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Abstract. Understanding water vapor sources and transport paths is essential for assessing the water cycle and
predicting precipitation accurately. Utilizing water vapor diagnosis and calculations, this study determined the
water vapor sources and transport paths leading to precipitation in the Dongting Lake basin in four seasons (rep-
resented by January, April, June, and October). In January, the water-vapor-generating precipitation originated
from the Arabian Peninsula, driven by the southern branch of the westerlies over the southern side of the Tibetan
Plateau, along the northern side of the Indian Peninsula through southwestern China to reach the Dongting Lake
basin. In April, two transport paths emerged: one aligned closely with the January transport path but with the
location shifted slightly northward by 1° of latitude and another driven by the weak subtropical high over the
southwestern Pacific, bringing moist air from the western Pacific via the South China Sea and Indochinese Penin-
sula. In June, the vapor sourced from the northern branch of the southern Indian Ocean subtropical high crossed
the Equator and transported through various waterbodies to southwestern China, finally reaching the basin. Oc-
tober saw a water vapor transport path from the western Pacific, crossing the South China Sea and entering the
Dongting Lake basin, influenced by the East Asian monsoon system. In different seasons, the variations in water
stable isotopes along water vapor transport paths show some agreement with Rayleigh fractionation and water
balance principles, as reflected in the model simulations and observations. These findings highlight the impact
of atmospheric circulation on precipitation and isotopes, providing a framework for understanding water vapor
isotope mechanisms and reconstructing past atmospheric conditions. This research explored how water vapor
transports influenced the precipitation isotopes in the Dongting Lake basin in representative months of different
seasons. By tracking water vapor from its source regions, we revealed the influence of large-scale atmospheric
circulation on the transportation of water vapor to the Dongting Lake basin. The changes in water stable iso-
topes along the water vapor transport paths highlighted the isotopic fractionation and water vapor exchange that
occurred along these paths, while the isotopic changes in the precipitation reflect the cumulative influences of
water vapor transport on the local precipitation. These comprehensive insights have clarified the influences of
atmospheric circulation on water vapor transport and precipitation isotopes and are thus essential for predicting
regional precipitation patterns.
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1 Introduction

Diagnosing water vapor sources and analyzing water va-
por transport are routine and foundational tasks, particularly
within hydrometeorological services (Gimeno et al., 2020;
Xu et al., 2020). A correct understanding of water vapor
sources and transport is crucial for accurately evaluating the
hydrological cycle and effectively predicting precipitation.
For instance, in weather forecasting for the East Asian re-
gion, an essential condition for the occurrence of precipita-
tion is the presence of sufficiently warm and moist air from
low latitudes (Baker et al., 2015; Tang et al., 2015; Hu et
al., 2021). Moreover, the primary cause of meteorological
drought in the East Asian monsoon region is often attributed
to an anomalous decrease in water vapor sourced from the
Bay of Bengal (He et al., 2022; Liu et al., 2023).

Over the past few decades, the employment of diverse
mathematical models has been a crucial approach for track-
ing and deducing atmospheric water vapor sources and trans-
port paths (Gimeno et al., 2020; Xu et al., 2020; Pranindita
et al., 2022; Lekshmy et al., 2022). For instance, Pranin-
dita et al. (2022) employed the water vapor tracking model
WAM2layers to trace back water vapor sources during heat
waves in northern, western, and southern Europe; the rea-
sons for the reduction in the local precipitation can be at-
tributed to a significant reduction in water vapor supply from
the North Atlantic due to anticyclonic patterns, along with
the increased water vapor fluxes from eastern Eurasia and
local regions. Utilizing the Lagrangian model FLEXPART
v9.0, Pérez-Alarcón et al. (2023) identified precipitation wa-
ter vapor sources associated with the development of Indian
Ocean tropical cyclones. Results showed that the water vapor
sources and transport mechanisms were different during dif-
ferent life cycle stages of tropical cyclones. Among numer-
ous methods, the use of HYSPLIT for tracking water vapor
sources is widespread, which employs backward trajectory
calculations and atmospheric wind field information to derive
water vapor transport trajectories at given heights during a
precipitation event, making it commonly used for tracing wa-
ter vapor during short-duration precipitation events (Draxler
and Hess, 1998; Esquivel-Hernández et al., 2019; Nie and
Sun, 2022). However, due to inherent model structure and
tracking principles, derived water vapor transport paths at
different heights may vary or even be opposite. Moreover,
this method cannot ascertain whether the tracked water va-
por indeed causes precipitation, nor can it provide informa-
tion on the magnitude of water vapor transport (Wu et al.,
2015, 2022; Deng et al., 2024).

