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Abstract:
Understanding precipitation stable isotope variability over the Tibetan Plateau (TP) is
essential for identifying moisture sources and assessing climatic responses. However,
drivers of daily and synoptic-scale variability beyond the westerlies and Indian
Summer Monsoon (ISM) remain poorly constrained in the southern and western TP.
Using event-based precipitation isotope data (3'%0 and 6D) from Yadong and Ali
(May 2021-September 2023), we investigate multi-scale variability drivers. Both sites
exhibit nearly identical 6O and 06D magnitudes during the monsoon
(June—September), while the westerly-dominated season (November—February) shows
maximum differences of 12.2 %o in 8'®0 and 118.8 %o in 8D. Meteorological controls
vary seasonally: amount effects dominate during the monsoon (R = —0.28 to —0.32, p
< 0.05), while temperature effects prevail in the westerly season (R = 0.51-0.79, p <
0.001). ISM dominates during isotopic convergence, while westerlies drive
divergence via distinct transport pathways. Local Meteoric Water Line analysis
indicates stronger moisture recycling and sub-cloud evaporation variability at Yadong.
On synoptic scales, simultaneous precipitation events reflect coherent ISM influence.
Interannual variability is significantly modulated by ENSO, with 80 enrichment of
2.8-5.1 %o (6D of 39.3-255.9 %o) from La Nina to El Nifio. During El Nifio,
weakened Walker circulation reduces ISM transport and enhances the relative

contribution of local evapotranspiration. These results offer new constraints on
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seasonal moisture source transitions and reveal ENSO sensitivity exceeding previous
estimates, advancing understanding of atmospheric moisture transport and regional
climate sensitivity over the TP.
short summary
This study characterized event-based precipitation stable isotopes (6'*0O, dD) at
Yadong and Ali from May 2021 to September 2023 to investigate climate controls of
variability in precipitation stable isotopes on the Tibetan Plateau across daily, synoptic,
seasonal, and interannual scales. We characterize the influence of shifting moisture
sources under westerly and Indian Summer Monsoon transport regimes, and the
differential impact of El Nifio and La Nifia events on precipitation isotopes.
1 Introduction

Stable oxygen and hydrogen isotopes (6'%0 and dD) in water are '°O, 7O, and '*O
for oxygen, and 'H and *H (D) for hydrogen. During water phase change, such as
evaporation and condensation, isotopic fractionation leads to the change of isotopic
ratios (Gat, 1996; Frankenberg et al., 2009; Yoshimura et al., 2008). Stable isotopes in
ice cores serve as paleothermometers (Tian et al., 2021), when interpreted through
knowledge of precipitation isotope variability. Precipitation stable isotopes offer
insight into moisture sources and hydrological processes and form the theoretical
foundation for paleoclimate reconstruction and interpretation (Yoshimura, 2015).

Numerous studies have shown that precipitation isotopes are influenced by
temperature, precipitation amount, and altitude (Jasechko, 2019). Additional
influences include local recycling via evapotranspiration (Risi et al., 2010),
convective activity (Gao et al., 2013; Risi et al., 2008), sub-cloud evaporation (Ye et
al., 2024), topographic gradients (Zhang et al., 2023), atmospheric circulation (Wang
et al., 2024), moisture sources (Yang and Wang, 2024), and ENSO. The linear
relationship between 6D and 8'%0 in precipitation, known as the Global Meteoric
Water Line (GMWL; oD = 8 x §'®0 + 10), was first proposed by Craig (1961). The
slope reflects the fractionation ratio of 6D and 8'®0, and the intercept represents the

mean d-excess, which signals kinetic fractionation during ocean evaporation and
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serves as a tracer of moisture source conditions (Merlivat and Jouzel, 1979). At
regional scales, this is referred to as the Local Meteoric Water Line (LMWL), which
varies according to local climatic conditions (e.g., temperature, precipitation amount,
humidity, wind) (Gao et al., 2011), large-scale convective activity (Dansgaard, 1964),
geographic factors (e.g., latitude, elevation, water recycling), and atmospheric
circulation patterns (e.g., source regions and transport pathways) (Chakraborty et al.,
2016). Deviations from equilibrium fractionation—such as  sub-cloud
evaporation—can lower both the slope and intercept of the LMWL due to the
differing non-equilibrium fractionation of oxygen and hydrogen isotopes (Brunello et
al., 2024). Conversely, vapor recycling tends to increase both values (Adhikari et al.,
2020).

Deuterium excess (d-excess = 6D — 8 x §'®0), introduced by Dansgaard (1964), is
commonly used to assess kinetic fractionation and infer moisture source
characteristics (Zhang et al., 2021). Globally, average d-excess in precipitation is
around 10 %o. Lower oceanic relative humidity during winter enhances kinetic
fractionation, producing water vapor with elevated d-excess (Natali et al., 2022).

Isotope monitoring on the TP began in 1991 with the establishment of the Tibetan
Plateau Network of Isotopes in Precipitation (TNIP) by the Chinese Academy of
Sciences (Yao et al., 1991). Precipitation 8'%0 in the northern TP generally shows
positive correlation with temperature (i.e., enriched 80 in summer, depleted in
winter), while precipitation 6'*O in the southern TP exhibits a negative correlation
with precipitation amount, showing depletion in summer and enrichment in winter
(Tian et al., 2007). Spatial precipitation 5'*O patterns during summer reflect regional
circulation regimes: Indian summer monsoon (ISM) dominance in the south, westerly
influence in the north, and a transitional zone in central TP. In winter, westerlies
dominate across the entire TP (Yao et al., 2013; Gao et al., 2009).

Previous studies also demonstrated that moisture origins influence precipitation
isotopes (Dai et al., 2021). During monsoon seasons, convection transports marine

vapor from the Bay of Bengal (BOB), Arabian Sea (AS), and Indian Ocean northward,
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yielding low d-excess precipitation over the Himalayas and beyond, reflecting marine
vapor origins. In contrast, wintertime westerlies carry moisture from remote sources
such as the Mediterranean Sea, producing precipitation with lower 6'*0 and elevated
d-excess. Local evapotranspiration contributes isotopically distinct vapor, typically
enriched in both 80O and d-excess (Noone et al., 2011; Gao et al., 2019). Local
processes such as evaporation, convection, and sub-cloud evaporation also modulate
isotope values seasonally: high temperatures enhance evapotranspiration and
sub-cloud evaporation through unsaturated air during summer, enriching 0'%0; as
sub-cloud evaporation decreases, d-excess rises (Ren et al., 2013). Vapor recycling
also contributes to elevated d-excess values (Wang et al., 2016).

ENSO modulates precipitation across the TP by altering the Walker Circulation
and associated convective and large-scale moisture transport patterns (Mason and
Goddard, 2001). Central Pacific El Nifio events typically increase spring precipitation
in the western TP and reduce it in the east, while La Nifia events have the opposite
effect (Wang et al., 2024). In summer, eastern Pacific El Nifio events suppress rainfall
in the southwest TP, while Central Pacific La Nifia conditions enhance it (Liu et al.,
2023). ENSO-driven changes in precipitation modify isotope signals through the
amount effect, as well as upstream convective activity along vapor transport pathways.
For example, 6'%0 values at Lhasa are significantly correlated with convective activity
both in moisture source regions and along the transport path (Cai et al., 2017). ENSO
also alters 6'®0 in the northwestern TP by affecting regional circulation patterns and
the availability of water vapor (Yang et al., 2018). Therefore, the precipitation stable
isotopes across the TP serve as effective tracers of ENSO-related climate variability
(Murray et al., 2025).

The Yadong Valley, located in the southern TP within the monsoon domain,
receives abundant ISM precipitation. Moisture supply linked to evaporation over
northeastern India and losses associated with convection over the BoB and
Bangladesh significantly impact §'*0 and d-excess (Axelsson et al., 2023). In contrast,

the Ali region in the arid western TP remains under-studied due to sparse
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observational data. Prior work has linked sharp mid-summer drops in 6'*0 to ISM
intrusions, while §'*O—-temperature correlations dominate during the non-monsoon
season, reflecting westerly and local circulation influences (Yu et al., 2009).

Despite these insights, a systematic understanding of drivers on daily and
synoptic-scale variability of precipitation isotopes and their response to large-scale
systems such as the westerlies, ISM, and ENSO, between the southern and western TP
is still lacking. Therefore, here we analyze event-based 6'*0 and 6D data from Yadong
and Ali (May 2021-September 2023), in conjunction with in-situ meteorological data,
HYSPLIT backward trajectories, ERAS reanalysis, and the Nifio 3.4 index. We
characterize isotope variability across daily to interannual timescales, evaluate the
role of synoptic-scale moisture transport in modulating moisture sources, and assess
ENSO’s impact on the TP. Our results offer new insights into precipitation isotope
response to climate variations on the TP. Section 2 outlines the study sites, datasets,
sampling and analysis methods. Section 3 presents the variability of precipitation
isotopes and meteorological parameters, explores local controls, moisture transport
process and ENSO influences on precipitation stable isotopes; and analyzes drivers of

simultaneous events at Yadong and Ali.

2 Study Site, Data, and Methods
2.1 Study Site and Data

(a) (b)
- : 140 — 16
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Figure 1. Map showing the geographical locations of Yadong and Ali, the mean
integrated water vapor flux (500-200 hPa) during the 1994 to 2023 monsoon

seasons, and the monthly mean temperature and precipitation at both sites from
5
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May 2021 to September 2023. (a) The location of the Yadong and Ali study sites
with arrows indicating the integrated water vapor flux from S00hPa to 200hPa
during the 1994 to 2023 monsoon seasons. (b) Monthly mean temperature (lines)
and precipitation (bars) at both sites from May 2021 to September 2023. Note the
absence of precipitation events at Yadong in November and at Ali in March,

April, and November during the study period.

Precipitation samples were collected at Yadong and Ali sites. Yadong (88.92 °E,
27.49 °N, 2,990 m a.m.s.l.) is located within the Yadong Valley in the central
Himalayas, while Ali (79.70 °E, 33.39 °N, 4,270 m a.m.s.l.) lies in the western Tibet
at the intersection of the Himalayas, Karakoram, and Gangdise mountain ranges, with
an elevation difference of 1,280 m between these two sites (Fig. 1a). During the
monsoon season, Yadong is primarily influenced by the southwest monsoon and
receives an average annual precipitation of 764.8 mm. In contrast, Fig. 1 shows that
Ali is mainly influenced by the westerlies and has much lower annual precipitation of
105.6 mm, ~70% of which falls during the monsoon season. Temperature at both sites
follow a similar seasonal cycle, increasing in spring and summer and decreasing in
autumn and winter. However, due to its higher elevation, Ali is consistently colder
than Yadong, with an annual mean temperature of 2.1 °C compared to 7.2 °C at
Yadong (Fig. 1b).

Meteorological data used in this study include surface temperature, precipitation,
relative humidity, and wind speed, recorded at the beginning and end of each
precipitation event. Surface temperature, relative humidity, and wind speed were
averaged between the two measurements, while precipitation was calculated as the
total rainfall amount for each event. Meteorological data for Ali were obtained from a
Campbell ClimaVUES0 automatic weather station installed at the site (with
minute-level temporal resolution), whereas data for Yadong were provided with
hourly resolution. The observation period spans from May 2021 to September 2023 at

both sites. To account for the respective influences of the ISM and the mid-latitude
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westerlies on precipitation stable isotopes, the year is divided into a monsoon season

(June—September) and a non-monsoon season (October—May of the following year).
The non-monsoon season is further subdivided into the pre-monsoon (March—May),

post-monsoon (October), and westerlies (November — February) seasons, following

previous isotope-based studies over the Tibetan Plateau (Axelsson et al., 2023; Dai et
al., 2021). This seasonal classification is consistent with the typical progression of the
ISM as reported by the India Meteorological Department (IMD;
https://mausam.imd.gov.in/). During the study period, monsoon onset dates occurred
on 3 June 2021, 29 May 2022, and 8 June 2023, while monsoon withdrawal dates
were 25 October 2021, 23 October 2022, and 16 October 2023, respectively.
Meteorological conditions at both Yadong and Ali exhibited pronounced seasonal
cycles. Air temperature at both sites peaked during the monsoon season (July means
of 14.1°C at Yadong and 13.3°C at Ali) and reached minima during the westerlies
season (January means of —2.1 °C and —10.5 °C, respectively). Precipitation patterns
differed markedly between the two sites: Yadong experienced substantial rainfall with
maxima during both the pre-monsoon (118.2 mm) and post-monsoon (127.8 mm)
seasons, whereas approximately 70 % of Ali’s annual precipitation occurred during
the monsoon season (Fig. 1b). Relative humidity remained consistently high at
Yadong throughout the year (pre-monsoon: 93 %; monsoon: 94 %; post-monsoon:
95 %; westerlies: 92 %), while at Ali it was substantially lower overall and exhibited a
seasonal maximum during the post-monsoon period (pre-monsoon: 67 %; monsoon:
59 %; post-monsoon: 81 %; westerlies: 70 %). Wind speeds at Yadong were
persistently low with minimal seasonal variability (pre-monsoon: 1.6 m s™'; monsoon:
2.2 m s™'; post-monsoon: 1.5 m s™!; westerlies: 1.7 m s™'). In contrast, Ali experienced
generally stronger winds, with maxima during the pre-monsoon (2.7 m s') and
monsoon (2.9 m s7') seasons (post-monsoon: 1.6 m s™'; westerlies: 1.7 m s™")

To investigate the influence of ENSO events on precipitation stable isotopes at

Yadong and Ali, we used the monthly Oceanic Nifio Index (ONI) provided by the
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National Oceanic and Atmospheric Administration Climate Prediction Center (NOAA
CPC,

https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php,
last access: 3 May 2025), based on sea surface temperature (SST) anomalies in the

Nifio 3.4 region (5° N-5° S, 120°-170° W).

2.2 Sample Collection and Measurement

In total, 359 precipitation samples from Yadong and 80 samples from Ali were
analyzed, all collected between May 2021 and September 2023. After each
precipitation event, samples were immediately transferred into 4 ml glass bottles,
sealed, and labeled with event-specific metadata including temperature, precipitation
amount, relative humidity, and wind speed at both the beginning and end of the event.
All samples were stored under refrigeration until isotope measurements were made.
Measurements of 3'*0 and 8D were conducted at the State Key Laboratory of Tibetan
Plateau Earth System, Environment and Resources, Institute of Tibetan Plateau
Research, Chinese Academy of Sciences (CAS), using a cavity ring-down
spectrometer (Picarro-21301 Liquid Water Isotope Analyzer) with an analytical
precision of £0.08 %o for 8'%0 and +£0.5 %o for 8D. Stable isotope measurements were
calibrated and quality-controlled following a standardized analytical protocol. Each
analytical batch comprised 27 precipitation samples and 4 laboratory reference
standards, with each sample measured six consecutive times. To minimize instrument
memory effects, the first three injections were discarded. The remaining three
injections were required to meet strict precision criteria, with a standard deviation (SD)
of < 0.08 %o for 80 and < 0.5 %o for 0D; samples that did not meet these thresholds
were remeasured. For calibration, 4 laboratory reference standards calibrated against
Vienna Standard Mean Ocean Water (V-SMOW) (80 = -0.9 %o and dD = -5.3 %o,
30 = -10.9 %o and 6D = -77.0 %o, 80 = -19.7 %o and 6D = -147.0 %o, 6'*0 =
-29.4 %o and 0D = -224.6 %o0) were used to cover the isotopic range of ambient

precipitation samples at both sites, with reference standard values spanning a similar
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range to those used in recent precipitation isotope studies from the same TP region
(Wang et al., 2023). For each analytical batch, a univariate linear regression was
established between the measured isotope values and the assigned values of the
reference standards. The resulting calibration equation was then applied to correct the
raw isotope measurements of the co-analyzed precipitation samples, ensuring
consistency and traceability of the final dataset. Isotope values are reported in

delta-notation (o) relative to Vienna Standard Mean Ocean Water (V-SMOW)

180
160
sample
(o)
16~
0 standard

The daily, monthly, seasonal, and annual averages of 8'30 are calculated as

(Dansgaard, 1964):

—1 | x 1000%0 (1)

precipitation amount-weighted averages:

P; 5180;
8180y = ——5— @
i

where P; represents the precipitation amount during the i-th rainfall event. 8*80,,
denotes the precipitation amount-weighted daily, monthly, seasonal, or annual average.
The definition of oD follows a form analogous to Eq. (1), and its precipitation

amount-weighted average is calculated identically using Eq. (2).

2.3 Rayleigh Distillation and Mixing Model

The Rayleigh distillation model describes the progressive depletion of heavy
isotopes in an air mass as it cools along its trajectory. During this process,
condensation and precipitation preferentially remove the heavier isotopes, leaving the

residual vapor increasingly depleted (Gat, 1996):

R = Rofov(M-1 (3)
where R and Ry represent the isotopic ratios of residual and initial vapor,
respectively. G{, (T) denotes the equilibrium fractionation factor, and f is the fraction

9
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of residual water vapor.
By integrating Eq. (1), the Rayleigh distillation model can be expressed as

follows:

&= (5p + 1)fv(M-1_1 (4)
where 0 and Qg are the isotope ratios against V-SMOW in residual and initial vapor,
respectively.

To examine the isotopic characteristics after the mixing of two air masses we

employ the following mixing model (Galewsky and Hurley, 2010):

_ f[HDO]; + (1 — H[HDO],
Rmix = H,01, + (1 = HIH,0l, ®)

where Rp,ix represents the isotopic ratio of the mixed air mass, while [HDO] and

[H,0] denote isotopic water vapor volume mixing ratios. f is the mixing fraction.

2.4 Backward Trajectory Calculation and Integrated Water Vapor Flux

To assess the influence of moisture sources on precipitation stable isotopes, we
employed the HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model developed by the US National Oceanic and Atmospheric Administration
(NOAA) to calculate 120 h backward trajectories for air masses arriving 200 m above
ground level at Yadong and Ali stations. Backward trajectories were calculated with a
duration of 120 h, which was selected because it sufficiently captures transport times
from the major moisture source regions to the TP, as demonstrated in previous studies
(Gao et al., 2013; Dai et al., 2021). Sensitivity tests using 140 h trajectories showed
no significant differences in transport pathways or moisture source attribution
compared to the 120 h case (Fig. S1). Therefore, 120 h was adopted as an optimal and
computationally efficient choice for this study. Trajectories were initialized four times
daily (00:00, 06:00, 12:00, and 18:00 UTC) on all rainy days between May 2021 and
September 2023, with one air parcel released at each start time. Specific humidity (q)
was tracked along each trajectory, and the magnitude of moisture change (JAq| = |qend -
(initial]) ranged from 0.5 to 8.1 g kg™!' at Yadong and from 0.1 to 16.9 g kg™! at Ali,

indicating substantial moisture uptake and loss along transport pathways.

10
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Cluster analysis was performed using the HYSPLIT clustering algorithm, which
groups trajectories with similar spatial pathways. The optimal number of clusters was
determined by minimizing the Total Spatial Variance (TSV). For each cluster, a mean
trajectory represents the spatial average of all trajectories within that cluster. The
percentages shown in Figures 4 and 7 indicate the fraction of trajectories assigned to

each cluster relative to the total number of trajectories at each site. We have added

Table S1 to show Total Spatial Variance (TSV, units: °?2) of trajectory clusters at

Yadong and Ali in different seasons of each year. The model uses Global Data
Assimilation System (GDAS) reanalysis data with a spatial resolution of 1° X 1° and a
temporal resolution of 6 h, provided by the National Centers for Environmental
Prediction (NCEP, ftp://arlftp.arlhq.noaa.gov/archives/gdasl/, last access: 8 January
2025). To quantify the moisture contribution of each trajectory cluster, we combined
the relative frequency of clustered trajectories with the along-trajectory variations in q.
Increases in q were interpreted as moisture uptake from surface evaporation over the
ocean or evapotranspiration over land, whereas decreases in q were attributed to
moisture loss associated with precipitation processes (Dai et al., 2021; Adhikari et al.,
2020).

To assess the robustness of the moisture source identification and ensure
consistency with the water vapor flux analysis, trajectory analyses were conducted
using two distinct initialization levels to verify robustness (See supplementary file): (1)
Condensation level: Derived from event-specific in-situ temperature and relative
humidity, this level represents the altitude at which water vapor condensation likely
occurs and, therefore, corresponds closely to the effective cloud base. The mean
heights were 3143 m a.m.s.l. at Yadong (153 m AGL) and 5396 m a.m.s.l. at Ali (1126
m AGL). (2) 500 hPa: The second trajectory set was initiated at the 500 hPa pressure
level (mid-troposphere). This level was selected to ensure consistency with the
500-200 hPa used for calculation of vertically integrated water vapor fluxes,
minimizing potential discrepancies between trajectory-derived pathways and

flux-based transport diagnostics.
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We also used ERAS reanalysis data to calculate integrated water vapor flux from
500 hPa to 200 hPa above the Yadong and Ali sites on rainy days during the study
period. ERAS5 data, provided by the European Centre for Medium-Range Weather
Forecasts (ECMWF, https://cds.climate.copernicus.eu/eu/, last access: 4 February
2025), include specific humidity (g), zonal wind (uz), and meridional wind (v)
components, and have a spatial resolution of 0.25° x 0.25° and temporal resolution of

1 h. These data were used to calculate the integrated water vapor flux (Q) using:

== (,)d (6)

where  is gravitational acceleration, while and are surface pressure and 200

hPa pressure, respectively.

3 Results

3.1 Temporal Variability of Precipitation Stable Isotopes

12
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Figure 2. Temporal variations of daily and monthly precipitation stable isotopes
(0'*0O, oD, d-excess) and local meteorological conditions (temperature,
precipitation amount) at Yadong and Ali from May 2021 to September 2023. (a)
and (f) Daily and monthly variations in $'30. (b) and (g) same as (a) and (f), but
for oD. (¢) and (h) same as (a) and (f), but for d-excess. (d) and (i) same as (a) and
(f), but for temperature. (¢) and (j) same as (a) and (f), but for precipitation

amount.
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Both Yadong and Ali exhibit remarkable seasonal variations in temperature and
precipitation. Temperatures at both sites follow a unimodal pattern (Fig. 1b, 2d and 21),
peaking in July during the monsoon season at 14.1 °C (Yadong) and 13.3 °C (Ali),
respectively, and reaching their lowest values in January during the non-monsoon
season at —2.1 °C (Yadong) and —10.5 °C (Ali). Also seasonal precipitation patterns
differ significantly between the two sites (Fig. 1b, 2e and 2j), with Yadong receiving
substantially higher annual precipitation than Ali (764.8 mm vs. 105.6 mm).
Precipitation at Ali exhibits a strong peak located within the monsoon season (August),
accounting for 70 % of its annual total. In contrast, the precipitation pattern at Yadong
is bimodal, with two peaks in April (pre-monsoon, 118.2 mm, 15.5 % of annual total)
and October (post-monsoon, 127.8 mm, 16.7 % of annual total).

Yadong exhibits a pronounced bimodal precipitation regime that exerts seasonally
distinct controls on the isotopic composition of precipitation (6'*O and 6D; Figs. 1b
and 2e). During October, which corresponds to the primary precipitation maximum,
extreme rainfall events (e.g., 109.3 and 43.7 mm day ') dominate the monthly total
and induce a strong amount effect, reflected by a statistically significant negative
relationship between precipitation amount and isotopic composition (R? = 0.36). As a
result, October records the most depleted monthly mean isotope values (6'*0 =
—16.0 %o; 0D = —123.4 %o), consistent with enhanced rainout and progressive isotopic
depletion during intense convective precipitation. In contrast, April represents a
secondary precipitation peak characterized by frequent but weak rainfall events
(0.4-18.0 mm day'). Despite relatively high cumulative precipitation, the monthly
mean isotope values are anomalously enriched (6'%0 = —0.2 %o; dD = 13.2 %o). This
enrichment indicates that isotopic variability during April is not primarily governed
by the amount effect. Instead, it likely reflects the dominant influence of local surface
evaporation and sub-cloud kinetic fractionation, which preferentially enrich heavy
isotopes under warm and relatively dry pre-monsoonal conditions. These contrasting
isotopic responses highlight the seasonally varying balance between large-scale

moisture condensation and local evaporative processes in shaping precipitation
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isotope signals over the southern TP.

Both Yadong and Ali exhibit a distinct three-stage isotopic cycle in response to
monsoon evolution: 30 and 6D increase during the pre-monsoon, moderately
deplete during monsoon development, and reach their lowest values during the
post-monsoon season (Fig. 2a—b, Table S2). For instance, 6'*0 at Yadong decreases
from —2.7 %o during the pre-monsoon to —10.7 %o during the mature monsoon,
reaching —22.9 %o at the end of the monsoon, before rising to —9.6 %o under westerly
influence. Ali follows a similar temporal variation, but with more pronounced
extremes (from —8.4 %o to —26.7 %o).

Notably, a large number of positive values of 6'*0O and 6D are observed at both
sites, particularly at Yadong (Fig. 2a-b). These enriched values mainly occurred
during the pre-monsoon and westerly-dominated seasons. Such enrichment likely
results from local moisture recycling and the intrusion of dry continental westerly
winds. These positive 8'®0 and 6D values therefore indicate precipitation events
dominated by local recycling, westerly winds or evaporative continental moisture,
contrasting with the depleted signatures of ISM moisture (Adhikari et al., 2020; Wang
etal., 2019).

Both sites exhibit similar seasonal d-excess pattern (Fig. 2c, Table S2). At Yadong,
d-excess is elevated during the pre-monsoon (15.3 %o), lowest during the peak
monsoon (6.7 %o), and then increases again during the post-monsoon and westerly
periods (13.1 %o and 19.9 %o, respectively). Similarly, Ali shows high d-excess during
the pre-monsoon (20.9 %o), a decline during the monsoon (14.0 %o), a peak in the
post-monsoon (24.7 %o), whereas the lowest values during the westerlies (—1.5 %o)
may be attributed to sporadic precipitation events. These variations reflect shifts in
moisture sources and the humidity dependence of kinetic fractionation—higher
d-excess values are associated with low-humidity sources such as continental or
recycled vapor, whereas lower d-excess values correspond to humid or oceanic air
masses (Merlivat and Jouzel, 1979; Gat and Matsui, 1991). Ali shows greater

amplitude in d-excess changes, especially under westerly influence, indicating a
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higher sensitivity to shifts between continental and maritime moisture regimes.
Interannual anomalies further highlight the influence of moisture origin and
thermal regimes (Fig. 2f, 2h). At Yadong, pre-monsoon (May—June) 6'*0O was more
depleted in 2021 (9.3 %o and —7.8 %o) but shifted to more enriched values in 2022
(0.0 %o and —0.5 %0) and 2023 (0.7 %o and —3.1 %o), despite only minor changes in
d-excess. This indicates enhanced local recycling or warmer vapor source conditions
in the latter years. At Ali, 5'*0 peaked in June 2022 at 1.7 %o (compared to —7.1 %o in
2021 and —9.5 %o in 2023), while in October 2021, 6'*0O dropped to —34.6 %o (vs.
—21.0 %o in 2022). These fluctuations correspond to d-excess maxima in mid-summer
2022 (28.2 %o and 17.6 %o) and a minimum in August 2021 (4.8 %o). These episodic
enrichments and depletions probably result from variations in influence of large-scale
mode (ENSO), which modulates the humid ISM and the drier westerly regimes,

aligning with documented shifts in moisture transport over the TP (Yao et al., 2012).

3.2 The Local Meteoric Water Line

Table 1. Local Meteoric Water Line (LMWL) for Yadong and Ali, including
coefficient of determination (R?) and p-value (Ho: no linear relationship between

0'*0 and oD).

Station Yadong Ali
Full year dD =8.43 £ 0.07 x 3% 0 + 6D =8.38 £0.16 x §!80 +
12.70 £0.70, 15.41 £2.46,
R?=0.98, p<0.001 R2=0.98, p<0.001
Pre-monsoon 3D =8.11+0.14 x 380 + 8D =8.62 +0.67 x §'%0 +
14.77 £ 0.56, 21.50 £ 8.20,
R2=0.97, p < 0.001 R2=0.98, p < 0.01
Monsoon 8D =7.89+0.11 x 30 + 8D =8.57 £ 0.20 x 5'*0 +
5.24+£1.22, 16.85+2.71,
R?=0.96, p <0.001 R2=0.97, p <0.001
Post-monsoon 8D =6.92 £ 0.34 x §'%0 — 8D = 8.44 + 1.00 x §'%0 +
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12.41 £5.76, 32.37 £26.46,

R?=0.96, p<0.001 R2=0.99, p>0.05
Westerlies 8D =8.39+0.22 x 30 + 8D =6.87 £0.31 x §'%0 —

2431 £1.39, 25.10 £ 7.74,

R?=0.99, p<0.001 R?=0.99, p <0.001

We used total least squares (TLS) regression to calculate all LMWLs, accounting
for measurement precisions to estimate slope and intercept errors. As shown in Fig.
S2 and Table 1, the annual LMWL slope and intercept at Yadong (8.43 + 0.07 and
12.70 = 0.70 %o, respectively) are higher than those of the GMWL (8 and 10 %o),
which may reflect strong vapor recycling. During the pre-monsoon, the slope (8.11 +
0.14) approximates that of the GMWL, while the intercept is higher (14.77 + 0.56 %o),
suggesting a moisture source with relatively low humidity compared to the monsoon
and post-monsoon seasons. During the monsoon, the slope (7.89 = 0.11) approximates
that of the GMWL, while the intercept is lower (5.24 + 1.22 %), suggesting humid
moisture sources. During the post-monsoon, both the slope (6.92 + 0.34) and intercept
(—12.41 £ 5.76 %o0) fall below the GMWL, indicating influence from sub-cloud
evaporation and humid moisture sources. In contrast, the LMWL slope and intercept
during the westerlies season (8.39 + 0.22and 24.31 £+ 1.39 %o) exceed those of the
GMWL, likely due to enhanced moisture recycling. These findings are consistent with
previous reports, such as an annual LMWL slope and intercept of 8.4 and 12.02 %o at
Yadong (Axelsson et al., 2023). Notably, the LMWL at Yadong during the monsoon
closely resembles that of Naqu (slope = 7.67, intercept = 1.3 %o) in the central TP (Li
et al., 2023).

At Ali, the LMWL slopes (8.38 +0.16, 8.62 + 0.67, 8.57 + 0.20, and 8.44 £+ 1.00)
and intercepts (15.41 £ 2.46 %o, 21.50 £ 8.20 %o, 16.85 = 2.71 %o, and 32.37 +
26.46 %o) are consistently higher than the GMWL during the annual, pre-monsoon,

monsoon, and post-monsoon season, suggesting dominance of moisture recycling.

Although the linear fit is strong (R2 = 0.99) during the post-monsoon season, the
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result is not statistically significant (p > 0.05) due to the small sample size. However,
during the westerlies season, the slope (6.87 £ 0.31) and intercept (— 25.10 = 7.74 %o)
are substantially lower, indicating strong sub-cloud evaporation and humid moisture
sources. This may result from synoptic transport from oceanic sources, which is

discussed in detail in section 3.4.

3.3 The Influence of Local Meteorological Factors

At Yadong, 8'®0 exhibits a significant negative correlation with temperature
throughout the year (slope = —0.27, R = —0.42, p < 0.001, Ho: no linear correlation).
Seasonally, this relationship is negative from the late pre-monsoon to post-monsoon
(R = —0.30, p < 0.001), but shifts to a significant positive correlation from the
westerlies to the early pre-monsoon of the following year (R = 0.51, p < 0.001),
indicating a clear seasonal reversal in the temperature effect. At Ali, 6'*0 is positively
correlated with temperature year-round (slope = 0.30, R = 0.39, p < 0.001), with the
strongest correlation observed from the post-monsoon to the pre-monsoon season of
the following year (R = 0.79, p < 0.001).

In terms of precipitation, 6'®0O at Yadong is significantly negatively correlated
year-round (slope = —0.35, R = —0.25, p < 0.001), and particularly from the late
pre-monsoon to post-monsoon (R = —0.28, p < 0.001), reflecting a typical amount
effect. This correlation intensifies during the westerlies to early pre-monsoon season
(R =-0.49, p < 0.001). At Ali, a significant negative correlation between 6'*0O and
precipitation is only observed during the monsoon season (R = —0.32, p < 0.05),
associated with the missing of temperature effect.

Regarding wind speed, 6'*0 at Yadong shows a weak negative correlation over the
full year (slope = —0.02, R = —0.11, p < 0.05), whereas at Alj, it is significantly
positively correlated year-round (slope = 0.04, R = 0.34, p < 0.01), with the strongest
relationship during the post-monsoon to pre-monsoon (R = 0.66, p < 0.001),
associated with the strongest temperature effect (Fig. S3).

These results indicate that Yadong is predominantly influenced by the monsoon
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from the late pre-monsoon to post-monsoon season, characterized by a strong amount
effect. From the westerlies to early pre-monsoon, it is mainly affected by westerly
winds and local moisture recycling, exhibiting a significant temperature effect. In
contrast, Ali is primarily influenced by the monsoon during the monsoon season,
showing a clear amount effect, and by westerlies and local vapor recycling from the
post-monsoon to pre-monsoon, where the temperature effect becomes significant.
These observations are consistent with previous studies reporting a significant amount
effect in the southern TP, including at Bomi and Lhasa (Gao et al., 2011), and a
dominant temperature effect in the northwestern TP, such as in the Bagrot Valley

(Wang et al., 2019).

3.4 The Influence of Moisture Transport Processes

‘:_“‘.
& — Mixing

Rayleigh

Yadong Pre-monsoon
Yadong Monsoon
Yadong Post-monsocn
Yadong Westerlies

Ali Pre-monsoon

Ali Monsoon

Ali Post-monsoon

Ali Westerlies

>>D>D>OO0OO0O

0 2 4 6 8 10 12 14 16

Figure 3. Scatter plot of daily 'O versus q at Yadong and Ali, with mixing and
Rayleigh fractionation curves. Black and orange lines represent the mixing and
Rayleigh fractionation curves, respectively. The Rayleigh starting point is set at

—0.07 % and 16 g kg!' at 25 °C, assuming equilibrium conditions for
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precipitation from sea-level air with 80 % relative humidity. The mixing curve
uses the same wet end-member; the dry end-member is set at —25 %o and 0.5 g

kgl

The g—0'®0 relationship effectively reflects seasonal controls on precipitation
isotopes at both sites (Fig. 3). At Yadong, during the pre-monsoon and westerlies
seasons, most 8'%0 values lie above the mixing curve, indicating substantial influence
from local surface evaporation. In contrast, during the monsoon and post-monsoon,
most 80 values fall below the Rayleigh curve, suggesting dominant effects of
sub-cloud evaporation and rainout effect, consistent with prior LMWL-based
interpretations. Some monsoon-season values fall between the Rayleigh and mixing
curves, reflecting contributions from moisture mixing process.

At Ali, 80 values during the pre-monsoon, monsoon, and westerlies seasons fall
between the Rayleigh and mixing curves, indicating joint control by moisture mixing
and precipitation processes. Notably, during the monsoon, post-monsoon, and
westerlies seasons, many 80 values fall below the Rayleigh curve, suggesting
sub-cloud evaporation is also influential, consistent with Ali’s LMWL during these
seasons.

The isotope—humidity contrast between the two sites is clearest during the
westerlies season: 80 averages —9.6 %o at Yadong and —21.8 %o at Ali, with
corresponding g values of 3.3 g kg™! and 1.4 g kg™'. In contrast, during the monsoon
season, &'*0 averages converge (—10.7 %o at Yadong vs. —13.3 %o at Ali) with
consistent magnitudes, but ¢ is nearly double at Yadong (8.8 g kg™ vs. 4.7 gkg™).

In summary, monsoon-season 8'%0 at both sites reflects combined influences of
sub-cloud evaporation, mixing, and rainout effect. Under westerly conditions, 8'%0 at
Yadong is more influenced by local evaporation, while 3'%0 at Ali is influenced by
Rayleigh-type fractionation and moisture mixing, leading to consistently lower 3'%0

values.
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Figure 4. Clustered 120-hour backward trajectories for air masses arriving 200

m above ground level at Yadong and Ali on rainy days across different seasons

(pre-monsoon, monsoon, post-monsoon, westerlies season) from May 2021 to

September 2023 based on the HYSPLIT model, with specific humidity value

along trajectories and the proportion of each trajectory cluster. Red dots show

the locations of both sites. Trajectory colors indicate the values of ¢, while

numbers indicate the proportion of clustered trajectories to total trajectories at

Yadong (blue) and Ali (black).

00 and d-excess in precipitation at Yadong and Ali during our observation

periods reveal consistent distribution ranges and diurnal variability during the
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monsoon season, implying consistent moisture origins. To delineate seasonal and
interannual insight into moisture sources and transport pathways variability, we
employed the HY SPLIT model to compute 120 h backward trajectories for rainy days
(Gao et al., 2013; Dai et al., 2021), covering four climatological intervals:
pre-monsoon, mature monsoon, post-monsoon, and westerly-dominated seasons.
During late May 2021 (pre-monsoon), moisture transport at Yadong exhibited atypical
characteristics for this season. The site experienced enhanced high-humidity
southwesterly moisture flux originating primarily from the BOB and the AS,
contributing approximately 55 % and 25 % of the total moisture supply, respectively
(Fig. 4a). This anomalous moisture transport was associated with relatively depleted
precipitation isotope values, with a mean 80 of —9.3 %o. In contrast, in May

2022-2023, high-humidity local surface evapotranspiration (97 % and 83 % of total

contribution, respectively) combined with low - humidity westerly (both are 3 % of

total contribution) produced a bit enriched 6'*0O average (Fig. 4b-c). During the
mature monsoon season, in 2021-2022 (Fig. 4d-e), high-humidity ISM (57 % and
43 % of total contribution, respectively) combined with high-humidity local surface
evapotranspiration (42 % and 57 % of total contribution, respectively) consistently
supplied moisture to Yadong, while in 2023 (Fig. 4f), moisture mainly contributed
from the high-humidity BOB (36 % of total contribution) and moist Indian
subcontinent as well as local recycling (63 % of total contribution) resulted in 3'*0
average of —10.7 %o and d-excess of 6.7 %o. During the post-monsoon season (Fig.
4g-h), the contribution from high-humidity ISM (7 % and 18 % of total contribution
in 2021 and 2022, respectively) and East Asian monsoon (28 % of total contribution
in 2021) resulted in depleted 6'*0 to —22.9 %o and raised d-excess to 13.1 %o. During
the westerlies season (Fig. 4i-k), the higher contribution from low-humidity westerly
(75 % of total contribution) in 2021 resulted in depleted 'O to —15.2 %o and
d-excess to 18.3 %o, compared to those in 2022 and 2023.

Ali exhibited distinct seasonal patterns. During the pre-monsoon season, in

2021-2022 (Fig. 4a-b), moisture mainly contributed from high-humidity local
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recycling, while in 2023 (Fig. 4c), Ali received additional moisture from the
low-humidity westerly (12 % of total contribution) and AS (24 % of total
contribution), resulting in 6'¥0 average of —8.4 %o and d-excess of 20.9 %o. During the
monsoon, in 2021-2022 (Fig. 4d-e), high-humidity ISM (5 % and 9 % of total
contribution, respectively) combined with high-humidity local surface
evapotranspiration and moist Indian subcontinent (67 % and 54 % of total
contribution, respectively) consistently supplied moisture to Ali, while in 2023 (Fig.
4f), moisture mainly contributed from the high-humidity eastern Indian subcontinent
and local circulation (74 % of total contribution), resulting in '*0 averaged of
—13.3 %o and d-excess of 14.0 %o. In October 2021 (Fig. 4g), Ali was influenced by
dry northeastern Indian sources, producing extremely depleted 3'*0O of —34.6 %o,
compare to —21.0 %o in October 2022 (Fig. 4h), when moisture mainly contributed
from dry westerlies (12 % of total contribution) and western Tibet (88 % of total
contribution). During the westerlies season (Fig. 4i-j), Ali received both
high-humidity moisture from Indian sources and dry long-range continental moisture
via westerly winds, yielding a markedly depleted average 60 of —21.8 %o and
moderate d-excess of —1.5 %eo.

Trajectories at the condensation level and at 500 hPa confirm that the dominant
large-scale moisture sources (ISM during the monsoon and the westerly during the
non-monsoon season) are consistently detected across arrival heights. However,
differences appear in the identification of secondary or weak signals, such as local
recycling and weak ISM intrusion, particularly during transitional periods. These
discrepancies likely reflect the combined influence of vertical moisture stratification,
atmospheric stability, and the complex topography surrounding Yadong and Ali.

At Yadong, the valley terrain and relatively low elevation allow local moisture to
remain confined within the planetary boundary layer (PBL). As a result,
condensation-level trajectories miss weak westerly intrusions during the non-monsoon
season (Fig. S4b-c and i-k), possibly because shallow boundary-layer conditions and

topographic sheltering enhance the relative contribution of local moisture signals,
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while 500 hPa trajectories, representing the mid-troposphere, tend to underrepresent
locally recycled moisture (Fig. S5b-c, g-h and i-k). During the monsoon (Fig. S4d-f
and S5d-f), strong ISM inflow penetrates the full tropospheric column, leading to
consistent source identification across all heights.

At Ali, the high-elevation arid basin favors limited local recycling and weak
low-level monsoon penetration. Consequently, condensation-level trajectories appear
more sensitive to pre-monsoon (Fig. S4c) and post-monsoon (Fig. S4h) seasons, when
weak winds and enhanced surface-driven convection may amplify short-range
continental moisture contributions relative to the westerly. 500 hPa trajectories are
dominated by the large-scale westerly and may miss weak ISM-related moisture (Fig.
S5d-f) or local sources (Fig. S5a-c) confined to the lower PBL. Nonetheless, during
the westerly-dominated season (Fig. S4i-j and S5i-j), all trajectory heights recover
consistent source patterns.

Overall, these findings suggest that differences among trajectory heights mainly
arise from the interplay between boundary-layer confinement of local moisture and
the strength of large-scale circulation. Trajectories at 200 m AGL provide a balanced
representation of both large-scale transport and boundary-layer moisture, supporting
their use as the primary framework in our analysis.

Thus, monsoon-season convergence of 6'*0 values (—10.7 %o at Yadong, —13.3 %o
at Ali) reflects a shared ISM moisture source, whereas the westerlies-season
divergence of 80 is largest (—9.6 %o at Yadong, —21.8 %o at Ali) due to differing

moisture regimes.
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Figure 5. The magnitude and direction of seasonal mean integrated water vapor
flux (500-200 hPa) over Yadong on rainy days from 25 May 2021 to 23
September 2023 (308 days) across seasons using ERAS reanalysis data (the blue
shading and the direction of the black arrows indicate the magnitude and

direction of water vapor flux).
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Figure 6 The magnitude and direction of seasonal mean integrated water vapor
flux (500-200 hPa) over Ali on rainy days from 31 May 2021 to 18 September
2023 (69 days) across seasons using ERAS reanalysis data (the blue shading and
the direction of the black arrows indicate the magnitude and direction of water

vapor flux).

Figures 5 and 6 show the seasonal mean vertically integrated water vapor flux in

the 500-200 hPa layer on rainy days at Yadong and Ali, respectively, illustrating the
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seasonal variability in both the magnitude and direction of moisture transport
associated with precipitation events at the two sites. The specific rainy days included
in the analysis are listed in Table S3. At Yadong, southwesterly moisture transport
dominated during late May (pre-monsoon) 2021, with the maximum vertically
integrated water vapor flux reaching 77.5 kg m™ s (Fig. 5a), accompanied by
relatively depleted precipitation isotopic values (80 = —9.3 %o). In 2022 and 2023,
Yadong was controlled by dry westerly, resulting in a reduction in water vapor flux to
24.6 kg m!' s!' (Fig. 5b) and 23.3 kg m! s' (Fig. 5c), respectively, and
corresponding increase in the average 8'®0 values of 9.3 %o and 10.0 %o compared to
2021. During the monsoon season, the dominant circulation shifted from westerlies to
monsoon, with water vapor flux increasing to 32.5 kg m™! s7!, and the average §'*0O
value decreasing by ~8.0 %o relative to the pre-monsoon season (Fig. 5d-f). In the
post-monsoon season, water vapor flux reached a seasonal high of 39.6 kg m™! s
(Fig. 5g-h), while the average 6'*0O decreased by an additional 12.2 %o. During the
westerlies season, westerly carried dryer moisture to this region, resulting in a
reduction in water vapor flux to 22.2 kg m™!' s7! (Fig. 5i-k), and a 13.3 %o increase in
average 6'*0 values compared to the post-monsoon.

During the pre-monsoon period (Fig. 6a-c), Ali was dominated by the westerly,
with a relatively low water vapor flux of 18.6 kg m™! s! and an average '*0 value of
—8.4 %o. During the monsoon season (Fig. 6d-f), the region transitions to monsoon

I'and a

dominance, resulting in an increase in water vapor flux to 36.5 kg m™' s~
corresponding decrease in the average 6'*0 by 4.9 %o. During the post-monsoon
season, substantial interannual variability was observed. In 2021 (Fig. 6g), the region
remained under the monsoon influence, with the maximum water vapor flux reaching
98.6 kg m™!' s7!. In contrast, the region shifted to westerly dominance in 2022 (Fig.
6h), leading to a sharp decline in water vapor flux to 5.5 kg m™' s™!, and an increase in
the average 6'*0 of 13.6 %o compared to 2021. During the westerlies season,
persistent westerly influence resulted in a further decrease in water vapor flux to 11.5
1

kg m™! s7!, accompanied by an increase in average 3'*0 of 4.9 %o relative to the
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post-monsoon season.

Both methods consistently indicate that Yadong is dominated by monsoon-derived
moisture during the pre-monsoon (2021), monsoon, and post-monsoon seasons, and
by westerly-sourced moisture during the westerlies season. In contrast, Ali is
influenced by monsoon moisture during the monsoon season and by westerly
moisture during the westerlies season. These consistent results demonstrate the
robustness of our moisture source attribution.

These results demonstrate that seasonal and interannual variations in
ISM-westerly patterns exert strong control over both moisture transport and
precipitation isotope compositions at both Yadong and Ali. The systematic inverse
relationship between water vapor flux and 8'®0 values reflects the fundamental
influence of moisture source regions and transport pathways on isotopic signatures,
with monsoon-sourced moisture consistently producing higher flux and more depleted
isotopic signatures compared to westerly-transported moisture. The pronounced
interannual variability observed during the post-monsoon season, particularly the
contrasting circulation patterns between 2021 and 2022, highlights the sensitivity of
precipitation stable isotopes to large-scale atmospheric dynamics.

3.5 Moisture Sources on Simultaneous Rainy Days
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Figure 7. Comparative analysis for simultaneous rainy days at Yadong and Alj,
including 6'®*0 and precipitation amount, backward trajectories, and mean
integrated water vapor flux (500-200 hPa) during the monsoon season. (a) 8'*0
and P on simultaneous rainy days at Yadong and Ali, bars represent precipitation
amount and points represent 8'°0O values; backward trajectories on simultaneous
rainy days at Yadong (b) and Ali (¢) during the monsoon season; integrated
water vapor flux from 500 hPa to 200 hPa on simultaneous rainy days at Yadong

(d) and Ali (e) during the monsoon season.

During the monsoon season, simultaneous precipitation events were recorded on
28 days at both Yadong and Ali, whereas only 3 such days were observed during the

non-monsoon season (Fig. 7a). During the monsoon season, the average 6'%0 values
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for simultaneous precipitation days at Yadong and Ali were —9.3 %o and —9.4 %o,
respectively, with corresponding average d-excess values of 9.2 %o and 13.9 %o.
Precipitation amounts at Yadong (137.9 mm) exceeded those at Ali (84.9 mm) by 53
mm, likely resulting from Yadong’s more southeastward location and 1280 m lower
altitude under the ISM influence.

In contrast, during the non-monsoon season, concurrent precipitation events
exhibited a reversal of the monsoon-season pattern. The average 0'*0O values on
concurrent precipitation events were —6.0 %o and —22.8 %o, respectively, with
d-excess averages of 10.7 %o and 20.7 %o, and precipitation amounts of 10.0 mm and
29.8 mm, respectively. The large differences in §'*0 (16.8 %o) and d-excess (10.0 %o)
indicate distinct moisture sources, with Yadong influenced by more local or recycled
moisture and Ali influenced by more continental or long-distance transported westerly
moisture.

Backward trajectory analysis supports further these findings. During
monsoon-season simultaneous events, the ISM transports large amounts of
high-humidity moisture to Yadong, along with contributions from local surface
evapotranspiration (Fig. 7b and S6). In contrast, Ali's moisture primarily originates
from local evapotranspiration (Fig. 7b), supplemented by high-humidity ISM input
and smaller contributions from low-humidity westerly winds (Fig. S6), indicating that
the ISM simultaneously influences both Yadong and Ali at the synoptic scale. This
conclusion is further supported by water vapor flux analysis (Fig. 7c), exhibiting
pronounced high flux of 33.0 kg m™!' s™! at Yadong and 36.2 kg m™! s7! at Ali. The
strength and coherence of monsoonal moisture transport across both regions highlight
the ISM's crucial role in controlling precipitation isotopic signatures during

simultaneous events at the southern and western TP.

3.6 The Influence of ENSO events
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Figure 8. Concurrent time series of the monthly Nifo 3.4 index and monthly
amount-weighted 6'*0 at Yadong and Ali, and the spatial correlation between the
monthly Nifo 3.4 index and monthly mean integrated water vapor flux (surface
to 200 hPa) from May 2021 to September 2023. (a) Time series of the monthly
Nifio 3.4 index and monthly amount-weighted 830 values at Yadong and Ali
from May 2021 to September 2023. El Nifio and La Nifia periods are highlighted
in red and blue shading, respectively. (b) Spatial correlation between the monthly
Nifio 3.4 index and monthly mean integrated water vapor flux (surface to 200
hPa) during the same period. The correlation coefficient reveals regions of

enhanced or suppressed moisture transport associated with ENSO phases.
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The period from August 2021 to January 2023 was characterized by La Nifia
conditions, while June to September 2023 coincided with an El Nifio phase.
Precipitation 6'*O values at Yadong and Ali during the monsoon seasons reflect a
clear ENSO imprint. During the monsoon season in 2021, average 6'*0 values at
Yadong and Ali were —11.2 %o and —17.2 %o, respectively. During the same period in
2022 (La Nina events), 8'80 values are consistent with those in 2021, while in 2023
(El Nino), 60 increased sharply to —8.9 %o at Yadong and —9.1 %o at Ali,
respectively. The most pronounced increases in 6'*0 occurred between the La Nina
and El Nifio monsoon seasons indicate that ENSO noticeably influences the
interannual variability of precipitation stable isotopes at both sites, which is consistent
with previous studies (Gao et al., 2018) (Fig. 8a).

To further explore the underlying mechanisms, spatial correlation analysis was
conducted between the monthly Nifio 3.4 index and the monthly mean integrated
water vapor flux (surface to 200 hPa) for May 2021 to September 2023 (Fig. 8b).
Results show that significant positive correlations (p < 0.05, Ho: no spatial linear
correlation) existed over Ali, the AS, Indian subcontinent, BOB, and Bangladesh. In
contrast, significant negative correlations appeared over the equatorial Indian Ocean
and western equatorial Pacific, pointing to major shifts in regional moisture transport
pathways during ENSO events.

During El Nifio events, warm sea surface temperature anomalies (SSTA) develop
in the eastern equatorial Pacific, which reduce the east-west SST gradient. This
weakens the Walker circulation, and results in westerly wind anomalies in the
equatorial Pacific (Bjerknes, 1969). Concurrently, SSTs in the western equatorial
Pacific decrease, leading to suppressed surface evaporation and moisture advection,
along with anomalously weak convection over that region. In contrast, the region
south of the southern TP, including Bangladesh, the BOB, the Indian subcontinent,
and the AS, experience increased temperature, enhanced surface evaporation and
moisture advection, and anomalous convection, accompanied by low-level easterly

wind anomalies (Yao et al., 2024). Together, these anomalies form a zonal—vertical
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atmospheric circulation pattern (Wang et al., 2024). Additionally, cooling in the
equatorial Indian Ocean suppresses surface evaporation and moisture flux, and
weakens southernly wind anomalies toward the TP. These circulation changes result
in reduced ISM moisture transport to both Yadong (from 43 % in 2022 to 36 % in
2023) and Ali (from 9 % in 2022 to 0 % in 2023), while contributions of local
evapotranspiration and short-distance transport from south moist continental surface
increased relatively (from 57 % in 2022 to 63 % in 2023 at Yadong and from 54 % in
2022 to 74 % in 2023 at Ali) (Fig. 4e-f and 8b). This leads to more enriched 380
values at Yadong and Ali during El Nifio years (Cui et al., 2025).

The atmospheric circulation patterns during La Nifla events are essentially the
inverse of those during El Nifio (Cai and Tian, 2016). La Nifia strengthens the Walker
circulation, with elevated SSTs in the western equatorial Pacific leading to enhanced
surface evaporation, increased water vapor flux, and strong anomalous convection. At
the same time, SSTs rise in the equatorial Indian Ocean, enhancing surface
evaporation and northward moisture advection, resulting in increased ISM moisture
transport to both Yadong and Ali. This process contributes to significant 3'%0

depletion during La Nifia events at Yadong and Ali (Fig. 4e-f and 8b).

4 Summary and Conclusions

This study characterized event-based precipitation stable isotopes (6'*0O, dD) at
Yadong and Ali from May 2021 to September 2023 to investigate climate controls of
variability in precipitation stable isotopes on the TP across daily, synoptic, seasonal,
and interannual scales. We characterize the influence of shifting moisture sources
under westerly and ISM transport regimes, and the differential impact of El Nifio and
La Nifa events on precipitation isotopes.

Our results show that 6'*0 and 6D at Yadong and Ali converge during the
monsoon season but diverge sharply during the westerlies season, reaching
differences of up to 12.2 %o and 118.8 %o, respectively. While d-excess values remain

similar during the pre-monsoon and monsoon seasons, they diverge significantly in
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the post-monsoon and westerlies seasons, reaching respective differences of 11.6 %o
and 21.4 %o.

Our results also show that meteorological controls shift seasonally: 1)
precipitation amount effects dominate during monsoon (R = —0.28 to —0.32), while
temperature controls prevail during westerly seasons (R = 0.51-0.79); 2) during the
monsoon, both sites reflect moisture mixing , rainout effect, and sub-cloud
evaporation, closely aligned with 880 changes; however, during the westerlies season,
Yadong is influenced primarily by local evaporation, whereas Ali is shaped by
Rayleigh fractionation and long-range continental transport, resulting in pronounced
080 differences (9.6 %o vs. —21.8 %o); 3) atmospheric moisture at both sites are
primarily supplied by the seasonally shifted ISM and westerly, accompanied by local
and mid-latitude dry sources at Yadong and long-distance continental moisture at Ali,
explaining the seasonal convergence and divergence in &'0O patterns; 4) 8'%0
variations in 28 simultaneous precipitation events during the monsoon season suggest
ISM dominance at both sites during these events.

Our results further confirm that interannual variability in precipitation 6'*O at both
sites is clearly linked to ENSO, with 6'*O enrichment of 2.8 %o (Yadong) and 5.1 %o
(Ali) from 2022 La Nifia to 2023 El Nifilo monsoon seasons. This enrichment results
from changes of moisture transport related with ENSO events. During El Nifio events,
weakened Walker circulation and reduced ISM moisture transport increase the relative
contributions of local evapotranspiration and short-distance transport from southern
moist continental surfaces, leading to precipitation 6'*0O enrichment. Conversely, La
Nina events strengthen the Walker circulation and enhance ISM moisture transport
through elevated western Pacific and Indian Ocean SSTs, resulting in significant
precipitation 6'*0 depletion at both sites.

Our results demonstrate that ISM circulation homogenizes isotopic signatures
across the southern and western Tibetan Plateau, while westerly dominance amplifies
regional differences through distinct moisture pathways. The seasonal transition from

amount-controlled to temperature-controlled isotopic variability reflects fundamental
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changes in precipitation isotopic mechanisms. The pronounced ENSO sensitivity
indicates that tropical Pacific variability significantly modulates regional hydrological
processes through altered moisture transport patterns.

Our findings align with previous studies showing ISM dominance in summer
isotopic patterns across the Tibetan Plateau, but provide new quantitative constraints
on seasonal moisture source transitions. The documented ENSO influence on
precipitation isotopes (2.8—-5.1 %o variability) exceeds previously reported values from
limited observations, highlighting the importance of multi-year datasets for capturing
interannual climate impacts. Our q-d analysis advances understanding of site-specific
responses to sub-cloud evaporation and moisture recycling that were sparsely resolved
in earlier regional studies.

This study provides critical observational constraints for atmospheric moisture
transport and regional climate sensitivity in the Tibetan Plateau. The quantified ENSO
sensitivity of precipitation isotopes offers new insights on regional paleoclimate
records interpretation. The 3-year sampling period, however, limits our ability to
assess decadal-scale variability and multi-ENSO cycle impacts. Future work should
extend observations to capture longer-term climate oscillations and validate these
findings across broader spatial scales. Additionally, the mechanisms driving the
observed local evapotranspiration changes during ENSO events require further

investigation through integrated land-atmosphere modeling approaches.

Data availability:

The ERAS dataset is the latest reanalysis dataset published by the European
Centre for Medium-Range Weather Forecasts (ECMWF) available at
https://doi.org/10.24381/cds.bd0915¢c6 (Hersbach et al., 2023). The Global Data
Assimilation System (GDAS) has been published by the National Centers for
Environmental Prediction (NCEP) (ftp://arlftp.arlhq.noaa.gov/archives/gdas1/, NCEP,
2024). The monthly Oceanic Nifio Index (ONI) provided by the National Oceanic and
Atmospheric  Administration Climate  Prediction Center (NOAA CPC)
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(https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php)
. The precipitation isotopic compositions dataset will be available on the Zenodo

research data repository after manuscript publication.
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