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Abstract. Eulerian and Lagrangian numerical moisture tracking models, which are which-mainlyprimarily used to guantify

moisture contributions from global sources to targetspecific regions-from-glebal-seurces, play a crucial role in hydrology and

(paleo)climatology studies on the Tibetan Plateau (TP)Beyso

theDespite their widespread use-efvarious-numerical-moisture-tracking-medelsapplications on the TP While-existing-studies

predominanthemploy-either-the-Eulerian-or-Lagrangian-method; the-potential differences-discrepancies in their moisture
tracking resultssimulations and their underlying causes ef-these-discrepancies-remain unexplored. In this study, we compare

the apphications-of the-most widely used Eulerian {MAM-2layers)-and Lagrangian {(FEEXPART-WaterSip)-moisture tracking
models #r-over the TP, i.e., WAM-2layers and FLEXPART-WaterSip, specifically focusing onis an Indian Summer Monsoon

(ISM)-dominated basin (Yarlung Zangbo River Basin, YB) and a westerlies-dominated basin (upper Tarim River Basin, UTB).
Compared to the bias-corrected FLEXPART-WaterSip, WAM-2layers model generally estimates—higher—moisture

ehRtHRHHORA om-westerlies-dominated—and-distan etfee—+egHonRS—od OWe cRtHBUHORA om0 ecycling- hlgher

moisture contributions from westerlies-dominated and distant sources but lower contributions from local recycling and nearby

sources eppesite-tedownwind of the westerlies-direction. —However\WAM-2layers-simulations-tThese issuesdiscrepancies

can be mitigated impreved-by using-higherincreasing the spatial-and--temporal resolutions of forcing data_in WAM-2layers.
OneA notable advantage of WAM-2layers over FLEXPART-WaterSip is its closer alignment of that-it-simulatesspatial
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distribution—ofestimated moisture sources with —meisture-sources—alighs-mere—closely-with-the general-pattern-of-actual
evaporation, particularly in source regions eharacterized-by—alternatingwith complex land-—sea distributions. Heweverln
additionHowever, the evaporation simulation-biases efin evaporation-in-FL EXPART-WaterSip can be partly corrected by
athrough calibration preeess-with actual surface fluxes. faFor moisture tracking over the TP, we recommend using for\WAM-
2layers-application—we recommend-seleeting-high-resolution forcing datasets with a focus on temporal resolution for WAM-
2layers, while —prioritizing-thetemporalresolution-—for FLEXPART-WaterSip—application, we suggest applying bias
corrections tobias-correcting-the simulationresults—including optimizee the filter effor precipitation particles and eerrectadjust
the-simulatienevaporation biases-of evaporationestimates.
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1 Introduction

Moisture tracking through numerical models play a pivotal role in advancing our quantitative understanding of the global and

regional atmospheric water cycle, and is crucial for a variety of applications in meteorology, hydrology, and climate science

Eneompassing-the-world’s-hishest plateau,—tThe Tibetan Plateau (TP) region, often referred to as the “Asia water tower”,

encompasses the world’s highest plateau and has been experiencing a rapid retreat of glaciers and permafrost, accompanied

by shifts in precipitation patterns and a pronounced warming trend in recent decades (Yao et al., 2018; Yao et al., 2022).
Numerous research efforts based on meteorological analyses and climate proxy indicators (e.g., precipitation and ice-core
isotopes) have comprehensively investigated inte-the hydrological cycle in this region {¥ae-etal 2013 Yang-etal; 2014 Liu
et-al;2020b)(Yao et al., 2013; Yang et al., 2014; Liu et al., 2020b). while-rRecent advancements in numerical moisture
tracking models have further facilitated the quantitative analyses—diagnoseis of moisture source-—receptor
relationshipseentribution to-aroundacross the TP_region (Chen et al., 2012; Zhang et al., 2017; Li et al., 2022a). Te-dateln
recent years, numerical moisture tracking has been widely used for-analysingto analyze precipitation and water resource
changes over the TP (Li et al., 2019; Ayantobo et al., 2022; Zhang et al., 2023b), interpreting the climatic
backgroundcharacteristics of TP’s climate proxy indicators (Shao et al., 2021; Li et al., 2022b; Wang et al., 2022), and
investigatinge the impacts of TP’s hydrethermal-climatic conditions on downstream areas (Zhang et al., 2023a).
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Table 1 We-summarizesd the numerical moisture tracking studies over the TP infor the {past twenty years{Table-1}:; the
utilized models can be Numerical-modelsformeoisture tracking-can-beand-broadly classifiediedied the-utiized-medels-into two
categories: Eulerian and Lagrangian frameworksmodels. The Eulerian moisture tracking approach typically-metheds(the
Eulerian-method-generaly- employs a fixed spatial grid system and primarily focuses on averaged physical quantities everwith
the predefined grid spacings, while the-Lagrangian methedmodels employuses a particle tracking approach to infer—inferring
the movement of moisture through individualdiagnosing source-—receptor diagnesisirelationships. Among these models,
Fherein-the Water Accounting Model-2layers (WAM-2layers) and the FLEXible PARTicle dispersion model (FLEXPART)
coupled with the “WaterSip” moisture source diagnostic method (FLEXPART-WaterSip) beingare the most widely use-the
predominant Eulerian and Lagrangian moisture tracking modelsmethod, respectively. Fhroughout-As suggested in Table 1,

eExisting studies predominanthy-mainly
used uml%&a—smgmawne%hedelegy—(elther Eulerian or Lagrangian methedymoisture tracking models driven by very diverse
forcing datasets, meanwhile covering various study periods and regions across; conducted-overvarious-study periods,—across

differentregions-in-the TPand-with-diverse forcing-datasets. These-diversitiesThis diversity largely hinders the guantitative
comprehensive—comparison of the-moisture tracking results based-fromen different models and the attribution of their
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distinetionsdiscrepancies._Nevertheless, we-two general patterns can be observed through a quantitative comparison of the
long-term moisture tracking results in these studies. have—examinedfigures—presenting—thelong-term—average—spatial
distributions e moisture sources-in-these studies. First, Some phenemena deserve ourattention:-1) Mmoisture sources tracked
by the-Eulerian methedmodels tend to cover a large part of the western Eurasian continent and eeuldcan -stretch southward to
the southern Indian Ocean (Zhang et al., 2017; Li et al., 2019; Li et al., 2022a; Zhang et al., 2024);. In contrast, “while-moisture
sources tracked by the-L agrangian methedmodels predominantly extend southward (Chen et al., 2012; Sun and Wang, 2014;

Chen et al., 2019; Yang et al., 2020), with broader westward extensions observed limited-tein the moisture tracking for the
maost-westernmost TP and Xinjiang region (Zhou et al., 2019; Liu et al., 2020a; Yao et al., 2020; Hu et al., 2021). 2)-Second,

Generally—areas with higher evaporation rates, such as the waterocean surfaces, tend-tein general contribute more moisture

compared to surrounding land areas. As-a+resuttWhile; the moisture sources simulated by Eulerian methedmodels aligns well
with the land-—sea distribution (Zhang et al., 2017; Li et al., 2019; Li et al., 2022a; Zhang et al., 2024), whereas-this
featurealignment is not-predominantlyless pronounced ebservedfor in-the-Lagrangian simulationsmodels (Chen et al., 2012;
Sun and Wang, 2014; Chen et al., 2019; Zhou et al., 2019; Liu et al., 2020a; Yang et al., 2020; Yao et al., 2020; Hu et al.,
2021). In this context, we havereasento-speculate that the-different moisture tracking methods—partictlarhy-the (both Eulerian
erand Lagrangian methedones)s; may involve certain unrecognizedunneticed errersfuncertainties or errors when applied to the
TP_region—urging—us—furtherexploration. This underscores the pressing need for further exploration to examine the
discrepancies among these models to better characterize the complex hydrological processes of the Tibetan-Plateau.

Table 1: Overview of Eulerian-and-Lagrangian-moisture tracking studies with Eulerian and Lagrangian models in the TP and its
vicinity. Note that there-are-extensive studies on water isotopes in the TP alse-enreempasswith moisture tracking simulations te
support-theirexplanations-are not included here-inthe Fable. “E and P” means the model diagnoses evaporation and precipitation

separately, while “E — P” means the model diagnoses contributions through water budget (i.e., evaporation minus precipitation).