With the continuous improvement of observational tech-
niques and analytical methods, utilizing reanalysis data to
determine the water vapor sources that cause precipitation
has become a common practice (Sun et al., 2011; Hoff-
mann et al., 2019; Guo et al., 2019; Shi et al., 2022). For
instance, Sun et al. (2011) investigated the climatic charac-
teristics and decadal variations in water vapor transport in

eastern China based on NCEP/NCAR Reanalysis data from
1979–2009. The results revealed that the variability in water
vapor transport in the region is attributed to the combined in-
fluences of the Indian summer monsoon and the East Asian
summer monsoon. Zhou et al. (2018) analyzed the correla-
tion between precipitation δ18O and water vapor transport
during the warm half-year (April–September) in China us-
ing GNIP (Global Network of Isotopes in Precipitation) data
and NCEP/NCAR Reanalysis datasets. Their study found a
significant negative correlation between precipitation δ18O
and water vapor transport from the southwest direction, in-
dicating that the southwest monsoon, which brings water va-
por from the Indian Ocean, plays a crucial role in precipita-
tion formation. In contrast, the relationship between precipi-
tation and water vapor transport from the northwest direction
is not significant and even shows an inverse relationship in
some cases. This suggests that water vapor transport from
the northwest has a minimal direct influence on precipitation
in the Changsha region. Since the direction of water vapor
transport has an important influence on regional precipita-
tion, it is necessary to reveal the influences of atmospheric
circulation, such as the water vapor source regions and wa-
ter vapor transport paths, which determine the water vapor
transport direction.

Water vapor transport controlled by atmospheric circula-
tion not only determines precipitation events but also directly
influences the precipitation isotopes; thus analyzing the wa-
ter vapor sources and water vapor transport paths, as well
as their influences on stable isotopes under different sea-
sons, can elucidate the mechanisms influencing the atmo-
spheric stable isotopes (Zhou et al., 2019; Dahinden et al.,
2021; Zhan et al., 2023). For instance, Risi et al. (2010)
conducted an analysis of water vapor and precipitation iso-
topes in the Sahelian region by combining water vapor bud-
get and water vapor transport calculations, revealing that the
isotopic composition of precipitation and atmospheric wa-
ter vapor in the region is controlled by the intensity of air
dehydration and changes in convection. Similarly, Sengupta
and Sarkar (2006) quantified the influences of different water
vapor source regions on precipitation in the northern Indian
monsoon region, finding that the isotopic composition of pre-
cipitation in the region is influenced by changes in water va-
por source and atmospheric circulations over India. More-
over, Zhou et al. (2019) separately computed the correlations
between δ18O values of precipitation at different sites and
found that during the prevalence of the summer monsoon
(April–September) and winter monsoon (October–March),
the key upstream regions influencing the precipitation iso-
topes in the Dongting Lake basin located in south-central
China were the Bay of Bengal and southwestern China, re-
spectively. However, as the critical regions influencing re-
gional precipitation isotopes may not necessarily be the water
vapor source regions, these studies have yet to definitively
determine the water vapor source regions and water vapor
transport paths.
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Assessing whether the stable isotopic composition of wa-
ter vapor shows changes consistent with Rayleigh distilla-
tion during transport and evaluating the impact of this trans-
port on the isotopic composition of regional precipitation are
important research objectives. Existing studies indicate that
in the East Asian monsoon region, including the Dongting
Lake basin, differences in the water vapor sources and trans-
port direction during different seasons are the primary drivers
of seasonal variations in precipitation isotopes (Araguás-
Araguás et al., 1998; Zhang et al., 2016; Wei et al., 2018;
Chiang et al., 2020b). Typically, during the summer mon-
soon, prevailing southeast or southwest winds dominate the
East Asian monsoon region, with water vapor for precipita-
tion originating from low-latitude oceans (Baker et al., 2015;
Wu et al., 2015; Tang et al., 2015), while precipitation iso-
topes are significantly depleted and influenced by intense
rainout effects along the water vapor transport paths dur-
ing this period (Zhou et al., 2019; Wu et al., 2022). Con-
versely, during the winter monsoon, northwest or northeast
winds prevail in the East Asian monsoon region; the pre-
cipitation isotopes should be more enriched if water vapor
for precipitation is carried by westerlies or originates from
the evaporation of inland regions (e.g., Liu et al., 2011; Wu
et al., 2015; Shi et al., 2021). However, both actual obser-
vations from the Global Network of Isotopes in Precipita-
tion (GNIP) and simulations from isotope-enabled general
circulation models (isoGCMs) consistently demonstrate that,
whether during the summer or winter monsoon, the spatial
distribution of precipitation isotopes in the East Asian mon-
soon region exhibits significant latitudinal and continental
effects – that is, the precipitation isotopes become more de-
pleted with increases in latitude or distance from the ocean
(Feng et al., 2009; Zhang et al., 2012, 2016). Consequently,
the observed water vapor transport during the summer mon-
soon aligns with the spatial distribution of precipitation iso-
topes under the influence of latitudinal and continental ef-
fects and is consistent with the Rayleigh distillation princi-
ple for water stable isotopes; however, water vapor transport
during the winter monsoon does not follow the above spatial
distribution and Rayleigh distillation principle (Tang et al.,
2015; Zhou et al., 2019; Wu et al., 2022).

Based on the understanding outlined above, a thorough
investigation into the seasonal variations in water vapor
sources and transport paths for precipitation amount and
isotopes in the East Asian monsoon region is necessary,
which may provide a significant benefit for accurately under-
standing regional hydrological mechanisms and elucidating
regional climate characteristics. Focusing on the Dongting
Lake basin within the East Asian monsoon area and draw-
ing upon fundamental theories of meteorology, water vapor
diagnostics, and water vapor calculations, a broader spatial
understanding of the scientific issues surrounding water va-
por transport can be achieved. This study aims to (1) identify
the water vapor sources and transport paths contributing to
the Dongting Lake basin, (2) analyze the variations in mete-

orological factors and water stable isotopes along the water
vapor transport paths, and (3) determine the influences of dif-
ferent water vapor sources and transport paths on the regional
precipitation amounts.

2 Methods and materials

2.1 Study site

The Dongting Lake basin, situated in the south-central re-
gion of China (Fig. 1), is a basin characterized by a subtrop-
ical monsoon climate, marked by four distinct seasons and
moderate humidity. Winters are wet and cold, while sum-
mers are warm and moist. Based on historical meteorolog-
ical data from 1960–2017, the Dongting Lake basin experi-
ences an average annual precipitation of 1375.6 mm. During
the colder months (October–March of the following year),
precipitation is relatively low due to the influence of conti-
nental air masses. However, from late April onward, influ-
enced by oceanic monsoons, precipitation increases signifi-
cantly, accompanied by a notable rise in temperature, with
precipitation predominantly occurring from April–June (Liu
et al., 2023; Xiao et al., 2024).

The prevailing wind refers to the wind or wind direction
that appears most frequently in a region during a specific pe-
riod. Its occurrence is closely related to the changes in the av-
erage atmospheric circulation conditions due to the thermal
differences between land and sea. In the East Asian mon-
soon region, which includes the Dongting Lake basin, the
strong cold high-pressure system influences the winter sea-
son, resulting in prevailing northerly winds in the lower tro-
posphere, with northwesterly winds prevailing in the basin
as shown by the average wind field at the 850 hPa in Jan-
uary, i.e., the black arrow in Fig. 1a. In the summer, influ-
enced by the western Pacific subtropical high and the Indian
low, the winds in the lower troposphere are predominantly
southerly in the East Asian monsoon region, with southwest-
erly winds prevailing in the Dongting Lake basin as shown
by the average wind field at 850 hPa in June, i.e., the red ar-
row in Fig. 1a. Positioned at the convergence of the prevail-
ing northerly winds, prevailing southerly winds, and westerly
winds, the Dongting Lake basin experiences complex pre-
cipitation processes and different precipitation amounts in
different seasons and water vapor transport directions. This
complexity results in high variability in the precipitation iso-
tope (Zhou et al., 2019; Xiao et al., 2024).

2.2 Water sample collection and measurement

From 1 January 2010–31 December 2022, precipitation
sampling has been conducted at the Meteorological Gar-
den of Hunan Normal University in Changsha (28°11′ N,
112°56′ E). The sampling protocol followed the meteorolog-
ical observation standards of China’s meteorological depart-
ments, with samples being collected at 08:00 and 20:00 Bei-
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Figure 1. Map showing the location of the Dongting Lake basin (a) and the Changsha sampling site in the East Asian monsoon region (b).
Note that the black arrow and red arrow in panel (a) represent the average wind field at 850 hPa in January and June, respectively.

jing time on precipitation days. Liquid precipitation was di-
rectly collected in sealed 30 mL polyethylene bottles after
measuring the precipitation amount, while solid precipitation
was collected in airtight plastic bags, measured for meltwater
volume after natural melting, and transferred to polyethylene
bottles of the same size. All the collected water samples were
stored in a refrigerator at 0 °C before testing.

Precipitation sample analysis from 2010–2013 was con-
ducted using a liquid water isotope analyzer (DLT-100,
model 908-0008) from Los Gatos Research, USA; subse-
quently, a next-generation liquid and gas dual-mode stable
isotope analyzer (IWA-35EP, model 912-0026-1000) from
the same company was used from 2014–2022. The oxygen
and hydrogen stable isotope ratio in the water samples were
expressed in per mil (‰) deviations relative to the Vienna
Standard Mean Ocean Water (V-SMOW), calculated using
the following equation:

δ2H or δ18O=
[
Rs/RV-SMOW− 1

]
× 1000. (1)

In the equation, Rs and RV-SMOW represent the oxygen
(or hydrogen) stable isotope ratios of 18O/16O (or 2H/1H)
in the water sample and in Vienna Standard Mean Ocean
Water (V-SMOW), respectively. The testing precision aver-
aged δ18O≤ 0.3 ‰ and δ2H≤ 2 ‰ during 2010–2013 and
δ18O≤ 0.2 ‰ and δ2H≤ 0.6 ‰ during 2014–2022. If there
were two precipitation samples in 1 d, the precipitation stable
isotope values for that day were represented by the volume-
weighted average. In total, 1668 precipitation days’ worth of
δ18O (δ2H) data were obtained over the past 13 years.

2.3 Ancillary data

ERA5, produced and released by the European Centre for
Medium-Range Weather Forecasts (ECMWF), is the fifth-
generation global atmospheric reanalysis data product from

the center. Compared to its predecessor ERA-Interim, ERA5
incorporates a state-of-the-art integrated forecasting system,
integrates more historical observational data, and reprocesses
a large amount of assimilation data, resulting in signifi-
cantly improved accuracy (Albergel et al., 2018; Hoffmann et
al., 2019). Additionally, ERA5 features substantial improve-
ments in temporal and spatial resolution. The temporal res-
olution has increased from 6 h in ERA-Interim to 1 h, while
the horizontal resolution has improved from 79 to 31 km and
the highest vertical extension reaches 0.01 hPa level. These
enhancements enable ERA5 to capture finer atmospheric de-
tails. Moreover, the number of variables provided by ERA5
has increased from over 100 in ERA-Interim to the cur-
rent 240, and the release delay days of ERA5 have been re-
duced from 2–3 months in ERA-Interim to 5 d (Albergel et
al., 2018; Hoffmann et al., 2019). The reanalysis data (Jan-
uary 1979–December 2017, totaling 468 months) used in this
study include surface pressure (ps, hPa), the potential height
of 500 hPa (H500, m), specific humidity (q, kgkg−1), latitudi-
nal wind (ms−1), and meridional wind (ms−1) at 1000, 850,
700, 600, 500, 400, and 300 hPa. The horizontal resolution
is 1°× 1°, with a temporal step of 1 h. This dataset was used
to calculate the vertical integral of water vapor fluxes into a
specified region, introduced in Sect. 2.4.

Since the direct observation of the isotopic fractionation
process in the atmosphere is extremely challenging, analyz-
ing the variations in atmospheric stable isotopes requires
the application of stable isotope fractionation theory along
with the fundamental principles and methods of meteorol-
ogy. In terms of research methods, the introduction of at-
mospheric circulation models for water stable isotope cy-
cling, such as isoGCMs, provides a unique and effective tool.
Among numerous isoGCMs, isoGSM (Isotope-incorporated
Global Spectral Model) exhibits relatively good simulation
performance in the East Asian region (Zhang et al., 2020;
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Kathayat et al., 2021). isoGSM is a stable isotope GCM de-
veloped by Yoshimura et al. (2008) which integrated water
isotope cycling and fractionation processes into the Global
Spectral Model at the Scripps Experimental Climate Predic-
tion Center. The driving data include sea surface temperature,
sea ice, and temperature and horizontal wind fields in 28 ver-
tical layers. This model addresses the Gibbs phenomenon in
atmospheric circulation models and performs better in sim-
ulating water vapor transport processes in arid and high-
altitude regions (Yoshimura et al., 2008; Bong et al., 2024).
The second-generation isoGSM2 has a higher temporal and
spatial resolution for simulating water vapor and precipita-
tion isotopes compared to the first-generation model (Chi-
ang et al., 2020b). It utilizes the NECP-R2 (National Cen-
ters for Environmental Prediction Reanalysis 2) reanalysis
dataset and abandons the NDSL (non-iteration dimensional-
split semi-Lagrangian) advection scheme used in the previ-
ous generation. By dynamically correcting the model out-
put using reanalysis data, isoGSM2’s simulation results are
closer to actual atmospheric conditions, thereby improving
the accuracy of water vapor and precipitation isotope simu-
lations (Bong et al., 2024).

The water stable isotope simulation data used in this study
are from isoGSM2 (January 1979–December 2017, totaling
468 months), including the monthly precipitation amount
(P , mm), stable isotopes (δ2H and δ18O) in the precipita-
tion (δ2Hp and δ18Op), the vertical integral of water vapor
isotopes (δ2Hv and δ18Ov) of 17 pressure levels from 1000–
10 hPa, and the calculated deuterium excess in water vapor
and precipitation (dv and dp). The spatial scale ranges from
30° S–70° N and 0–280° E, with a horizontal resolution of
1°× 1° (Chiang et al., 2020b; Liu et al., 2023).

2.4 Calculation of the vertical integral of water vapor flux
Q

The water vapor transport flux serves as a metric for both
the magnitude and direction of water vapor transport, repre-
senting the mass of water vapor passing through a unit cross-
section per unit of time (Sun et al., 2011). The specific cal-
culation equation is as follows:

Q=
1
g

∫ ps

pt

V qdp , (2)

where the meridional componentQλ and the latitudinal com-
ponent Qϕ of the water vapor transport flux are given by

Qλ =
1
g

∫ ps

pt

uqdp (3)

Qϕ =
1
g

∫ ps

pt

vqdp, (4)

where Q represents the vertical integral of water vapor
flux (kgm−1 s−1), including the meridional component Qλ

and the latitudinal component Qϕ ; V denotes the vector

wind speed (ms−1), including the latitudinal wind speed
(v) and meridional wind (u); q represents specific humid-
ity (kgkg−1); g is the acceleration due to gravity (ms−2);
ps is the lower boundary pressure (hPa); and pt is the up-
per boundary pressure (hPa). In the actual atmosphere, wa-
ter vapor content above 300 hPa is minimal; thus pt is set to
300 hPa when calculating the vertical integral of water vapor
flux through the entire atmospheric column.

3 Results

3.1 Seasonal variation characteristics of precipitation
isotopes in the Changsha region

The monthly weighted-average and total monthly calcula-
tions were performed on the daily δ18Op, daily dp, and daily
P collected from the Hunan Normal University and the
Changsha National Meteorological Reference Station, yield-
ing the seasonal variations in multi-year monthly weighted-
average δ18Op, monthly weighted-average dp, and monthly
average P in the Changsha region (Fig. 2a). The δ18Op, dp,
and P in Changsha exhibited significant seasonal variations –
that is, the maximum value of δ18Op appeared in March and
April, both at −3.6 ‰, but did not correspond to the months
with the lowest precipitation amounts. The three lowest val-
ues of δ18Op occurred in July, August, and September, re-
spectively at −9.5 ‰, −8.9 ‰, and −9.4 ‰, with a simple
arithmetic average of−9.3 ‰, which also did not correspond
to the months with the highest precipitation amounts. The
maximum value of dp (20.1 ‰) appeared in January, and the
minimum value (9.3 ‰) appeared in August, both of which
were months with relatively low precipitation. Due to these
significant differences in the phases of precipitation isotopes
and amounts, it is apparent that explaining the variations in
local precipitation stable isotopes solely based on the sea-
sonal variations in local precipitation amounts is insufficient.

The monthly weighted-average calculation was performed
on the monthly δ18Op and dp simulated by isoGSM2 at the
Changsha grid, and the monthly average calculation was per-
formed on the P from ERA5, yielding the seasonal variations
in simulated monthly weighted-average δ18Op and dp and
ERA5 monthly average P for the Changsha grid (Fig. 2b).
The simulated and calculated δ18Op, dp, and P in Changsha
all effectively reproduced the seasonal variations in the corre-
sponding observations. The root mean square error (RMSE)
values between simulated and observed values were 0.5 ‰,
2.8 ‰, and 59.7 mm, respectively. Corresponding to the ob-
served seasonal variations, the two maximum values of the
simulated δ18Op occurred in March and April, at−3.3 ‰ and
−3.3 ‰, respectively, with very small differences from the
observed values. The three lowest values of simulated δ18Op
also occurred in July, August, and September, at −8.8 ‰,
−9.9 ‰, and −9.0 ‰, respectively, with a simple arithmetic
average of −9.3 ‰, which was consistent with the observed
values. The maximum value of simulated dp (16.1 ‰) ap-
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Figure 2. Comparisons between seasonal variations in precipitation δ18O (δ18Op), precipitation deuterium excess (dp), and the precipitation
amount (P ) measured at the Changsha station (a) and simulated by isoGSM2 or driven from the ERA5 reanalysis dataset at the corresponding
grid (b).

peared in January, and the minimum value (8.0 ‰) appeared
in August (Fig. 2b), both consistent with the observed values
(Fig. 2a). These comparisons indicated that isoGSM2 exhib-
ited strong capabilities in simulating the temporal variations
in atmospheric water stable isotopes.

To analyze the seasonal variation in the atmospheric wa-
ter vapor transport and its influences on the regional precip-
itation isotopes and taking into account the hydro-climatic
characteristics of the study region (Fig. 2), 4 representative
months including January, April, June, and October were
selected as the study seasons. Among these representative
months, January in the Changsha region represents winter,
characterized by the lowest temperatures and relatively low
precipitation throughout the year. April signifies spring, with
rapidly increasing precipitation amounts and frequent fluctu-
ations between warm and cold air masses. June represents
the peak of the summer monsoon season, with the high-
est monthly precipitation amount of the year. October rep-
resents autumn, characterized by clear and cool weather and
the second-lowest precipitation throughout the year under the
influence of the western Pacific subtropical high.

3.2 Water vapor transport in the Dongting Lake basin in
different seasons

3.2.1 Average water vapor transport path in the
Dongting Lake basin in January

Based on the ERA5 reanalysis data, we calculated and plot-
ted the spatial distribution of the 500 hPa average geopoten-
tial height (H500), average Q (Fig. 3a), and multi-year aver-
age P (Fig. 3b) in January. Moreover, based on the isoGSM2
simulation data, we plotted the spatial distributions of the av-
erage δ18Ov (Fig. 3c), δ18Op (Fig. 3d), dv (Fig. 3e), and dp
(Fig. 3f) in January.

At the H500 field of East Asia, the deep East Asian trough
was stably located along the eastern coast, and the strong
Ural ridge was in the middle to high latitudes of 70–90° E
(Fig. 3a). Influenced by the northwestern airflow behind the

trough and ahead of the ridge, the northwest winds prevailed
in most parts of East Asia. In the Dongting Lake basin (high-
lighted in the red box in Fig. 3), influenced by the middle-
latitude westerly belt, water vapor transport mainly was from
west to east. Under the control of the cold continental high,
precipitation was relatively low over the whole of East Asia
and South Asia, while the regions with high P values were
mainly distributed in the equatorial convergence zone and the
North Pacific was located ahead of the East Asian trough
(Fig. 3b). Unlike most regions of East Asia, the Dongting
Lake basin was situated on a wet tongue, benefiting from the
southwest vortex in the eastern Tibetan Plateau (Lai et al.,
2023; Huang and Li, 2023). This southwest vortex is a cy-
clonic bypass flow of westerlies from the southern branch of
the Tibetan Plateau; as this vortex moves eastward with the
westerly belt, it brings precipitation to the downstream areas.

The δ18Ov and δ18Op in January exhibited significant con-
tinental effects (Fig. 3c and d). Under the control of conti-
nental cold air masses, the centers of minimum δ18Ov and
δ18Op values were located in the middle to high latitudes
of eastern Siberia. Due to the influence of topography, the
δ18Ov tended to be negative over the Tibetan Plateau. These
two low-value regions correspond to the cold pole of Eurasia
and Earth’s third pole, respectively. Regions enriched in at-
mospheric water isotopes were mainly distributed over vast
oceans and western Asia. In the equatorial convergence zone,
due to the rainout effects, both water vapor isotopes and pre-
cipitation isotopes were depleted to some extent. Along with
the surrounding the Dongting Lake basin, the abundance of
water vapor isotopes and precipitation isotopes in the Dongt-
ing Lake basin was comparable to that of the middle- to low-
latitude oceans in January.

The spatial distributions of the dv and dp exhibited the
characteristic of being low in the ocean and high on land,
but the regions where their maximum values occurred did
not completely correspond (Fig. 3e and f). The maximum
value of the dv mainly appeared in eastern Siberia and the Ti-
betan Plateau, showing a meridional distribution from north-
east to southwest, while the high values of the dp mainly oc-
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Figure 3. Mean vapor transport path to the Dongting Lake basin and the spatial distributions of Q with H500 (a), P (b), δ18Ov (c),
δ18Op (d), dv (e), and dp (f) in January. Q, H500, P , δ18Ov, δ18Op, dv, and dp represent the vertical integral of water vapor flux, 500 hPa
average geopotential height, precipitation amount, δ18O in atmospheric water vapor and precipitation, and deuterium excess in atmospheric
water vapor and precipitation, respectively (the same applies to Figs. 5, 7, and 9).

curred in middle-latitude inland regions, showing a latitudi-
nal distribution from west to east. The dv and dp values in
the Dongting Lake basin lay exactly in the transition region
from low to high values. Typically, the dp largely depended
on the dv, but processes such as condensation and super-
saturation in ice–water-mixed clouds, secondary evaporation
below clouds, evaporation from underlying surfaces, and the
exchange and diffusion of water vapor isotopes could cause
precipitation isotopes to deviate to varying degrees from at-
mospheric water vapor isotopes (Zhang et al., 2016).

In theQ field (Fig. 3a), regarding the Dongting Lake basin
(represented by the red box) as the endpoint, the vector clus-
ter of the vertical integral of water vapor flux (i.e., the Q) di-
rected towards the Dongting Lake basin delineates the path of
water vapor transport in January (black arrow lines in Fig. 3).
The water vapor transport paths were determined by identi-
fying systematic vapor currents in the Q field, which need
to have the same directionality and draw the path along the
central axis of the vapor currents. Our identified water va-
por transport paths are conceptually similar to atmospheric
rivers, which are long, narrow corridors of strong horizontal
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water vapor transport typically associated with low-level jets
(Ralph et al., 2018; Payne et al., 2020). However, our paths
are derived from the climatological mean state (multi-year
monthly averages) rather than short-term events, which is a
key distinction from atmospheric rivers that generally last for
a few days to a week (Dettinger, 2013). The source regions of
water vapor were determined based on the conditions for the
formation of air masses, which need to form on a uniform un-
derlying surface and possess stability and similarity in terms
of isotopic, thermodynamic, and dynamic properties as well
as circulation conditions (Smirnov and Moore, 1999). These
regions are typically located over vast land and ocean areas
and serve as the starting points of the water vapor transport
paths. Although there is some empiricism and subjectivity in
this approach, given the information available, it is adopted
in the absence of any algorithm for uniquely determining the
water vapor transport path and the source regions of water
vapor. The approach is based on criteria that are as concrete
as possible and ensure that we capture the systematic vapor
currents that have the most significant influence on the local
precipitation and its isotopic composition, and it provides a
reasonable basis for identifying the dominant vapor transport
directions and the primary sources of water vapor contribut-
ing to precipitation in the Dongting Lake basin.

The westerly path is considered dominant because it rep-
resents the primary direction of water vapor convergence to-
wards the Dongting Lake basin, as indicated by the strongest
and most consistent flux vectors in theQ field. The selection
of this path is based on the physical significance of the Q
field, which integrates both the magnitude and direction of
water vapor transport and reflects the dominant atmospheric
circulation pattern influencing the region in this season. This
transport path originated near the Arabian Peninsula. Driven
by the southern branch of the westerly stream jet on the
southern side of the Tibetan Plateau, water vapor transported
along the southern side of the Tibetan Plateau passed through
southwestern China via the northern part of the Indian Penin-
sula and reached the Dongting Lake basin. Moreover, it can
be seen that this water vapor transport path was not consis-
tent with the prevailing wind direction in January as shown
in Fig. 1a, which was represented by the black arrows with
northwesterly winds prevailing in the Dongting Lake basin
as shown by the average wind field at 850 hPa.

In analyzing the variations along the water vapor trans-
port paths, we selected several points along the path from
the source region to the Dongting Lake basin, spaced at
nearly equal intervals (Fig. 4). Six series of factors at the
grid points along the water vapor transport path were derived
from each factor field in January, including the variations in
Q, P , δ18Ov, δ18Op, dv, and dp; these points allow us to ex-
amine the changes in these factors along the transport path.
Moreover, the grid points along the water vapor transport
path were identified on the central axis of the path and based
on the principle of the uniform distribution of scatter points,
and the factors at the grid points were obtained from these

scatter points. Besides, the factors at the grid points along
the water vapor transport path exhibit, in spatial terms, av-
erage characteristics of conditions over multiple years, and,
in temporal terms, sequential characteristics of these factors
along the water vapor transport path. As shown in Fig. 4,
both the Q and P were relatively low, while they increased
to some extent due to the converging effect of the southwest
vortex after entering the Dongting Lake basin (Fig. 4a and b).
Under the weak atmospheric meridional disturbances in Jan-
uary, the changes in δ18Ov and dv were minor, fluctuating
slightly around −19.1 ‰ and 18.2 ‰, respectively (Fig. 4c
and e). Due to the low precipitation amount, the δ18Op val-
ues were higher in the first half of the water vapor transport
path and then became more negative in the latter half with the
enhanced rainout effect, while the dp became more positive
(Fig. 4d and f).

3.2.2 Average water vapor transport path in the
Dongting Lake basin in April

Based on the ERA5 reanalysis data and the isoGSM2 simu-
lation data, the spatial distributions of H500, Q, P , δ18Ov,
δ18Op, dv, and dp were calculated and plotted in April
(Fig. 5). At theH500 field (Fig. 5a), the East Asian trough and
Ural ridge were still present in the middle to high latitudes.
The middle- to high-latitude regions of East Asia were still
influenced by the winter monsoon, while its intensity was
significantly weakened. In the middle to low latitudes, the
western Pacific subtropical high strengthened and expanded
northward, with the ridge line located near 15° N. A shallow
trough appeared in the northern part of the Bay of Bengal,
indicating the beginning of tropical systems influencing the
middle- to low-latitude regions of East Asia. In the Dongting
Lake basin, influenced by the westerlies and low-latitude at-
mospheric systems, the water vapor transport shifted to dom-
ination by the southwestward direction. Most continental re-
gions of East Asia and South Asia experienced a certain de-
gree of precipitation increase, with the rainy band caused by
the intertropical convergence zone, previously located in the
Southern Hemisphere, moving to the Northern Hemisphere
(Fig. 5b). The Dongting Lake basin also entered the spring
flood season in April, while the Changsha region was situ-
ated in a center with an above-average spring precipitation
amount compared to the surrounding regions in this period
(Fig. 5b).

Compared to the situations in January, there were no ma-
jor changes in the spatial distributions of δ18Ov and δ18Op
in April (Fig. 5c and d). In the regions with low δ18Ov and
δ18Op values, previously located in eastern Siberia and the
Tibetan Plateau, atmospheric stable isotopes were signifi-
cantly enriched. Due to temperature rise and enhanced evap-
oration, the regions with high levels of δ18Ov and δ18Op in
the middle to low latitudes showed continual increases in
δ18Ov and δ18Op values. With the strengthening of water va-
por convergence in the Dongting Lake basin, the δ18Ov in the
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Figure 4. Mean variations in Q (a), P (b), δ18Ov (c), δ18Op (d), dv (e), and dp (f) along the vapor transport path in January. The numbers
on the lower axis represent the serial numbers corresponding to the grid points along the water vapor transport path from the source region
to the Dongting Lake basin, and the points along the path were selected at almost equal intervals to capture the variations in each factor (the
same applies to Figs. 6, 8, and 10).

Dongting Lake basin showed significant increases in April,
leading to an isotopic enrichment in precipitation. Compared
to the large-scale region, the water isotope composition in the
Dongting Lake basin was not significantly different from that
of the middle- to low-latitude ocean, indicating the controls
by the oceanic air masses (Fig. 5c and d).

In April, the spatial distributions of dv and dp were compa-
rable to the situations in January (Fig. 5e and f). The regions
with high-value dv, previously located in eastern Siberia and
the Tibetan Plateau, respectively, showed significant reduc-
tions in range and intensity, but the regions with low-value
dv in the western Pacific expanded, thereby reducing the dif-
ferences between land and sea. With the continuous inland
influx of oceanic water vapor from the western Pacific Ocean,
the range of low-value regions of the dp expanded. Influenced
by the increasing precipitation, the range of high-value re-
gions of the dp in middle-latitude inland regions narrowed,
but the intensity increased by varying degrees, especially in
West Asia. Finally, both the dv and dp in the Dongting Lake
basin showed decreases, which were influenced by the grad-
ually strengthening summer monsoon and the water vapor
transport situation (Fig. 5e and f).

Two water vapor transport paths were obtained according
to the vector interpolation method introduced in Sect. 3.2.1
(Fig. 5a). The first water vapor transport path – that is, Path I
(represented by black arrow lines in Fig. 5) – was essentially
consistent with the water vapor transport path in January, but
it is slightly shifted northward by 1° of latitude. The sec-

ond water vapor transport path – that is, Path II (represented
by red arrow lines in Fig. 5) – driven by the weak western
Pacific subtropical high, guided warm and moist water va-
por from the low latitudes of the western Pacific along the
outer edge of the subtropical high, passing through the South
China Sea and the Indochinese Peninsula and finally reach-
ing into the Dongting Lake basin. Corresponding data at the
grid points along two water vapor transport paths were ex-
tracted and plotted for the Q, P , δ18Ov, δ18Op, dv, and dp
(Fig. 6).

Along Path I, both the Q and P showed slight increases
compared to the situations in January (Fig. 6a and b); the
average values in the first half of the water vapor trans-
port path before entering the Dongting Lake basin were
128.2 kgm−1 s−1 and 10.5 mm, respectively, and were still
at relatively low levels. After entering the Dongting Lake
basin, the average Q and P increased to 180.1 kgm−1 s−1

and 135.0 mm, respectively. Under the transport of latitudinal
water vapor, the δ18Ov increased slightly from −15.8 ‰ to
−14.9 ‰, while the δ18Op decreased slightly from −2.1 ‰
to −3.3 ‰ (Fig. 6c and d). The corresponding dv decreased
from 16.5 ‰ to 14.3 ‰, and the dp decreased from 16.6 ‰ to
15.0 ‰, indicating the input of oceanic water vapor (Fig. 6e
and f).

Along Path II, both the Q and P were significantly larger
than those along the latitudinal Path I (Fig. 6a and b), with
the average values before entering the Dongting Lake basin
being 226.6 kgm−1 s−1 and 108.2 mm, respectively. After
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Figure 5. Mean vapor transport paths to the Dongting Lake basin and the spatial distributions of Q with H500 (a), P (b), δ18Ov (c),
δ18Op (d), dv (e), and dp (f) in April.

entering the Dongting Lake basin, these values increased
to 269.2 kgm−1 s−1 and 148.6 mm, respectively. The area
where Q decreased significantly corresponds to a water va-
por divergence region at the southwestern corner of the
Indochinese Peninsula. Under the meridional water vapor
transport, the δ18Ov increased from −18.2 ‰ to −14.9 ‰,
while the δ18Op changed from −5.5 ‰ to −3.2 ‰ (Fig. 6c
and d). Correspondingly, the dv decreased from 14.6 ‰ to
13.5 ‰, while the dp increased from 8.3 ‰ to 11.8 ‰ (Fig. 6e
and f), following the variation rule of deuterium excess dur-
ing water vapor transport – that is, as the rainout effect pro-
gressed, the heavier isotopes preferentially left the water va-
por parcel or cloud during the water vapor transport pro-

cesses and generated precipitation, thus resulting in subse-
quent precipitation having increasingly higher deuterium ex-
cess values (Vasil’chuk, 2014). Moreover, there was a large
increase in both the Q and P before entering the Dongting
Lake basin along Path II, and the increase in the isotope ra-
tio of precipitation may seem inconsistent with the rainout
effect, which typically leads to the depletion of heavier iso-
topes in the remaining water vapor. However, this increase
can be attributed to the horizontal convergence of more en-
riched water vapor. Path II showed a significant increase in
both the Q and P before entering the Dongting Lake basin
(Fig. 6a). This suggested that the enriched water vapor from
the surrounding water vapor contributed to the overall in-
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Figure 6. Mean variations in Q (a), P (b), δ18Ov (c), δ18Op (d), dv (e), and dp (f) along the vapor transport paths in April.

crease in the δ18Ov and δ18Op. The influx of this enriched
water vapor counteracts the depletion effect caused by rain-
out, resulting in the observed increase in precipitation isotope
values.

3.2.3 Average water vapor transport path in the
Dongting Lake basin in June

Based on the ERA5 reanalysis data and isoGSM2 simula-
tion data, the spatial distributions of the average H500, Q, P ,
δ18Ov, δ18Op, dv, and dp were, respectively, calculated and
plotted for June (Fig. 7). For theH500 field (Fig. 7a), the East
Asian trough continues to stably exist in June, but the posi-
tion of the trough line shifted eastward over the North Pacific
Ocean. The high-pressure ridge in the eastern part of the Ural
Mountains weakened and shifted eastward over Lake Baikal.
The rapidly intensifying western Pacific subtropical high ex-
panded westward and northward, with its ridge line located at
approximately 22–23° N, while the India–Myanmar trough
in the northern Bay of Bengal strengthened continuously.
The atmospheric circulation conditions indicated that most
of East Asia, including the area south of the Yangtze River,
has entered the prevailing period of the summer monsoon
(Fig. 7a). The warm and moist water vapor from the Arabian
Sea and the Bay of Bengal driven by the India–Myanmar
trough as well as along the outer edge of the subtropical
high from the western Pacific met the cold air moving south-
ward behind the East Asian trough and thus generated an ex-
tremely long rain belt spanning 20° of latitude and 70° of
longitude from India through the Indochinese Peninsula via
southern China to central Japan (Fig. 7b). In this rain belt, the

three largest precipitation centers were located on the west-
ern coast of India, the Thai–Myanmar border region, and the
Jiangnan region of China. The formation of the first two pre-
cipitation centers was related to terrain, while the formation
of the precipitation center in the Jiangnan region of China
was related to the convergence of warm and moist water va-
por from low latitudes to this region (Fig. 7b).

With the change in the circulation condition, the distribu-
tions of the δ18Ov and δ18Op in June changed accordingly
(Fig. 7c and d). The stable isotopes in both water vapor and
precipitation at middle to high latitudes were significantly
enriched, with reduced spatial differences. The δ18Ov and
δ18Op values remained high in the Arabian Sea, the Bay of
Bengal, and the Southern Ocean; the region with high δ18O in
the western Pacific narrowed; and the low δ18O values in the
Indonesia–Philippines region in the western equatorial Pa-
cific were associated with enhanced water vapor convergence
(Fig. 7a, c, and d). The regional low-δ18O center previously
present in the cold season over the Tibetan Plateau disap-
peared. In the Jiangnan region of China, the convergence of
water vapor from low-latitude oceans led to isotopic enrich-
ment in water vapor, but the strong rainout effects caused
isotopic depletion in precipitation (Fig. 7c and d). The spa-
tial distributions of dv and dp in June showed no significant
differences compared to the situations in April (Figs. 5e, 5f,
7e, and 7f). The high-value regions for the dv and dp were
located in the region stretching from western Asia through
the Tibetan Plateau to southwestern China, as well as in the
vast oceanic region centered around the Philippines and In-
donesia. