper-d-excess values generally occur

during winter months when the-air temperature and relative humidity (RH) are at their lowest levels (Fig. 1c¢ and

1d). Furthermore, —and-the-d-excess starts to decrease frem-in spring—whiehis, earlier than the sharp drop ef-in

vaper-0'80 duringat the onset of the summer monsoon.
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Figure 1. The—general temporal variabilityTime series of observed water—vapor 5'%80.isetope

compeositions d-excess. and daily local meteorological variables from 2015-2018: (a) 8'30, (b) d-excess, (c) air

temperature, (d) relative humidity (RH), and (e) precipitation amount. Fhe-lLight blue shading highlights

the summer monsoon season, and-thewhile light steel blue shading highlights the non-monsoon season.

The linear relationship between paired §'80 and §?°H_values, along with their-data—peints—and positiontheir

loeations—_relative to the global meteoric water line (GMWL, §*H = 83'30 + 10) (Craig, 1961), generally-provides

additional insights into isotopic fractionation_processes (Putman et al., 2019). The local meteerie-watervapor line

(EMWELVL), estimated from all—_vaper-3°H and 8'30 data points, is 8*°H = 7.965'%0 + 14.04 (R? = 0.98). This

LVL whiehplots above but approximately parallel with the GMWL. This relatively higher intercept of vaper EMWE

LVL reflects the continental location of the site and further-additional kinetic fractionation after ocean surface

15



308  evaporation. The §°H-5'0 relationship also varied seasonally. During the non-monsoon season, Fthe—vaper

309 LMWL LVL fornon-monseon-season-is 6°H = 7.588'%0 + 10.61 (R2 = 0.96), while during the-and-fer summer

310  monsoon season, it shifts to-s §*H = 7.538'%0 + 0.91 (R? = 0.99). Non-monsoon seasen-vaperisotope-compositions

311  mainbydata primarily plot above both the GMWL and even-abeve-the overall-vaper— EMWLELVL. Conversely,

312  While-the-majerity-most ef-monsoon season isotope data plet-fall below the overall vaper-LVMWL, those-data

313 peints-that-havethough the lowest 8-6-values plet-points during this period are positioned above the overall-vaper

314  EMWELVL, indieating-furthersuggesting additional kinetic fractionation such as rain evaporation_ (He et al., 2024).

315  Vapor isotope-cempesitions for May are-mere-similartoresemble those during-of the non-monsoon season but plet

316 eleser—toalign more closely with both the GMWL and EMWELVL, while-whereas data for October show—a

317 moreexhibit-simtlar behaviors similar towsth the monsoon season observations.

v,
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Figure 2. Relationship between vapor 6’H and 6'80. The data is presented for different seasons: Data

during-thenon-monsoon seasen-(Nov-Apr)_as red dots, the summer monsoon-seasen (JJAS) as navy diamonds,

May_as olive squares, and October are-shewn-asred-dots; navy diamends;-olive squares;-and-cyan trangles;

respeetively. The solid line indicates the global meteoric water line (GMWL). The dashed line indicates the
local meteorie-watervapor line (EMWLELVL) estimated from all-vaper—_8°H and 6'30 data points.

The relationships between— wvaper5'%0 and specific humidity (¢) further indicate distinct seasonal patterns

inseasenally—eontrasting moisture dynamics (Fig. 3a). Nete—thatenlydata—before 2018—are shown—as—teeal

unavilability of local meteorological data for 2018. our analyses focused on data collected before this year.. Eer

menths-dDuring the non-monsoon season, particularly in winter months, the-majerity-efmost data points fal-are

positioned above the Rayleigh distillation line but below the-a mixing line that efrepresents an-an upper bound of

hypothetical evapotranspiration over South Asia;-espeeialyforthe-wintermenths. This suggests a mix between a

17



334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

dry end member and a moist end member. In contrast, data—ferduring the summer monsoon season, menths-data

predominately fall below the Rayleigh-distilation—_line, influenced —and-are-constrained-by “super-Rayleigh” hnes

with-different-degrees-efprocesses linked to rain evaporation.

Futher insights come from examing & X q Therelationships—between—versusand q relationships, which

highlight furtherindieate-seasonal contrasts in moisture source signatures (Fig. S3). Distribution-ef nen-menseen

Rayleigh-distilation(Fig—S3)—For the non-monsoon season, a/ simple estimation through the linear regression

between § X q and q suggests a §"O-of the-moist end member for-the non-menseon-seasen-iswith an 5'%0 of -
13.9%o + 0.6%o. The amount weighted annual mean precipitation §'30 at this-our site was about -14.5%o (Yao et al.,

2013). However, during the monsoon season, the overall estimation of 580 for the moist end member through the

linear regression between § X q_and q_forthe-summer monsoon-season-suggests-5 O-of the moist-end-member

1sis significantly lower at -30.9%o £ 1.8%0, pointing to-which-is-muchlowerthanthe-estimationfor the non-menseen

seasen—This-exeeptionally tow—valuerequires an additional moisture source ef-from rain evaporation that is mueh

more depleted in heavy isotopes-than

below-the Rayleigh-distilationline(Fig—3a). These results align with the distribution of §'%0-¢ data below the

Rayleigh line during the summer monsoon season (Fig. 3a), underscoring the influence of different moisture sources

and Processes acrosSs seasons.

The relationships between vaperd-excess and g also saggestreflect seasonal contrasts in moisture dynamics

(Fig. 3b). During non-monsoon season months, vaperd-exeess—shows-a negative correlation is observed where

lower with-¢; corresponds toand-the highesthigher d-excess values (Figs. 1 and 3b). This relationship is particularly

pronounced under dry and cold conditions-are-generally-assoctated-with-the-driest-and-ecoldestair(Figs—tand 3b).
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In contrast, during the summer monsoon season, Hewewerno clear relationship between; vaper-d-excess does-not

show—a—elear—relationship—withand ¢ is apparent, with d-excessand shews—showing a—substantialconsiderable

variability (~of approximately 20%.—_in—range}-at any given g—duringthesummer—mensoon—seasen. These

relationships-findings suggest that vaperd-excess is less predictable by-using g compared tothan §'80, except for

under low humidity levels.

680 (%o)
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Figure 3. Relationships between vapor isotopes (5'%0 and d-excess) andisetepe-compositions-and specific

humidity (q) from 2015-2017. (a) scatter plot of 3'30 against speeific humidity(g). (b) scatter plot of d-excess

against ¢q. Each data point is color-coded by month.Fhe-monthsfor-the-datapoints—are—color-coded: The

rReference lines are-thesame-ascorrespond to those in Fig. S2;-; and-their interpretations-ef-thesereferenee

lines—arereferred-te_is detailed in Fig. S2 and sSection 2.3. Note that only data before 2018 are shown (see
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text for details).

3.2 Seasonal variability in mMoisture sources and transport pathways-fer-differentseasons

To understand the drivers efbehind the seasonal eentrasting-variations in moisture dynamics-refleetedin-vaper

isotope-compositions, we-first analyzed the moisture sources and transport pathways during different seasons (Fig.

4). Neote-again-that-weOur focus was on the contribution by-of moisture from historical air masses (last 10 days)-air

mass to humidity at SETP-instead-of moisture-uptakefromthe Earth-surface.

During the non-monsoon season, moisture is mainly transported by—via two pathways: branches—with-one

originating from the west of SETP, carried by the westerlies (clusters Nov-Apr2 and Nov-Apr3), and the-another

from the south-ef SEFP, such as the BOB (cluster Nov-Aprl). Quantitatively, the fraction-of meistare fromthe south

pathway—and-the sam-of the-two—west-branehescontributions frm these pathways are-is comparable, with ¢52.4%

from the southern pathway and xs—47.7% from the western branches combined). Interestingly, We-note—thatif

moisture-contributionsby-air pareels-are not-consideredwhen considering only trajectories without accounting for

moisture contributions, trajeetoriesfor-all three clusters arefrom-the-westof SETPand-they-onlyrefleet the-transport

ofatrmassesappear to originate from the west of SETP (Fig. S4). Fhese-differeneesThis discrepancy highlights the

importance of distinguishing between pure air mass trajectories-transport and eensidering-meisture-contribution by

air-masses-eall-foreantionactual moisture sources when interpreting airass-trajectoriesy data.

In contrast, dBuring the summer monsoon season, moisture transport is predominantly transperted-from the

south of SETP, driven by the summer monsoon. The meistare-sources-and-transport-pathways fer-observed in May

show-someshare similarities with theresultsforthose of the non-monsoon season, but with notable differences.

Compared-withSpecifically, the second transpert-pathway during May (cluster May?2) shifts southward toward the

AS compared to its counterpart during the non-monsoon (cluster Nov-Apr2);thesecond-transportpathway-during

May(elaster May2)-shows-an-overall southward shift toward-the-AS. Similarly, Altheugh-thewhile October’s air
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mass transport pattern-direction during-Oectober-is-also-similarto-thatmirrors that of-during the non-monsoon, the

moisture sources and-transpert pathways for-Oetober-show similarities-greater alignment with theresultsforthose

of the summer monsoon season, albeit with a slight eastward shift (Figs. 4d and S4d).

Another emerging—featare-efnotable aspect of the moisture source distributions is that-humidityat-SETPis

asthe dominant contribution from proximal

terrestrial regions, espeeialy-particularly those regions—n-itsto the south_of SETP (Fig. 4). In-contrast—airmasses

P-For instaneeexample, the 1% contour

ofrepresenting moisture contributions by-from air parcels over each 1°x1° grid box does not reach-extend into

oceanic regions during al-any of the four seasons. Therefore—meoistare—uptake—ofThis indicates that surface

evaporation from oceanic regions; such as frem-the BOB and AS; is-alse-verylimitedcontributes minimally. Instead,

as most of the moisture in-aiasses-originating over these oceanic regions is lost by-through precipitation before

reaching SETP, and what remains is replenished by evapotranspiration during the-transport toward-SETPover land.

This result-finding raises an important guestions-question: do whether-the vapor isotopie-compesitioncs measured

at SETP still preservereflect the meteorological infermatien-conditions at their —ocean-surfaeeic sources?-
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Figure 4. Moisture sources and transport pathways during different seasons from 2015-2017. (a) spatial

distribution of relative contributions of moisture by-from all air parcels overall each 1°x1° box (shading) to

humidity at the SETP station, along with-and specific humidity (¢) along mean trajectories (weighted by the

moisture contributions-ef-air-pareels) for the non-monsoon season of November-April (Nov-Apr). (b-d) are

the same as (a), but for the monsoon season of June-September (JJAS, b), May (c), and October (d),

respectivley. The dotted yellow and dashed green contours indicate the moisture contribution at 0.1% and

1%, respectively. The yellow crosses indicate the location of the SETP station. The black solid lines denote

the Tibetan Plateau with altitude contour at 3000 m.
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413.3 Role of ocean surface evaporation conditions_at seasonal and intraseasonal time scales

Relationships between vaper-d-excess and ocean surface evaporation conditions-ef, such as RHgsr and SST,

are-firsttestedwere examined using al-the-data from 2015-2017 (Fig. 5a and Fig. S5a). Results indeed show negative

correlations between vaperd-excess and RHssr over northern Indian Ocean, espeeially-particularly in the northern

parts of AS and BOB (Fig. 5a). QuantitivelySpecifically, the regression slopes eftheregression-betweend-exeess

andRHgsrfor this relationship ever-across the northern Indian Ocean range-vary from higher than -0.1%o %' to

values below -0.6%0 %™.

Focusing on specific regions, The-regression-stopes-over-the northern BOB (10-22°N and 80-99°E) and the

eastern AS (7-20°N and 65-78°E; Fig. 5a) fall-exhibited regression slopes within the range (from -0.3%o %' to -

0.6%o0 % ") previously reported-in-previeus-stadies (Uemura et al., 2008; Benetti et al., 2014; Liu et al., 2014; Bonne

et al., 2019). For instance, Vaperd-exeessandthe regional average RHssr in the eastern AS wyields-shows an overall

regression slope of -0.49%o %! (r =-0.52 and p < 0.01) forthe-eastern-AS-(Fig. S66a)-and, while the northern BOB

has a slope of -0.52%o0 %! (r=-0.55 and p < 0.01) for-the-nerthera BOB-(Fig. S76b). However, upon closer inspection

of the d-excess- RHgsr plots (Fig. 6), it becomes evident that the-distribution-of data-in-the-d-exeess-and RHssrspaee

suggestsa-clastering-of datadata points clustered according to-that-ebservations-during-summer-months-are-matnly

| Linthel bt with hich REssrar

different seasons-

resultssuggest, implying that the apparent negative correlations between—d-exeess-and RHssr—may—maintymight

primarily arise-stem from their—oppositeng seasenalityseasonal trends. Similarly, apparent negative correlations

between wvaper-d-excess and SST also emerge over the northern Indian Ocean (Fig. S5a). HeweverYet, both

theoretical prediction (Merlivat and Jouzel, 1979) and in-situ observations above the ocean surface (Bonne et al.,
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2019; Liu et al., 2014) suggest a positive correlation between vaper-d-excess and SST. Fherefore;we-argueThese

discrepancies lead us to speculate that the overall correlations between SETP vapor d-excess and surface evaporation

conditions over the northern Indian Ocean are mainty-aresultof theirseasonalitylikely driven by seasonal variability

| - i cnshins.

We—further—examined—tThe relationship between waper—d-excess and RHgsr was further analyzed by

distinguishing betweenfer the summer monsoon and non-monsoon seasons;—tespeetively. During the summer

monsoon_season, tFhe negative correlation between—vaper—d-exeess—and—RHssr—almost—totally—diminishes

with correlation coefficients

significantly,

drop-teping below 0.3 (Fig. 5b). In contrast, significantStrenger correlations present during the non-monsoon season

(Fig. 5c¢), eeuld—bepotentially due to the—ewverall-intraseasonal variations that-where d-excess is—the—highest

duringpeaks in winter and lewer-decreases at the beginning and ending stagesof the non-monsoon season (Fig. 1b),

possibly accompanied with-anby eppesite-opposing RHgsr trends. Even-seHowever, even during the

non-monsoon s€ason, 1

the explained

variance in d-excess remains low, at a maximum of ¢10%-16% at-maximum-over the northern BOB). Similarly,

correlations with SST over the northern Indian Ocean also become trivial-negligible when seasons are considered

separately a (Fig. S5). In summary, vapor d-excess at SETP

is less likely a conservative tracer of surface evaporation conditions (neither RHgsr nor SST) over the northern

Indian Ocean. Therefore, it-sheuld-be-eautions-when-interpreting d-excess in meteoric water or paleo archives from

the TP as a proxy ef-for Indian Ocean evaporation conditions evertheIndianOeeanshould be approached with

caution.
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Figure 5. Relationships between water—vapor d-excess and relative humidity scaled to sea surface
temperature (RHgsz). (a) regression of vaper-d-excess against RHgsr (shading and only values significant at
the 95% significance level are shown) and correlation coefficients between them (contours at an interval of
0.1 and only negative correlations are shown) for all the data from 2015-2017. (b) and (c) are the same as (a)
but only for the data within the summer monsoon season (JJAS) or the non-monsoon season (Nov-Apr),

respectively. The black dots indicate the location of the SETP station. The black solid lines denote the Tibetan

Plateau with altitude contour at 3000 m.
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Figure 6. Relationships between SETP vapor d-excess and relative humidity normalized to sea surface

temperature (RHgs7) averaged over (a) eastern Arabian Sea (7-20°N and 65-78°E) and (b) Bayv of Bengal (10-

22°N and 80-99°E) from 2015-2017. Each data point is color-coded by month. Solid black lines indicate the

linear regression between all data points. Dashed orange lines indicate linear regression for data during the

non-monsoon season (Nov-Apr) and dashed dark blue lines for data during the summer monsoon (JJAS).

The slope (%0 %), r, and p values for the three data groups are also shown.
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4:23.4 Role of dry and cold air intrusion during the non-monsoon season

Both theoretical predictions byfrom the Rayleigh model and observations during the non-monsoon season

suggest an-inereasing-trend-ofthat vaperd-excess increases as when-q goes-to-extremelylow-valuesdecreases when

g reaches extremely low values (Fig. 2). In addition, results for both air mass transport and moisture transport show

the dominant role of the westerlies (Figs. S4a and 4a). FhereforeBased on these evidences, we hypethesize-propose

that during the non-monsoon season, vapor isotopes are influenced by the mixing of cold and dry air transported by

the-westerlies from higher altitudes with surface vapor

seasen. Furthermore, sSurface vapor influenced by recycled moisture from terrestrial evapotranspiration would

further elevate waperd-excess at a given g (Fig. 3b).

We first-didperformed a composite analysis on moisture sources and transport pathways for the highest (higher

than 30%o, and n = 10) and lowest d-exeess-ebservations-(lower than 10%o, and n = 8) d-excess observations during

the non-monsoon season (Fig. 67). Fer—-hHigh waper—d-excess values;—meisture—is_are primarily associated

predominantly-with moisture transported by westerlies from the-regions west of SETP, such as over the TP and

northwestern India. In addition, air—masses—aleng—backward trajectories for these cases are—show air masses
characterized by extremely low g, i-e-reaching-as-tew-as below 2 g kg™! along the mean trajectories (weighted by

the moisture contribution) over the TP (Fig. 6a7a). Conversely, fFor low d-excess cases, a substantial

ameuntsignificant portion of moisture transport pathways—(aceountfor39-2% bythe L1-elusterFig—6b) shifts

toward more humid areas-regions, includingef northeast India, Bangladesh, and the BOB, with the L1 cluster

accounting for 39.2% (Fig. 7b). This contrasting moisture transport pattern between high and low d-excess cases

agrees—aligns with our hypothesis that the-high d-excess is associated with dry and cold air transported by-the

westerlies.
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Figure 67. Composite of moisture sources and transport pathways for high and low d-excess days during

the non-monsoon season of November-April. (a) spatial distribution of relative contribution of moisture by

from all air parcels overall each 1°x1° box (shading) to humidity at the SETP station, and-along with specific

humidity (¢) along mean trajectories (weighted by the-moisture contribution-sef-air—pareels) for d-excess

values higher than 30%o during the non-monsoon season (n = 10). (b) is the same as (a) but for d-excess lower

than 10%o (n = 8). The yellow crosses indicate the location of the SETP station. The black solid lines denote

the Tibetan Plateau with altitude contour at 3000 m.

The-relationship-betweenvapord-exeess—and-tThe intrusion-influence of cold and dry air intrusions wasis

further investigated through an analysis oftested—by relationships amens—involvingvaper d-excess, local g,

wweighted-mean upstream ¢, weighted-mean upstream air temperature, and weighted-mean upstream air altitude

(Fig. #8). Ubpstream variables are-represent weighted averagesmean-valaes along the 10-day backward trajectory,
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where weights correspond to-weighted-by the moisture contribution-efthe-airpareel at each time step (sSection 2.4).

The non-monsoon season vaper-d-excess shows robust negative correlations with_both local ¢ (r =-0.65, p <0.01)

both-at-the loeal-seale-as-well-as-atand upstream g (r = -6-65-and--0.67, respeetivelypyand-p < 0.01-for-both). Atthe

same-timeFurthermore, low ¢ is associated with air masses with-characterized by low temperatures and frem-high

altitudes (Figs. 7e-8c and 7d8d)—TFhis-effeet, which could also have-an-impact envaper5'80. Indeed, §'%0 during

the-high d-excess cases is lower than 8"*O-during—_the-low d-excess cases (at a significance level of 95.3%)--and.
the-The overall correlation coefficient between 5'30 and d-excess during the non-monsoon season is -0.29 (p <

0.01). Notably, c€orrelations between 8180 and ¢ are weaker compared to those observed for d-excess, with local q

{showing r = 0.42 and-(p < 0.01) erand upstream g {showing r = 0.38 and-(p < 0.01)-are-weaker thanthe-correlations
between-d-excess-and-¢. The relationship between non-monsoon season 8'*0 and humidity is mainly expressed as
the relationship between § X q and g (r = 0.82 for local ¢ and r = 0.90 for upstream g).
We-further-analyzed-the-sSpatial distribution-of-correlations between SETP-vapor isotope-compositions (5'°0
and d-excess) and 2-meter air temperature as well as humidity measured by 2-meter dew point temperature during

the-nen-meonseen——seasenalso support these findings (Fig. 8S6). SResultsshow-significant negative correlations

between d-excess and dew point temperature at-theregionalsealeexist over southeastern TP, northeast India, and

northern Bangladesh-(Fig—8a).

shows strenger—significant positive correlations with air temperature over the India subcontinent and the

northwestern part-efsSoutheast Asia-(Fig—8d).

As shown in Fig. 3b, Eextremely high d-excess values are predicted at very low g levels-are-predietedinFig:

3b;. and-pPrevious study-studies has-have shown that as ¢ approaches zero, vapor d-excess can approach 7000%o
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following the Rayleigh distillation trajectory (Bony et al., 2008), eaused-bya behavior inherent to the definition of

the d-excess (Diitsch et al., 2017). High-vaper d-excess values have also been observed in low humidity eenditions

environments, such as #n-the-polar regions (Bonne et al., 2014; Steen-Larsen et al., 2017) eratand high altitudes

(Samuels - Crow et al., 2014; Webster and Heymsfield, 2003; Sayres et al., 2010; Sodemann et al., 2017). Therefore,

we infer that the increasing trend of vaper-d-excess ateng-with decreasing local g, upstream ¢, and regional dew

point temperature is a—restlt-ofintensifieddue to enhanced mixing with dry and cold subsiding air transported by

the westerlies from high altitudes. Relationships between upstream g and upstream air temperature as well as altitude

further support this inference, indicating that low humidity conditions is—are associated with the presence of

subsiding dry and cold air from high altitudes (Figs. 7e-8c and 7d8d). Therefore, vapor d-excess during the non-

monsoon not only provides infermatien-eninsights into-the specific humidity levels but also indicates the source of

humidity.
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Upstream q (g kg™1)

upstream ¢, weighted-mean upstream air temperature (T), and weighted-mean upstream air altitude during
the non-monsoon season of November-April. (a) scatter plot of d-excess against local g. (b) scatter plot of d-
excess against upstream weighted-mean ¢. (c) scatter plot of upstream g against upstream air T. (d) scatter
plot of upstream ¢ against upstream air altitude. All the upstream variables are mean values along backward

trajectories weighted by the moisture contribution of air parcels. The solid curves indicate the log regression

Local q (g kg™1)

r=0.83 e

Figure 78. Relationships among water—vapor d-excess, local specific humidity (¢), weighted-mean

T T T
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Upstream air T (°C)
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(d) r=-0.66

Upstream air altitude (km)

between the respective variables with the correlation coefficients indicated by the numbers.
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552 433.5 Role of rain-vapor interaction during the summer monsoon season

553 Differentfremln contrast to the significant dependence of vaper-d-excess on gspeeifie-humidity during the

554  non-monsoon season, vapor d-excess is-net-cerrelatedshows no correlation with gspeeifie- humidity (r = 0.04-and, p
555 = 0.51) during the summer monsoon season. The behavior of §'%0 is-also distinet-duringdiffers between the two
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seasons (Fig. 3). During the Distribution-efs-summer monsoon season, ebservations-in-the-5'80-¢ plots space-below

the Rayleigh curve, suggests-indicating that the vapor has undergone a eertain-degree of rain-vapor interaction by

raindue to evaporation (Fig. 3a). On—the—otherhand,—pPartial rain evaporation in an unsaturated atmospheric

environment is-asseeiatedleads to-with kinetic fractionation, which decreases-the d-excess values ef-thein raindrops

butinereases-thewhile increasing d-excess in theef surrounding vapor (Risi et al., 2008b). This effect of rain-vapor

interaction on vapor isotope-cempesitions has been suggested as a majorprocessresponsible-forprimary mechanism

driving the amount effect in the-tropicsal regions (Risi et al., 2008a; Kurita et al., 2011; Bowen et al., 2019;
Galewsky et al., 2016). Therefore, we hypothesize that vapor isotope-eompesitiens during the summer monsoon
season at SETP are eentroHed-influenced by the degree of rain-vapor interaction.

The first evidence supporting this hypothesis is thatthe significant correlation between— vaper—8'%0 is

significantly-correlated-withand d-excess during the summer monsoon season (r = -0.55-and, p < 0.015-; Fig. 9a). In

addition, there is a trend thatwhere— vaper-5'30 and d-excess areless-cerrelatedexhibit weaker correlations when

3130 is-high-and-the-oppesite-forlow-8"0-levels are high, and stronger correlations when §'%0 levels are low (Figs.

9a and S8S7). H there-is-no-rain,rain-vaperinteractionis-not-possible—ThereforeTo explore this further, we flitted

data-during days-when-thecategorized days with daily precipitation ameuntis-netless-thanof at least 2 mm as “rainy

days” and days-those with preeipitation-less than 2 mm as ne-rain-eeeurstoeally{“non-rainy days™)._This distinction

is based on the premise that rain-vapor interaction cannot occur in the absence of rainfall. The analysis reveals that

Vaper-6'%0 during rainy days is significantly higherlower than that during non-rainy days, —andwhile d-excess

show the opposite trend-appliesfor-d-exeess (p < 0.01 for both §'80 and d-excess); Figs. 9b and 9c). Furthermore

tFhe correlation between—_vaper-5'0 and d-excess becomes stronger during-on rainy days becomesstronger(r =

-0.69-and, p < 0.01)—Hewever—vapor-8"0O-isstill negativelyecorrelated-with-d-exeess—during, though a weaker

negative correlation persists even on non-rainy days (r = -0.40-and, p < 0.01). Even #when applying a stricter
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578  threshold of 0 mm for dailypreeipitation-amount-is-used-for-flittering-non-rainy days, there-is-sti-athe-significant

579  negative correlation between—vaper— 8'®0 and d-excess remains significant (r = -0.37—and, p < 0.01). In

580  additienMoreover, correlations with local precipitation amount are weak-beth for both §'80 (r=-0.31-and, p <0.01)

581 and d-excess (r = 0.26-and, p < 0.01). Therefore,wefurtherThese findings lead us to infer that vapor isotopes during

582 the summer monsoon season at SETP are influenced not only by localthe-effeet-of rain-vapor interactions is-net

583  enbyfrom-theloealseale-but also inheritbys the history of rain-vapor interactions before-vaperhas-been-transported

584 to-SETPthat occurred before the vapor reached the region.

(b)

25

(a) Local P >= 2 mm; r = -0.69 (c)

° Local P < 2 mm; r =-0.40

d — excess (%o)

O T T T T
=35 -30 -25 =20 -15 -10
585 680 (%)
586 Figure 9. Relationships between SETP vapor d-excess and $'30 during the summer monsoon season. (a)

587  scatter plot of d-excess against 830 and linear regression lines between them. (b) distribution of 3'30 values

588  with the dashed lines indicate values at the lower and upper quartiles and the solid lines indicate the mean
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values. (¢) is the same as (b) but for d-excess. Orange colors indicate data observed during daily precipitation

amount less than 2 mm and blue colors indicate data observed during days with precipitation amount not

less than 2 mm. The r values for both lines are indicated in (a) and both of them are significant at the 0.01

level.

stronger—ThereforeTo further investigate the role of rain-vapor interactions, we use total precipitation amount (Pgc.)

as a-measure-ofan indicator of rain-vapor interaction, considering the cumulative effect over several days preceding

sampling.

before-samplingis-considered—We-have-testedOur analysis examined correlations-therelationships between vapor

isotope-compositions (5'%0 and d-excess) and P,.. everfor periods ranging from 1-10 days prior to sampling (Figs.

S$9-S8 and S$H0S9). Vapor d-excess reaches an optimal correlation with P, when the-tetal-preeipitationameunt
duringconsidering 3 days before sampling (Pocc 34)-is-considered. Vapor 8'30 shows a slightly longer memory and
reaches an optimal correlation with-P...-whenthe-total preeipitation-ameunt-duringaround 5-6 days before sampling

is-considered. Fig. 10 shows the spatial distribution of these correlations, between-vaperisotope-compeositions{8°0

and-d-exeess)andP... z+—Vaperwhere d-excess shows-significant-positive-eorrelationspositively correlates with

Puce 3q in-the-regionsurrounding-SETP-with-a-spatial-seale-efacross a ~5°%5° region surrounding SETP and the

pesitive-correlation-extendsing southwestward to the-foethill-of the Himalayas (Fig. 10a). In contrast,— vaper-8'%0

shows significant negative correlations withPec. 3+in similar regions (Fig. 10b). Interestingly, evenFer on non-rainy

days, vaper-8'°0O-and-d-excess-still shew-significant regional-scale correlations withP,.. ;-atregional-sealepersist,
albeit with-weaker eerrelationlevels-and with a smaller spatial extent (Fig. SHS10).

These significant-correlations-amongvapor-d O-d-exeess;-andP... s/findings provide further evidence for

understanding preeesses-thatarerespensibleforthe mechanisms driving the amount effect. The negative correlation
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611  between §'%0 and P..sshas also been observed in precipitation and can be interpreted-in-terms-efattributed to either
612 continuous rainout (Scholl et al., 2009; Vuille et al., 2003; Ruan et al., 2019) or the-effeet-efrain-vapor interactions

613 (Lawrence et al., 2004; Risi et al., 2008a; Kurita et al., 2011; Worden et al., 2007). Altheugh-While continuous

614 rainout, explained by the Rayleigh distillation model, with-inereasedrainfall-amount-can-explainaccounts for the

615  decreasing trend of §'%0_with increased rainfall-by—the Rayleigh-distillation-medel, d-excess stays-remains at-a

616  relatively stable levelwhenunless specific humidity is-netverylowdrops to very low levels (abeve—~4 g kg in Fig.

617 3b for example). Fherefore;+tThe positive correlation between vapor d-excess and Py 37 provides an additional

618  constraint, suggesting that the amount effect is not simphy—solely a result of rainout but rain-vaperinteractionplays

619 nsalso involves rain-vapor interactions, which
620
-0.6 -04 -0.2 0.0 0.2 04 0.6
621 Correlation coefficient
622 Figure 10. Relationships between vapor isotope-compesitions for rainy days (local daily precipitation

623  amount not less than 2 mm) and total precipitation amount at the regional scale during the summer monsoon
624  season. (a) spatial distribution of correlation coefficients between—vaper d-excess and total precipitation

625  amount during 3 days prior sampling (P.c. 34). (b) is the same as (a) but for !'30. Only values significant at
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the 95% significance level are shown. The black dots indicate the location of the SETP station. The black

solid lines denote the Tibetan Plateau with altitude contour at 3000 m.

4 Implications for interpreting TP ice core isotope data

Interpretationsing-of d-excess in meteoric water and ice cores on the TP are-is complicated by evaporation

conditions over the northern Indian Ocean (RHssr and SST) and continental recycling (Shao et al., 2021; Zhao et

al., 2012; Joswiak et al., 2013; Pang et al., 2012; An et al., 2017). Attempts have been made to establish a

relationships between vapor d-excess and RHsrr (Chen et al., 2024; Liu et al., 2024) as well as between ice core d-

excess and RHs77 (Shao et al., 2021) or SST (Zhao et al., 2012). Based on relationships-betweenvapor-d-execess-and

surface-evaperation-conditions-diseussed-abeveresults in Section 3.3, however, the apparent relationships are mainby

primarily a result of similarities in the seasonality of these variables.

Furthermore, the direct contribution of oceanic water-vapor eontained-in-airimasses-over-oceanieregions-to

humidity at SETP is very limited (Fig. 4), which-imphesimplying an even smaller contribution thatthe-centribution

to-humidity-over the TP since SETPisfurther deereased-than-at-SETPas-it is at the forefront of moisture transport

toward TP (Fig. S1). The dominant terrestrial origin indicates that-the-meisture-has—undersonea—certain-degree

ofsignificant continental recycling. Terrestrial processes such as transpiration and evaporation introduce isotopically

enriched moisture and high d-excess signatures, respectively. Mixing with terrestrial sources is also reflected in the

relationship between vapor isotope-eompositions and g (Fig. 3). The-degree-ofcontinentalreeyelingalso-altersvaper

vartations-atlonger-timesealesSeasonal changes and long-term variations in precipitation and ice core isotopes have
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been interpreted as shifts in moisture source shift-between recycled terrestrial moisture ever-terrestrial-regions-and

oceanic meisture-sources or their relative contributions (An et al., 2017; Yang and Yao, 2020). A-furtherinference

of this-process-is-thatthe-eOceanic moisture is breughtbytypically associated with the summer monsoon, while the

westerlies bring moisture from continental recycling or even the Mediterranean Sea;-. Water isotope signatures on

the TP were thought to reflect thisand-therefore-water-isotope-signaturesrefleet-the interplay between the summer

monsoon and westerlies (Joswiak et al., 2013; Pang et al., 2012; Tian et al., 2007). Although-eurresults—alse

indieateDespite seasonally shifting moisture sources, continental recycling prevails throughout the year (Fig. 4).

ide-aOurn alternative perspective te-explains the

high d-excess induced by the—westerlies as dry and cold air intrusions_rather than surface evaporation or

evapotranspiration. Ha-this-eirewmstance-the-interpretation-of While the interplay between the summer monsoon and

westerlies is—stilremains valid, but we emphasize changes in air mass preperty-properties driven by the-different

circulation systems.

The proposed alternative interpretation could also help understandexplain the abnormally high d-excess in

high-altitude ice cores mentioned in the Introduction.-the-inereasing-trend-of precipitation-andriver-water-isetope

observations-toward-icecores-athigher altitudes-onthe TP This is becauseas specific humidity-is-verylow at these

ice core sites_is extremely low, and prolonged interaction with cold and dry air may further modify snow isotope

compositions (Ma et al., 2024; Wahl et al., 2022). In addition, intense rain-vapor interactions during the summer

monsoon is-represent another potential source of higher-elevatedvaper d-excess (seetion-Section 4:33.5). When this

highHigher—vapor d-excess vapor contributes to subsequent precipitation, its signal eewld-—can be inherited in

subsequent—the resulting precipitation—when—it—feeds—thepreeipitation (Risi et al., 2008b). However, a clear

relationship between TP precipitation d-excess and monsoon convection has retbeenyet to be established-yet, partly

due to less-limited attention-has—been paid to d-excess in previous studies. On the other hand, local raindrop

39



669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

evaporation may counteract this effect by reducing raindrop d-excess values.Nevertheless;-summermonsoonrainfall

- The overall positive

correlation between precipitation d-excess and altitude #-across Asia has been-sometimes been interpretedattributed

to-as stronger evaporation at lower altitudes (Bershaw, 2018). For snowfall on glaciers, however, evaporation istess

hikely-for falling snowflakes is less likely due to cold temperatures and the short distance between the cloud base

and the glacier surface. Therefore, elevated vapor d-excess signals caused by accumulated rain-vapor interactions

at upstream associated with monsoon convection could be anetherseuree-fora possible source of the high d-excess

in ice cores.

5 Conclusions

We present a three-year-long daily near-surface swater-vapor isotope eempesitions—dataset observed at the

Seuth-East- FPSETP station, which is at the major channel for moisture entering the TP. Our—vaper—isetope

compeositionsThe paired measurements of vapor isotopes andwith specific humidity refleet-reveal distinct moisture

sources and dynamics between the-non-monsoon and summer monsoon seasons, consistent with findings from

Lagrangian moisture diagnostic—results. Despite significant negative correlations between—vaper d-excess and

relative humidity scaled to sea surface temperature existing-over the northern Indian Ocean when data-for-all seasons

are considered,

consideringeach-seasenthese correlations weaken or even disappear when analyzed within individual seasons. This

result-questionsfinding challenges the early-earlier interpretation of TP d-excess as indicator of oceanic evaporation

conditions and guarantees new interpretations in the future.

40



690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

During the non-monsoon season, vapor d-excess is mainbyprimarily influenced by specific humidity beth-at

both the-local seale-and upstream scales. HighbyAir that has undergone significant dehydration, situateded-air at the

lower end of the Rayleigh distillation, is expected to have extremely high d-excess values. Adr—massBackward
trajectory analyses and moisture source diagnostics suggest-reveal that the intrusion of cold and dry air-intrusien
driven by-the westerlies during the non-monsoon season leads to the increasing trend ef-in vaper-d-excess along
with-deereasingas specific humidity decreases. This process also contributes to a weak negative correlation between
vaper-d-excess and 8'%0. Furthermore, —vaper3'%0 primarily reflects mixing processes with-involving a relatively

enriched moist end-member compared with-to the summer monsoon season. These new insights into vapor d-excess

en-during the non-monsoon season vaper-d-exeess-provides an alternative way-framework for te-interpreting the
high d-excess in high-altitude TP ice cores.

During the summer monsoon season, rain evaporation is-emerges as the dominant process determining-shaping
water-vapor isotope compositions. First,— vaper-3'0 systematically shifts below the Rayleigh distillation curve,

aligning with predictions of falling-in-the regionpredieted-by-"super-Rayleigh” distillation driven-caused by partial

rain evaporation. Second,— vaper-8'%0 is anti-correlated with d-excess, pointing to an-erigin-of depleted-vapor-by

kinetic fractionation as a source of depleted vapor, which is-netlikelysimply-aresult-efcannot be attributed solely

to rainout. Third, at the regional scale, ¥aper-3'30 is-shows significantly negatively eerrelated-correlations with total

precipitation amount-at-theregional-seale, but-while vaper-d-excess positively correlates with total precipitation

amount. These results—findings help—usenhance our understanding of the—dynamies—ef-atmospheric humidity

dynamics and alse-help disentangle the different effects of rainout and rain-vapor interactions in the context of the

amount effect.

This study reveals distinct moisture sources and dynamics between non-monsoon and monsoon seasons over

the southeastern Tibetan Plateau. These findings will aid in interpreting 8'%0 and d-excess records from Tibetan
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Plateau glaciers, offering refined insights into past hydroclimatic conditions and challenging assumptions linking

ice core isotopes to oceanic evaporation alone. Overall-the-newfindingsfrom-the studyreveal-different-meisture
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