Model (l;{lmsturg source Study area Forcing Study period Reference
iagnosis dataset

WAM-1layer E and P= Central-western TP ERA-I, NCEP-2 1979-2013 Zhang et al. (2017)
WAM-2layers  E and P— Endorheic TP EFEQA"_Q"SERRA' 19792015 Li etal. (2019)
WAM-2layers  E and P—= Southern/northern TP ERA-I 1979-2016 Zhang et al. (2019a)
WAM-2layers EandP TP ERA-I 1979-2015 Guo et al. (2019)

= WAM-2layers  Eand P TP ERA-I 1998-2018 Zhang (2020)

é WAM-2layers  Eand P TP ERA-l MetUM 1982 2012 gﬂg 2: 2:: gg;gg;

Yo WAM-2layers  Eandp— Major basins in TP EYRJQA"_SMsERRA' 19792015 Li etal. (2022a)
WAM-2layers  E and P m S}RJ'QX_E':"SERRA' 19792015 Li et al. (2022b)
WAM-2layers Eand P %g% :ckm ERAS5 2000-2020 Zhang et al. (2023a)
WAM-2layers  Eand P %@f‘w ERA5 2011-2020 Zhang et al. (2024)
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CAMS.1 with a

: E and P— Southern/northern TP MERRA 1982-2014 Pan et al. (2018)
tagging method
FLEXPART E-P TP NCEP-GFS 2005-2009 (summer) Chen et al. (2012)
areal-Areal source— Grassland on eastern
FLEXPART receptor attribution TP NCEP-CFSR 2000-2009 Sun and Wang (2014)
FLEXPART  WaterSip Four regions within - oz 1979-2018 (May- Chen et al. (2019)
TP August)
FLEXPART  2reabAreal source- Xinjiang NCEP-FNL 2008-2015 (April- Zhou et al. (2019)
receptor attribution September)
. 1980-2016 (June—
FLEXPART WaterSip Southeastern TP ERA-I September) Yang et al. (2020)
FLEXPART WaterSip Xinjiang NCEP-CFSR 1979-2018 Yao et al. (2020)
FLEXPART  WaterSip )N(?;;genrg/ Southern NCEP-CFSR 19792018 Hu et al. (2021)
FLEXPART  2reabAreal source- Source region of NCEP-FNL 1979-2009 Liu et al. (2021)
receptor attribution Yellow River
FLEXPART  WaterSip Xinjiang NCEP-CFSR 1979-2018 (April- Yao et al. (2021)
September)
-  FLEXPART E-P Three-rivers ERA-I 19802017 (boreal Zhao et al. (2021)
] headwater region summer)
g FLEXPART  E-P rTegri%en'“"ers SOuree NCEP-FNL 1989-2019 Liu et al. (2022)
&  FLEXPART  WaterSip Three-rivers ERA-I 1980-2017 Zhao et al. (2023)
- headwater region
. Three-rivers 1960-2017 (June—
HYSPLIT WaterSip headwater region NNR1 September) Zhang et al. (2019b)
HYSPLIT E-P Western TP ERA-I 1979-2018 (winter) Liu et al. (2020a)
HYSPLIT ma*@uml\/l_ax_lmum Seven regions within NCEP/NCAR 1961-2015 (summer Ma et al. (2020)
specific humidity TP extreme event)
B
o . 1950-2015 (extreme
HYSPLIT Contnb_utlo_n function TP NCEP-GDAS precipitation events) Ayantobo et al. (2022)
and weighting
HYSPLIT WaterSip Southern Xinjiang ERA5 2021(June 15-17) Chen et al. (2022)
. 1979-2016 (winter
LAGRANTO WaterSip Southeastern TP ERA-I extreme precipitation) Huang et al. (2018)
LAGRANTO  WaterSip Three regions within - £ 5 1979-2016 (winter Qiu etal. (2019)
TP extreme precipitation)
LAGRANTO  WaterSip Northern TP ERA-I 53;5%018 (monsoon Wang et al. (2023)
i 1982-2011 (April-
QIBT E and P Southeastern TP ERA-I September) Xu and Gao (2019)

It is noteworthy that Beyend-the FR_sseveral studies have employed both types-ofEulerian and Lagrangian models to diagnose
regional-moisture sources and have-conductedperform comparative analyses in other regions. For example, a a—series—of
contrastscomparison among RCM-tag (buildcoupled with-in MM5), WAM, and 3D-T (a modification of QIBT) models in

West Africa revealed that the number of vertical layers and the mixing assumption afterfor evaporation have-significantly

influence en-simulations, especially in regions with strong wind shear (van der Ent et al., 2013). FheAnother comparison
between Eulerian and Lagrangian apWinschal-et-al—2014)pproaches (withinimplemented in the COSMO model) in Europe
indicatedfound that the linkage of moisture uptakes in the atmospheric boundary layer to evaporation in the Lagrangian
methedapproach
advanced advanced-Eulerian methedmodel (Winschall et al., 2014). Tuinenburg and Staal (2020)Fuinenburg-and-Staal {2020}
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compared a set of moisture tracking models for 7 source locations globally and concluded Under~UTrack-atmespheric-
moisture” modelthat; the three-dimensional Lagrangian framewerkmodels were most accurate and eonsidered-more-suitable
for areas with relatively complex terrain, becauseas they can better deseribetrack moisture transpertbetterundercireumstances
efwith strong vertical variability in horizontal transport{Fuinenburg-and-Staal—2020}. FakingUsing the Eulerian WRF-WVT
model as “greund-trutha benchmark for moisture tracking over the Mediterranean region?, Cloux et al. (2021)Cloux-et-ak
£2021) considered the Lagrangian medelFLEXPART-WRF model was-argued-more appropriate for a qualitative description
of moisture origin rather than a precise estimation of source contributions. seurces-a-guantitative-oneThe-consensus-among
{These comparative studies iste-emphasize that the most suitable moisture tracking model depends on the specific case-itself,

sueh-asincluding but not limited to the research question, the-spatial extensient, and the-computing resource available. Despite
theconsiderablethese existing effortsin-otherregions, it remains unclear whether their conclusions are applicable to moisture
tracking the-over the TP region. Moreover, the studies on the generation mechanisms of model uncertainties through moisture

tracking intercomparison is still lackingfew

The overall objective of #a-this study;—we-aim_is to investigate potential errors/uncertainties in existing-numerical moisture

tracking models and the underlying mechanisms of their discrepancies researeh-overen the TP. This is achieved -and-understand
the-underlying-mechanisms-contributing-to-these-errors/uncertainties—through a comparison between thecempare the-most
commonly employed-used Eulerian and Lagrangian meisture-tracking-models in the FR-region, ramely-e-specifically WAM-

2layers and FLEXPART-WaterSip{FLEXPARTwith-“WaterSip”diagnostic-method). Given that the TR's-TP’s climate is
predominanthy-mainly influenced shaped-by the interactions between the Indian Summer Monsoon (ISM) and the-mid-latitude

westerlies, we have-chesenselected two representative basin for our comparative analysis: an-the ISM-dominated basin-{the
Yarlung Zangbo River Basin— (YB) and thea westerlies-dominated basin—{the-upper Tarim River Basin,—_(UTB) fer-our
comparative-analysis-(Fig. S1.in the Supplement). Section 2 provides-describes the mechanisms, forcing data, and numerical

settings for both moisture tracking detaled-information-on-the-foundational-mechanisms—input-data—and-settings-of-the

models. Section 3 effers-provides a comprehensive comparison of the moisture tracking results simulations—from-the-twe
maodels-acrossfor both basins. Section 4 analyses-delves into the intermediate processes ivehzed-inof moisture tracking in the
two models;—-e-;; moisture fluxes in WAM-2layers and particle trajectories in FLEXPART. To further explere—the

inherentillustrate the differences between these two models, Section 5 specifieexamines the relationship between the simulated

moisture contributions and actual evaporation from variouseverthe source regions. Section 6 introduces a two-step bias

7
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correction method for FLEXPART-WaterSip simulations; based on a the-comparison between actual and simulated surface
fluxes. Finaly—Section 7 further Seetion—5—further—investigates the potential determinants of the observed disparities
discrepancies between the two approachesmedels through a series of carefully designed numerical experiments. Overall-these

2 Eulerian {AMJAM-2layersy-and Lagrangian (FLEXPART-WaterSip)-methedsapproaches for moisture tracking:
WAM-2layers and FLEXPART-WaterSip models

In this study, Fthe WAM-2layers V3.0.0b5 is adopted for the-Eulerian moisture tracking-in-this-study. The-This two-layers
version, which-is-designed to deal with the-wind shear in the upper air, is an update to the previeushy-usedearlier single-layer
version (van der Ent et al., 2010). As illustrated in the conceptual graphs-diagram (Fig. 1a), the underlying principle of WAM-

2layers is the water balance equation (van der Ent et al., 2014), which in the lower layer is given by:

as a(s u) a(s v)
g lowerk __ _ g,lowerk _ kg,lower _
ot = P -+ 3y +Eyy — Py T F, ,+55

1)
Where-where subscript g _denotes the tagged moisture; S_is the moisture content in the atmosphere-S-is-the-atmespheric
moisture-content-inltayerk; t is time; u and v are the zonal (x) and meridional (y) wind fields, respectively-zena)-and

meridional()-directions; E is evaporation (which only occurs in the bottom layer); anrd-P are-evaperation{occurs-only-in-the
bettem-layery-andis precipitation; and F, is the vertical moisture transport between the two layers:and-&-is-the-residual-term.

The model prescribes a two-layer structure, typically dividing at approximately division{=810 hPa with a standard surface

pressurey. and-mModifiescations to F, (with-4F, in the net flux direction and 3F, in the opposite direction) are implemented to
censider-account for turbulent moisture exchange._Note that the division between two layers varies with topography, and
#which decreases to ~520 hPa over athe TP (~4000 m)-4000m-altitude.
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Figure 1: Mechanisms of (a) WAM-2layers (a)-and (b) FLEXPART-WaterSip {b)}-methedmodels. “Step two” in (b) is adapted
210 from Sodemann et al. (2008).

The Lagrangian particle trajectory simulation in this study is implemented-conducted using FLEXPART V10.4, a versatile
model widely employed to simulate the transport and turbulent mixing of gases and aerosols in the atmosphere (Pisso et al.,
2019). ELEXPART can operates inFhe domain-filling mode to represent the entire atmosphere in-FEEXPART-adepts-using
215 evenby-uniformly distributed particles with equal mass.-to-representthe-entire-atmosphere; It is independent of a computational

agrid, which enables effective descriptions of atmospheric transport effers-a-precise-means-to-describe-the-global-and-regional
atmesphericeyele-at a theoretically infinitesimal spatial sealeresolution. Forka this study, five million particles were released

from-at altitudes ranging from 100 m to 20,000 m across the entire study-target region. The demain-fithingmedel-outputs from
FLEXPART includes detailed three-dimensional position, topography height, potential vorticity, specific humidity, air density,
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temperature, mass, and planetary boundary layer height (BLH) of each particle/parcel at 6-hourly intervals (Fig. 1b). Similar
to other Lagrangian models like-such as HYSPLIT (Stein et al., 2016) and Lagranto (Sprenger and Wernli, 2015), FLEXPART
on its own eannet-does not identify potential moisture sources for precipitation in the target region nor quantify their
contributions. To address this limitation, we adopted the “WaterSip” method proposed by Sodemann et al. (2008)-was-adepted

to-identify potential-moisture-sources-of the targeted-moisture.; This method identify moisture sources mainhy-using humidity
information along the-particle trajectories simulated by FLEXPART, which—This-methed involves eritical-key processing

processes procedures{Fig—1b)-such as filtering trajectories that lead to precipitation, calculating specific humidity changes
and their attributed fractions, and determining potential moisture sources based on moisture uptake thresholds as-weH-asand
BLH _(Fig. 1b). A more detailed methedselogy-description of this method can be found in Sodemann et al. (2008).+a-thisstudy;
the-dDefault screening thresholds in this study are set at 0.2 g kg* for specific humidity change, 80% for relative humidity,
and 1.5 times the BLH for particle height-are-setat 0:2 g/kg:80%and-1.5 times BLH respectively, although adjustments were
made —Heweverthese-threshold-settings-witl-be-adjusted-in-thefor sensitivity experiments detailed in Sections 6 and 7. In
summary, the the—FLEXPART-WaterSip meisture—tracking—methodmedelapproach adopted here—in—this—study
intergratesintegrates beth-the particle trajectory simulation-simulatedusing by FLEXPART and-with the moisture source—

receptor diagnostics precedure-usingof “WaterSip=.

Both WAM-2layers and FLEXPART-WaterSip are-operate as offline models that rely on meteorological fields as forcing

inputs. Here we used Fthe fifth-generation atmospheric reanalysis product from the European Centre for Medium-Range

Weather Forecasts (ERA5) as the forcing dataset, which;-which benefits from decades of advancements in data assimilation,

core dynamics, and model physics (Hersbach et al., 2020)—is—used—to—drive—both—the \WAM-2layers—andFLEXPART-

WaterSiptwo-medels. The moisture tracking simulations specifically target timeperiod-for-oursimulations—is-July 2022, a
month significantly influenced by the ISM in-infor the TP region (Yao et al., 2013; Curio and Scherer, 2016). The entire

moisture tracking domain spans from 30630 5—to 80N and from 4040 W to —140140<E, covering nearly all potential oceanic
and terrestrial source regions of the-FP-precipitation over TP (Chen et al., 2012; Li et al., 2022a). tn-both-simulatiens;tIn the

simulations,he ¥B-and-JUTBthe two representative basins areas-are represented by-with gridded boundaries as shown in Fig.

S1 in the Supplement. Considering the number of particles released, data size, and computational resources needed, both
models are driven bywe-tse 1 <1 °and 3-hourly ERAS data-te-drive-both-medels, although some specific variables used in the
two models are different due to their distinct underhying-physical mechanisms.

In WAM-2layers, targeted—tagged moisture is continuously released into Eulerian grids and tracked as it gradually
progressively accumulates and persistenthy-diffuses between-across grids over time. The targeted-tagged moisture is-was

released throughout the entire July (from 31-July to 1-July in the-backward mode), and-with the backward tracking period
extends-extending back to 1 June. A previous study in the TP region reperted-demonstrated that a period-6f~30-30-days
tracking period can ensure that around-approximately 95% of the tagged moisture returns to the ground (Zhang et al., 2017),

10
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which is alse-consistent with our numerical experiments in the YB and UTB (Fig. S2a). In comparison, FLEXPART-WaterSip
model traces-tracks atmospheric particles released at each step independently, thereby avoiding interference between particles
released at different times. This differs from WAM-2layers, where-which ensures that in FLEXPART-WaterSip moisture
released at different-various times does not converges into the same set of Eulerian grids. CenseguenthyTypically, seientists
typically-set-the average residence time of moisture in the atmosphere (~10 days) is used as the meisture-tracking period for a
single particle release of particles-in FLEXPART-WaterSip. To align the ensure-a-ceonsistent-tracking duration and maximize
the tracking of the-tracking-ofthe-targetedgged moisture in both models (Fig. S2), the backward tracking time in FLEXPART-
WaterSip was set-extended to 30 days. For FLEXPART-WaterSip, although large deviations in actual air parcel movements

may occur beyond the average 10-day residence time-(=10-days), the inereasing-associated uncertainties in trajectories beyond
this period are netexpectedunlikely to substantially affect-impact the results, as the majority of moisture uptake occurs within
the first 10 days (Sodemann et al., 2008). Our numerical experiments, as illustrated in Fig. S2b, indicate that within the first
10 days (20 days), we traced 89% (99%) of the precipitation moisture in the YB and 97% (99%) in the UTB. Fhe-dDetailed
configurations of WAM-2layers and FLEXPART models can be found in Part 2 of the Supplementary-Part-2;. The WaterSip

ythomwe developed in this study can be found

source code a

in Part 3 of the SupplementSupplementary-Part-3.

(a) WAM-2layers (b) FLEXPART-WaterSip
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Figure 2. Backward moisture tracking periods and accumulated moisture uptake from all source regions: in (a) foerrWAM-2layers
and (b) for FLEXPART-WaterSip models. Solid lines represent the ¥BYB, and dotted lines represent the UTB.

3 Moisture tracking in two typical-representative basins-using the-Eulerian-and-Lagrangian-methods

Figure 2-3 shows the simulated moisture sources of-for precipitation in July 2022 over the YB and UTB based on WAM-
2layers and FLEXPART-WaterSip models. Moisture contributions are represented-guantified as equivalent water height (mm)

over the source areasregions. For the YB, }in addition to significant local recycling, the distribution of most moisture sources

for-¥YB-precipitationprimarily-followaligns with the path of the 1ISM-path, traversing-extending from the southern slopes of

11



the Himalayas;- through the Bay of Bengal (BB};-) and the Indian subcontinent-ané to the Arabian Sea (AS), extending-and
reaching as far aste the Southern Indian Ocean (SIO) (Figs. 2a-3a and c). Meanwhilethe-Mmoisture sources for the UTB
precipitation-mainly stretch along the westerlies to the Central Asia region (Figs. 2b-3b and d). Generally, in-comparison-with
280 ELEXPART-WaterSip,WAM-2layers simulations exhibitssuggest a broader eeveragerange of distant moisture sources frem

(including both the westerlies-dominated and ISM-dominated regions) when compared to those identified by FLEXPART-
WaterSip. i j it
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290
Figure 23: Spatial distributions of moisture contributions (equivalent water height over source areasregions; mm) to precipitation

in July 2022 in the (a and c) the-YB {a-and-¢c}and (b and d) UTB-{b-and-d); simulated by (a and b) WAM-2layers {a-and-b}-and (c
and d) FLEXPART-WaterSip_models-{c-and-¢}. Blue-Purple lines represent the TP boundary and eyan-yellow lines represent the
boundaries of the two representative basins. Red boxes in (d) delineate the divisien-ef-the-eight source regions: North-eastern

295 Atlantic (NEA), Midwestern Eurasia (MWE), Northern Eurasia (NE), TP, Arabian Sea (AS), Bay of Bengal (BB), Western Pacific
(WP), and Southern Indian Ocean (S10).

The differences between the moisture tracking results from the two models are shown in Figure-3-iHustrates\We-caleulate-the
differences—in—simulations—based—on-the—two-—meodels—in-Figure 4 (WAM-2layers minus FLEXPART-WaterSip). When
300 eCompared to FLEXPART-WaterSip, WAM-2layers model tends to estimate a higher moisture contribution from the

westerlies-dominated northwestern source regions for both basins, spanning —Fhis-extends-from nearby sources {regions-to-the
northwest of the YB and to-the-west of the UTB) to distant sources across the entire northwestern Eurasian continent and

northeastern Atlantic. Additionally, WAM-2layers model estimates higher-greater moisture contributions from large parts of

the Indian Ocean, particularly the distant Southern Indian OceanStO in the YB simulation. In contrast, lower contributions
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315

estimated by WAM-2layers are mainly eceur—infrom local and nearby source regions downwind of the westerlieslocated
oppeosite-to-the-westerlies-direction, i-especifically- around the southern slopes of the Himalayas in the YB simulation and the
entire Tarim Basin in the UTB simulation. Anetherneteworthy detatbisNotably, Netably—aroundover the Red Sea and Persian
Gulf regions, WAM-2layers simulations-model estimate-indicates higher moisture contributions from the oceans but lower
moisture contribution from the surrounding land-areass than FLEXPART-WaterSip, in-exhibitanunderestimation-of-meisture

~especially in the YB simulation (Fig. 3a4a). These
disparities-discrepancies between the two moisture tracking models remain-are consistent in-both in absolute and relative terms
(Figs. 3-4 and S352).

60°N 60°N |

40°Nf .. 40°N P ..

0N 200Nk
0° | 0° R

20°SF (3) YB 20°SF (b) UTB .

1 1 1 1 1
20°W 0° 20°E  40°E 60°E  80°E 100°E 120°E 20°W 0° 20°E  40°E 60°E  80°E 100°E 120°E

0.0

60°N 60°N

40°N 40°N

20°N 20°N

0°

20°s 20°5k () UTB '
| | 1 | | | | | | | | 1 1
60°E  80°E 100°E 120°E 20°W  0°  20°E  40°E  60°E  80°E  100°E 120°E
15 1.0 05 0.0 05 1.0 15 mm

Figure 34: Absolute differences in moisture contributions between-between WAM-2layers and FLEXPART-WaterSip the-twe
simulations-simulations (WAM-2layers minus FLEXPART-WaterSip) forfer-in the the-(a) YB {a)-and (b) UTB_simulations{b).
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Considering the distribution of moisture sources, eight critical source regions (as-ndicated-bysee the red boxes in Fig. 263d)
are selected for further quantitative analysis. Figure 4-5 shows the relative contributions from these eight meisture
soureeselectedcritical regions and the-restremaining regions to precipitation in the YB and UTB-precipitation. Both models
indicate that the major moisture sources for the YB are local recycling and the ISM regions (TP, AS, BB, and SI10), whereas

for the UTB, the primary sources are local recycling and westerhy—westerlies-influenced regions (TP, NE, and MWE).
Specifically, WAM-2layers model estimates that the TP contributes Fer-meisture-contribution-32% of the moisture toward
from-the-TP-to-the YB, WAM-2layers-estimates-it-at-3532%;,-which is about two-thirds of the estimate by FLEXPART-
WaterSip model (5253%). An even greater discrepancy Even-moere—substantial-difference—is observed for the estimated
contribution of the TP>s-centribution to the UTB, for which WAM-2layers model estimates 28% compared to FLEXPART-
WaterSip’s :
WaterSip. For distant sources, the SIO is the most representative one for the YB, with WAM-2layers estimating its contribution
at 2630%, compared to only-{ef: 116% for-by FLEXPART-WaterSip). MeanwhileFor the UTB, forthe MWE;-the-most is a
key representative-distant source-of-the-UTB, with WAM-2layers estimates-estimating a 36% contribution,{4436%) even

tripledoublinge that calculated by FLEXPART-WaterSip (£315%). {n-additionto-the-disparitiesshoweased-in-Figs—2-and-3;

than-forthe-YB-In summary, as-compared to FLEXPART-WaterSip, WAM-2layers model terds-tegenerally estimates higher
moisture contributions from the westerlies-dominated sources andas well as distant sources, but lower contributions from local
recycling and nearby sources downwind of the westerliesepposite-to-the-westerlies direction.
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Figure 45: Relative moisture contributions (%6) to precipitation over the the(a) YB {a)-and (b) UTB {b}-from the eight selected
source regions (NEA, MWE, NE, TP, AS, BB, WP, and SI0O) and the restremaining (Rem.) source regions; simulated by WAM-
2layers and FLEXPART-WaterSip_models.
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4 Moisture fluxes in Eulerian—methedWAM-2layers and particle trajectories in Lagrangian—methedELXPART-
355  WaterSip simulations

When tracing moisture sources, WAM-2layers model primarily utilizes horizontal moisture fluxes in the upper and lower

atmospheric layers{eivided-at~810-hPa-at-a-standard-surfacepressurersee-Fig—1a) to determine the backward-transport-of
water vapor transport from the-targetregion-to-global sources to the target region in a backward mode. Figure 6 illustrates tFhe

average moisture transport fluxes in the two layers during the entire simulation period as estimated by WAM-2layers-areshown

360 inFig-56. The ISM-dominated moisture transport to the TP region primarily occurs in the lower layer, whereas the westerlies-
dominated moisture transport to the region is mainly from the north in the lower layer and from the west in the upper layer, a
phenomenon pronounced in the northwest vicinity of the UTB.
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Figure 56: Average moisture transport fluxes (kg m= s) in the (a) lower {a)-and (b) upper {b)-layers in the- WAM-2layers during
the entire simulation period.

In comparison, FLEXPART outputs extensive-detailed information on air particles and trajectories_critical to previding
valuable-insights-into-diagnosing moisture sources. Figure 6-7 shows the spatial distributions of particles and trajectories that
bring-meisturecontributing to precipitation over the YB and UTB in the FLEXPART-WaterSip simulation. It should be noted

that the particles and trajectories in Fig. 6-7 are clustered results using the K-means clustering method for clearer graphical

representation, reducing-{ the number of particles reduced-by a factor of 100; and the number of trajectories by a factor of

150),. This treatment-which may have filtered out some chaotic and distant particles and trajectories. In Lagrangian backward

simulations, Particles-particles released from the YB predominantly travel south-westward, whereas-while those from the UTB
primarily spread westward (Figs. 7a and b). Within about 15 days, the traced particles can transpert-from-targetregionstereach
the farthest end-efthe-source regions. As-suggested-by-tThe results of backward tracking days suggest;-there-are approximately
three distinct, fastest moisture transport paths to the YB:-{red-arrows-in-Fig-—6ake. the northwestern route from the MWE, the
southwestern route from the AS, and the southeastern route from the WP3.-. while-tThe most pronounced moisture transport
path to the UTB is confined to western routes—{red-arrow-in-Fig—6b}. AnothernotableebservationAdditionally, there is a
notable isthe-rapid north-eastward transport of tracked particles in the UTB over a short period after release (Fig. 67b; and
Fig. 3d-alse-Hustrates the-expansion-ef-meisture-seurces-to-this direction), a phenomenon indiscernible ehallengingto-discern
in the-WAM-2layers simulations (Figs. 23b and d and Fig. 6)-and-its-two-layer meisture-transpert-fluxes(Fig—5}). This
phenomenon may be associated with the complex and variable convective activities as well as the simulation biases in the
region, as indicated by Upen-abriefexamination-efthe vertical wind patterns at 850-hPa-and-500-hPadifferent pressure levels

phenomenon-is—to-some—extentatiributableto-the overestimationed—of local evaporation byin FLEXPART-WaterSip (see

Sections 5 and 6).
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Figure 67: Spatial distributions of (a and b) particles {a-ard-b}-and (c-h) trajectories {¢-h}-that bring-transport moisture to
precipitation-over-the (a, c, and e) YB (a-¢-and-e)and (b, d, and f) UTB-{b-d;-and-f); as simulated by-in FLEXPART model-: (a
and b) are-particles color-coded by backward-tracking days (0-30 days)-), (c and d) are-trajectories color-coded by height (m,

395 above ground) at each numerical step—,_and (e and f) are-trajectories color-coded by specific humidity (g kg™) at each numerical

step.
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In-terms-of-trajectories+As suggested in Figs. 6e7c—d, these-trajectories originating from the western sources are mainly
typically at higher altitudes, (some even exceeding 6000 m}-, but they underge-a-notabley descent-descend in-altitude-before

reaching the target region, forming a strip-like lower atmospheric transport channel in the western part of the target region.

This is in general consistent with WAM-2layers simulations, in whichCensidering the upper-layer horizontal meisture
transport i WAM-2layers;-the-upper-tayerof moisture originating from the northwestern Eurasian is alse-higher than that in
the lower layer (Fig. 56). FerIn comparison, trajectories from the ISM-dominated sources;they are at relatively lower altitudes,
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with some originating from the SIO even descending below 1000 m. Generally, the moisture-carrying capacity of these
trajectories correlates with both their altitude and the moisture conditions in their source regions. tr-cenjunctionwithAs shown
in Figs. 6e—f, trajectories eriginating-from the ISM-dominated regions and lower altitudes exhibit higher moisture content,
whereas those from the westerlies-dominated regions and higher altitudes are characterized by lower moisture content.

A notable difference between WAM-2layers and FLEXPART-WaterSip_simulations, as highlighted-illustrated in Fig. 24, is
that_the spatial extent ofexpansion-of meisture source regions identified in -FLEXPART-WaterSip is not-as-extensive-asmuch
smaller than in WAM-2layers, especially everthein distant seureesregions; such as modelfallsto-capture-mostmeisture-source
regions-across-the-entire-northwestern Eurasia-. for-both-basins-when-compared-to-WAM-2layers.-Specificallyln Fig. 6,
pParticle trajectories simulated by FLEXPART {see—Fig—6)-are only sparsely distributed across northwestern Eurasia,
particularly for the YB_(Fig. 7). This inconsistency is also evident when comparing resultsfrom-previeus-studiesprevious
studies using WAM-2layers (Zhang et al., 2017; Li et al., 2022a) and FLEXPART-WaterSip (Chen et al., 2019; Yao et al.,
2020). This indicates that the underestimated moisture contributions from these westerlies-dominated—northwestern
Eurasiadistant sources in FLEXPART-WaterSip, as compared to WAM-2layers, is-are largely attributed-due to a redueed-lower

proportion of airparticles originating from this-these source regions reaching the target region.

5 Relationship between “actual actual-evaporation” and simulated moisture segrce-contributions

A-common-understanding-onrln general, for moisture source-—receptor diagnosistics-s-that #awithin a specific source region,
areas with higher evaporation rates generally contribute more moisture to the target region than areas with lower evaperation

rates, especially in-seurceregions-where the differencecontrast between oceanic and terrestrial evaporation is pronounced. To

further investigate the relationship between evaporation and simulated moisture contributions from various source regions, we

employ evaporation data from ERAS as the benchmark (“actual evaporation”; Fig. 8a) for the entire tracking period (June—
July 2022). 1As shown in Figs. 33 and 8a, we-haveobserved-that-the distributions of moisture sources simulated by WAM-
2layers aligns more closely with the—general patternof-global evaporation patterns from ERA5 (oceanic evaporation rates

surpassexceed those of surrounding terrestrial areas) compared to that by FLEXPART-WaterSip. This alignment is particularly
evident in—the sources—aroundin the Red Sea and Persian Gulf regions, where theone of the most pronounced

differencediscrepancies between the two models is observed in—moisture—sourcesbetweenocean—-and-land-ispronounced
between-the two-medels(Fig. 44a). ELEXPART W atarSin madal aonarally canturas tha snatial nattarn of ayangration acrose
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(a) Actual evaporation (ERAS5) (b) Simulated evaporation (FLEXPART-WaterSip)
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Figure 8: (a) “Actual-evaperationEvaporation 2-from ERA5 and (b) simulated evaporation from FLEXPART-WaterSip during

June-July 2022.

470 We furtherthen detectexamine the relationships between “actual evaporation” and simulated moisture contributions #across
all grid cells in the eight selected source regions—as-seatterplots-displayed-in (Fig. S4). It i’s clearebvious that, for both the
¥B-and-UTBbasins, the-positive correlations between “actual evaporation” and moisture contributions appears-mainly appears
in the- WAM-2layers simulations, particutarlyespecially in the westerlies-dominated NEA and MWE as well as the ISM-
dominated AS and SIO regions, where{the-relevant correlation coefficients all exceed 0.3}. In contrast, in-the-FL EXPART-

475 WaterSip simulations rarely shows strong positive correlations between “actual evaporation” and moisture contributions-frem
source-areas-are-rarely observed. One-of the-mestA striking examples is around-the Red Sea and Persian Gulf regions; where
oceanic evaporation is notably higher than terrestrial evaporation (Fig. 8a). As mentioned above, However FL EXPART-

WaterSip model appearsseems to have-missinadequately captured the relatively high evaporation meisture-over the Red Sea,

24



480

485

490

495

500

505

510

Persian Gulf, and eastern Mediterranean (see Fig. 33c), despite thereisalarge-numberofextensive tracking particles eeveringin
these areasregions (see Fig. #7a). We speculate that the complex atmospheric activitiesstrong-meoisture-contrast-between-land
and-ocean thecomplexlocal-circulation-systems-in these regions, as {partially Hustratedevidenced by vertical velocities in Fig.
S3-in-the-Supplement } may leadcontribute to these issues in moisture source diagnosis using thein WaterSip method. To
further illustrate the underlying mechanisms, we randomly selected two representative trajectories: one from the SIO to the
YB, and the other from the NEA to the UTB (Fig. S45 in the Supplement). Comparisons between model outputs and ERAS

data, as shown in Fig. S56 in the Supplement, suggest that the modeled changes in specific humidity for particles may not fully

reflect the actual processes of precipitation and evaporation beth-in-thelower—and-upperatmesphereduring the moisture
transport. Relying solely on specific humidity changes and particle height to assess evaporation, precipitation, and moisture

transport can be quite challenging. Although the WaterSip method employs thresholds (e.g., 1.5 BLH and 0.2 g 1 kg ! every 6

h for specific humidity changes) to exclude a large number of potential misdiagnoses over the source regions, further
advancements in diagnostic and correction methods are still needed.Forexampleintense tropical convection-continuously lifts

Similar to the moisture source-receptor diagnosis for precipitation particles in the target area, computing all released particles

in the atmosphere would provide simulated evaporation over the entire tracking domain. Therefore, Fig. 8b displays the

FLEXPART-WaterSip simulated evaporation over the tracking domain during the entire tracking period. In comparison with

“actual evaporation”, FLEXPART-WaterSip model generally captures the spatial pattern of evaporation across oceanic regions

but largely overestimates terrestrial evaporation from mid- and low-latitudes (e.qg., surrounding the Mediterranean, the Middle

East, and the Indian subcontinent; all of which are critical source regions for the two basins in the TP). FELEXPART-WaterSip
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are-critical sourceregionsfor-the two-basins)—These findings are consistent with a previous long-term, global scale study by

Keune et al. (2022). Although FLEXPART-WaterSip demonstrates potential in capturing complex local atmospheric

processesactivities, the bias in simulated evaporation can inevitably affect the quantification of moisture source—receptor

dynamics.

6 Bias correction of FLEXPART-WaterSip simulations

Keune et al. (2022) have-introduced a—unifiedframework-the{ Heat And MoiSture Tracking framEwoRk (HAMSTER), a
unified framework aimed-atdesigned to correcting the-biases ofin moisture source-—receptor diagnosistics thatrelies-enbased

on particle trajectories from Lagrangian model-simulations;. This framework leverages -based-on-the relationships between
actual and simulated surface fluxes (inelude-evaporation and precipitation). Onthe-firststepThe first step, in line with WaterSip,

is tothey-utitize use specific thresholds effor specific humidity changes, relative humidity, and particle height to quantify the

moisture source—receptor processesrelationships effor precipitation in the target arearegion (they-also-introduced-a “random

attribution” method wasean also introducedbe—apphied). FhenSubsequently, a first round of corrections is conducted by
comparing actual and simulated precipitation in the target arearegion—theyperform-the first round-of correction-on-the
guantificationproeess (i.e., bias correction of receptor variables). A second round of corrections then focuses on Next-by
comparing actual and simulated evaporation ever-thacross alle-entire source regions-they-conduet-a-second-round-of correction
(i.e., bias correction of source variables). Thisese processes aims to achieve Yltimately—a-reasonable, bias-corrected moisture
source contributions-will-be-ebtained. Howeverlt is noteworthy that; the HAMSTER method does not include a-calibration for

the filtering thresholds of precipitation particles in the target arearegion, which-maypotentially leading to certain deviations in

the spatiotemporal distribution of tracked particle trajectories. If actual precipitation data in the target region were used to
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calibrate the filtering thresholds of precipitation particles, the step of “bias correction of receptor variables forpreciptiation in
HAMSTER could be emittedreplaced.

is—Inspired by the HAMSTER
method, we introducedevelop a simplified two-step approach tofer correctirg moisture tracking results from FLEXPART-

WaterSip:

Step 1: Optimize the filtering thresholds of precipitation particles in the target arearegion. Based—enUsing the default

precipitation particle filtering thresholds effor specific humidity change (0.2 g kg 'g/kg) and relative humidity (80%), we

conducted numerical separate-testsexperiments to examine how adjustments to these thresholds impact simulated precipitation
varies-with-changes-in-these-threshelds. 1As shown in Figs. 9a and b, whenfixingmaintaining a constant the-thresheldsof
relative humidity threshold at 80%; while varying the adjustments-made-to-threshoelds-efspecific humidity changes threshold
from 0.05 t0 0.2 g kg~ results in a ledto-minimal changedecreases in simulated precipitation (with-specific-humidity thresholds
increasing-from-0-05-t0- 0.2 g/kg.the decrease-in-simulated precipitationis-less than 1 mmyaeross for both basins). In contrast
{Figs—10c-and-d), when-fixing the thresholdsof specific humidity change threshold at 0.2 g kg-tg/kg; while the-adjustments
made—to-thresholds—ofchanging the relative humidity threshold leadsled to significantsubstantial changes in simulated
precipitation (Fig. 289c and d). Fhreugh-thetestOur experiments indicate that-we-considerthe precipitation simulation is more
sensitive to changes in the relative humidity threshold, with the optimal values of 63% for the YB is-63%:-and 74% for the

UTB-is74%. This step ensures a more accurate selection of precipitation particles for subsequent moisture source diagnosis.
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Figure 9: Sensitivity of the simulated precipitation in the (a and c¢) YB and (b and d) UTB to (a and b) the experimentsofthresholds
inof -specific humidity change changes{aand-b}and (c and d) the threshold of relative humidity{c-and-d)onsimulated precipitation

Step 2: Correct the-biases ofin simulated evaporation over the source regions. Firsthy, utilizeuse the optimized thresholds from

thefirst sStep 1 to quantify the-moisture source contributions. FhenNext, calculate grid-scale correction factors by dividing

actual evaporation withby simulated evaporation infor each grid cells over the entire moisture tracking period—we-ebtain-the
grid-scale-correctionfactors (Fig. S7 in the Supplement).. These correction factors which-couldare then applied-be-used to
correct the-moisture source contributions. This step will-cerrectaddresses the simulation biases in evaporation everacross the
moisture tracking domain underwhen using the WaterSip sehememethod. It is important to We-sheuld-note that although these
correction factors are beundlikely to vary over time, hewever-this aspeetvariability was not taken-into-consideratioraccounted
for in this werk-study due to the relatively short time-periedsimulation period. For\WWhen-condueting long-term moisture source
diagnosis corrections, stitizingimplementing time-varying correction factors would be more appropriate.

In-Figs-—1laandbwe-ealeulate tThe bias-corrected FLEXPART-WaterSip simulations for the YB and UTB, based on the two
-step bias correction approachs-abeve, are shown in Fig. £110a and b. The bias correction makesalign the simulation-results of
FLEXPART-WaterSip simulation results more closely moere—consistent-with the global pattern of land-seaterrestrial and
oceanic evaporation-differences, especially around the Red Sea and Persian Gulf regions. SimultaneeushyAdditionally, it
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enhances the moisture contributions from the high-latitude Eurasian continent and the Indian Ocean, while reducing meisture
contributions from the western land areas in the mid- and low--latitude (Fig. S7 in the Supplement). Censidering-the-bias-
corrected-simulations-arerelativereliability-wWe further compared these bias-corrected simulations-them with the original
WAM-2layers and FLEXPART-WaterSip simulations, as shown in Figs. 10c—d-and-Figs—tle—frespeetively. The differences
depicted in Figs. 10c—d are generally consistent with those shewn-in Fig. 4, indicating that WAM-2layers model tends to

estimate higher moisture contributions from the westerlies-dominated sources and distant sources, but lower contributions
from local recycling and nearby sources downwind of the westerlieseppesite-to-the-westerlies-direction; for both the YB and
UTB. Compared to the bias-corrected results, Fer-the original (uncorrected) FLEXPART-WaterSip simulations; infor the YB
{Fig-—11e); they estimate lower moisture contributions from theareas surrounding ef-the target region and the-entire-seuthern
oceanic source regions, but estimate-higher contributions from the western land areas (Fig. 3110e).-Conversely; iFaor the UTB
{Fig-—11f), the uncorrected FLEXPART-WaterSip simulations mainly estimate higher moisture contributions from the target

areregiona and its surrounding regionareas (Fig. 1110f), which-alse-includesincluding the north-eastward expansionstretch of

moisture sources observed in Fig. 3d. Thiese comparisons indicatedemonstrates that through bias correction, the original
discrepancies in reflecting actual evaporation simulation—errers—between FLEEXPART-WaterSip—and—WAM-2layers and
FLEXPART-WaterSip simulations have—beencan be significantly eerrectedforthe nertheastmoisture—sources—ofthe
UTBmitigated.
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f) Absolute differences in moisture contributions between original WAM-2layers/FLEXPART-WaterSip simulations and bias-
corrected FLEXPART-WaterSip simulations for the (c and e) YB {cand-e}and (d and f) UTB-{d-and-f).

5-7 Potential determinants of disparities-discrepancies in moisture tracking-based-en-the Eulerian-and-Lagrangian
mctheds

We now turn to a more comprehensive-and-in-depth examination of the disparities-discrepancies observed in Seetions-3-and
4the original WAM-2layers and FLEXPART-WaterSip simulations. Considering the underlying physics of the models, forcing

datasets, parameter selections, and our computational capabtitiesresources, we designed three-four typessets of numerical

experiments to examine-investigate potential factors influencing-contributing to the discrepancies disparities-in-_different
simulations-based-on-WAM-2layersand-FLEXPART-WaterSip.

Experiment 1 — model resolution: Fhe-sSimulation of moisture sources by-using WAM-2layers is essentially a dynamic
reproduction of moisture transport conditions frem-based upon forcing datasets, which means that the simulation-accuracy
heavily depends on the spatial- and temporal resolutions of input data. ta-this-numerical-experimentApartin addition to-frem
the original settings (1 =<1 “at 3-hourly resolution), we setintroduce three additional configurations of ERAS data to determine

whether improved spatial and/or temporal resolutions in forcing data could provide more accurate moisture source attributions:
{1 <1 <at hourly resolution, 0.250.25<at 3-hourly resolutions, and 0.250.25<at hourly resolutions)-of replace-the- 1<

\Whatha hi hanae-\wotld-imb he-higher-meoisture-contribution om-distan ourcereaions-estimated-b ALA N a\ve

The newly-generated-simulation-results from these additional simulationsResults-of-this-experiment are summarized in Fig.
$8S8 in the Supplement.-

Experiment 2 — moisture source diagnosis thresholds: Quantifying the-moisture source-—receptor processesrelationships in

FLEXPART-WaterSip dependhinges on the diagnoseis of potential precipitation particles and seuree-evaporation sources,
which in turn relydepends on a seriesset of threshold settings. Previous studies have suggested that Fhese-settings-have-been
considered-to-have-different-optimal configurations for these thresholds may vary in-differentparts-around-the-werldglobally
(Sodemann et al., 2008; Fremme and Sodemann, 2019; Keune et al., 2022). Apart-fromln addition to the original setting (a
relative humidity threshold isof 80% and a specific humidity change threshold isof 0.2 g kg-g/kg), we introduceset one

additional configuration for precipitation particles selection using th-{the optimized relative humidity threshold for the YB and

UTB are-(63% and 74%, respectively), and two additional configurations for seuree-evaporation source identification {with
specific humidity change threshold set at 0.1 and 0 g kg gfkg). The newly generated simulation-results from these additional

simulations are summarized in Fig. S9 in the Supplement.
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Experiment 2-3 — number of particles: Using particle trajectories for Empleying-a-source diagnostics methedology-based-on
particle-trajectories-inevitably eonfines-limits the identified moisture sources to these trajectories. FherefereConsequently, a
lower number of trajectories may result in potential inaccuracies, particularly when representing small to medium-scale
atmospheric processes. This numerical experiment is designed to determine \We-are-interested-in-understanding-whether the
relatively sparse particle trajectories over distant source regions would—could introduce substantial uncertainties when
estimating moisture contributions in FLEXPART-WaterSip. In this aumerical-experiment, we decrease-reduce the number of

particles initially released in FLEXPART from five million to one million. RThe resultss of this experiment are-are summarized
in Fig. S9-S10 in the Supplement.

Experiment 3-4 — “areal source-receptor attribution” methodmeisture-souree-diagnesis: Different from the “WaterSip~
method proposed by Sodemann et al. (2008), which attributes precipitation at a specific point within the target region to

moisture uptake from multiple points along the trajectories, Sun and Wang (2014) introduced the “arcal source—receptor

attribution” method, focusing on a regional rather than a point scale. The “areal source—receptor attribution” method aims-to

calculates the total moisture contribution from an examinedn examined-source to precipitation ever-across the entire target
region_instead of—as-eppesed-to at specific points. Fhis-method-allowsforlt facilitates the differentiation of-distingtishing

moisture contributions from within and outside the examined sources along the trajectories. The basic framework diagram

forof the “areal source-receptor attribution” method is shown in Fig. S11 in the Supplement, and the detailed methodology can
be found{see in Sun and Wang (2014)-ferdetated-methodelogyy. In this numerical experiment, we utihize-apply “areal source—
receptor attribution” method to quantify moisture contributions from the eight source regions.
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Figure 118: Relative moisture contributions (%) to precipitation over the (a) -YB {a}-and (b) UTB {b)-from the eight selected

source regions_and the restremaining (Rem.) source regions; simulated by the-feurtypesfour sets of numerical experiments
(including the-different configurations in WAM-2layers and FLEXPART-WaterSip; and FLEXPART--““areal source-receptor
attribution®”) as well as-and the bias-corrected the-originalAAM-2layersand FLEXPART-WaterSip) simulations. Fhe-bBlack
histograms represent the bias-corrected FLEXPART-WaterSip simulations. RH and Aq represent relative humidity threshold

{rmm) and specific humidity change threshold (g kg™), respectively. methods-and-the-three-pumerical-experiments:

Figure 8-11 shows the relative moisture contributions ef-from the eight selected source regions and the rest-remaining source
regions to the YB and UTB; in the-inthree-the four typesset of numerical experiments and the bias-corrected FLEXPART-
WaterSip simulations. The results for eachand—the—original—simulations—from—beoth—models—(each source region
comprisesincludes 11 sets of simulations, including-the original simulations in Section 3 and the bias-corrected simulations in
Section 6as-in-Sections-3-and-43}. In Experiment 1, increasing the spatial- and temporal resolutions of the forcing dataset in
general has-broughtaligns the-WAM-2layers {0:25°—1h)}-simulations-{Figs-S7e=F)- more closerly with-to the eriginal-bias-
corrected FLEXPART-WaterSip_(e.q., see results with 0.250.25at hourly resolution in Fig. S78e and f in the Supplement)
simulations, particularly in-infor the YB. For nearby sources, tFhe-moisture contributions from the TP to the YB (UTB)
increases from 3532% (2428%) to 51% (3544%). For distant source-regions, the-moisture-contributions from the MWE-and
SI0 and MWE to the YB (UTB) decrease frem-10%(44%)-t6-5%(38%)-and-from 2630% (68%) to 1113% (2%)_and from 7%
(36%) to 5% (34%), respectively. Our Ssensitivity experiments conduet-separately-for temporal and spatial resolutions reveal

that increasing temporal resolution (from 3h to 1h) centributes-more-tosubstantially enhancinges the reliability of moisture

source simulations (Figs. S8a—b in the Supplement). In contrast, solely increasing spatial resolution (from 1<to 0.259 may

lead to a stronger eastward extension of moisture sources for both basins (Figs. S8c—d in the Supplement), which is inconsistent
witheontradicts—to the—"WAM-2layers (0.25< 1h) and bias-corrected FLEXPART-WaterSip results. la—generalOverall,
Experiment 1 revealsdemonstrates that ephancingimproving the spatiotemporal resolutions of forcing data in WAM-2layers

can mitigate the issues-ef-underestimation inof nearby sources and overestimation inof distant sources in-the-twefor both basins
ofthe TP, particularly ifor thea YB.

In_Experiment 2, correctingadjusting the thresholds of relative humidity sigrificantlysubstantially enhances the overall

moisture contributions from the source regions to the-tweoboth basins of the TP, butyet it has littleminimal effect on the spatial
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patterns of moisture sources (Figs. S9a—b in the Supplement). Sensitivity experiments regardingon specific humidity change
thresholds-of specific-humidity-change-suggestshow only a slightmirimal impact on moisture source simulations for the two
basins (Figs. S9c—f in the Supplement). Generally, adjustingmodifying the thresholds of moisture source-—receptor

diagnosistics does not seems-not to improvereduce the potential biases in the spatial distributions of moisture sources-as when

695
reducing the number of released particles to—certain
extentsomewhat limits our ability to discern finer details in the spatial distribution of moisture sources_(Fig. S10 in the
Supplement)-{Fig-—S9}, butalthough the quantified Results from-Experiment2moisture contributions closely resemble those in
theoriginal-the original FLEXPART-WaterSip simulations simulation(Figs.-8,59,and-S10)vetwith 500w5 million released
700 particles. In a-Experiment 4-demonstrates-that-, unlike—tn-Experiment-3the“areal source—receptoratiributionmethod;

the “WaterSip> method, the “areal source-receptor attribution” method
utilizes all simulated trajectories for moisture source diagnesesdiagnosis, which may accumulate errors in trajectories that do
not lead—toresult in precipitation in the target region. Reapplying the “areal source-receptor attribution” method with

705 trajectories filtered by the “WaterSip> method can produce moisture contributions that aliga-more closely align with the
original FLEXPART-WaterSip estimation-estimates (results not shown).
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abevethese sensitivity analysesexperiments underscorefurthersuggests that the-current methoed-approaches ef-to diagnosing

moisture sources around-for the TP based-usingen particle-trajecteriesnumerical moisture tracking models still holds substantial

potential for improvement and refinement.
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6-8 Discussions and conclusions

Over the past few decades, considerable efforts have been directed—towardsmade to identifying and quantifying the
contributions of moisture sources to precipitation over the TP. A synthesis of these studies reveals-indicates that the most
commonly used Eulerian and Lagrangian moisture tracking models are WAM-2layers and FLEXPART-WaterSip, respectively.
However, the suitability and reliability of these models;—which—incerperate-differing—physical-mechanisms; for moisture
tracking over the TP, especially the potential discrepancies in moisture tracking results, haves not yet been thoroughly
examined.Fo-address-this-gap; this-This study addresses this gap by feeused-focusing on two representative basins surreunding
of the TP: the YB (representing the ISM-dominated regions) and the UTB (representing the westerlies-dominated regions).

Moisture source contributions to precipitation over these two basins were tracked empleying-using theboth WAM-2layers and
FLEXPART-WaterSip models. We then investigated the differences-discrepancies in the-moisture tracking results ef-between
these two metheds-models in-the-twe-basins-and discussed-their potential determinants; through by-a-series-of diagnestic

processesneluding-comparisons with actual evaporation, biases correction, and a set of sensitivity experiments.-

The WAM-2layers model, designed for moisture tracking based on the water balance equation at a spatial-temporal resolution
constrained by the forcing dataset, may faces challenges in accurately capturing moisture transport to target regions through
smaller-scale atmospheric phenemenon—such—as—turbulence—and—convectionprocesses. tn—comparisenCompared with
FLEXPART-WaterSip, the application of WAM-2layers enover the TP is more computationally simpler-and-mere-efficient.
An persistent issueexisting-preblem with WAM-2layers, eempared-torelative to the bias-corrected FLEXPART-WaterSip, is
its tendency to estimate higher moisture contributions from the-westerlies-dominated sources and distant sources but lower
contributions from local recycling and nearby sources downwind of the westerlieseppesite—to-the-westerlies—direction.
However, Hewever; these-issuesthis can be mitigated by utilizing a-higher spatial- and temporal resolutions for forcing dataset
in WAM-2layers-{, with a priority shewld-beon improving the-temporal resolution}, particularly in the ISM-dominated YB
region—regien. In addition, WAM-2layers exhibitoffers one notable advantage over FLEXPART-WaterSip: in—that-its
simulatesd spatial distribution of moisture sources ahignsis more consistent-mere-closely with the general-pattern of actual
evaporation, particularly around the Red Sea and Persian Gulf regions where the surface—evaperationcontrast between
terrestrial and oceanic -disparities-between-ocean-and-landevaporation is strong-is-proneunced.partictlarhy-in-the YB region.

The FLEXPART model-is, designed to track air particles in the atmosphere based on a-well-established set-of-physical
mechanisms, is complemented by with-the subsequentprocess-of-WaterSip method toepables diagnose moisture source- —
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receptor processesrelationships usingwith information from the-simulated trajectories. Fhe-FLEXPART-WaterSip enables us

to investigate the movement of air particles transporting moisture in a mere-detailed three-dimensional space. We investigated
Besides-exploring-the potential impact of different filtering thresholds in the WaterSip method and varying numbers of released

particles release-numbers—this-work-primarity-investigates-the-effects-of-differer ering-threshelds-inon moisture source—
receptor precess-diagnosistics-within-the-\WaterSip-methed. The simulation of precipitation in the two basins is more sensitive
to changes in relative humidity thresholds, whereaswhile adjusting the-threshelds-efspecific humidity changes- threshold does
not resuttin-significantly improvementin-simulatingalter the estimated moisture source contributions. HeweverNevertheless,
the nature—of WaterSip method facilitates the—calibration of simulation biases by comparing resultsthem with actual

observations (i-e=such as precipitation and evaporation). Therefore, inif possible-conditions—permit, we recommend bias-
correcting the simulations from FLEXPART-WaterSip (in-additienthrough e.g., te-the method previdedproposed by Keune et
al. (2022); or we-also-introduced-athe simplified two-step approach proposed in Seetion-6this study). The corrected results
significantlysubstantially #mpreve-reduce the evaporation biases over the source regions, particularly addressing the issue-of
evaporative differencesdiscrepancies arising from land—sea distribution-disparitiescontrast in evaporation.
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This study provides-serves as a valuable reference and-guidance-for future numerical simulations foeusing-enaimed at tracking
moisture sources in-across the TP region, including multiple-several crucial aspects such as model selection;-the-aceuracy-of

foreing-data, error and uncertainty evaluationanalysisanalysis, and petential-strategies for improving-enhancing simulate

accuracy. While recognizing that each model is best suited to specific has-is-most-suitable-apphication-scenarios, this paper
study underseeres—highlights the impertance—critical need to account forefcensidering the inherentdifferencesdistinct

characteristics of-between different models and the potential uncertainties in diagnosing moisture tracking—resultssource
diagnoeses. Although this investigationAlthough-the-current-findingsThis-werk isare Hmitedconfined to short-term simulations
using -WAM-2layers and FLEXPART-WaterSipmedels at-a-short-term-simulations-time-periedmodels in two typical basins
over the TPselected-regions—However,; it is anticipated that future research will we-lookforward-to-future-endeaveours-that
could-en-one-hand-extend suchis interintercomparisons study-to alargerother and-mererefined-spatial-temporal sealesregions
and even continental or global scale. On-the-otherhandFurthermore, exploringinvestigating the application of the-feasibility
of employing—more advancedsophisticated techniques for moisture source-—receptor identification, particularly ia

imprevingthose that enhance the capability of Eulerian or Lagrangian models to capture small-scale atmospheric convection/
and turbulencetprocesses, would be valuableof significant benefit.

Code availability. The official website of WAM-2layers is: https://wam?2layers.readthedocs.io/en/latest/. The official website

of FLEXPART is: https://www.flexpart.eu/. The relevant codes and installation tutorials can be obtained from these official

websites. For the WaterSip method, the authoritative website is: https://wiki.app.uib.no/gfi/index.php?title=WaterSip. The

WaterSip source code we developed in this study can be foundFhereference Pythoncodesof \WWaterSip-written-byourselfis
given in Part 3 of the—in Supplementary—Part—3. All additional algorithmsecedes are available on request from the

first/corresponding author.

0 icinal ilable§ ficial o

Data availability. ERA5 data are publicly available at the Climate Data Store (CDS) (https://cds.climate.copernicus.eu/). The
input data of WAM-2layers Waswere downloaded according to the example code in
https://github.com/WAM?2layers/WAMZ2layers/tree/main/scripts. The forcing data of FLEXPART waswere downloaded and

pre-processed using the flex extract v7.1.2 (https://www.flexpart.eu/flex_extract/). All simulation results in this study are

available on request from the first/corresponding author.
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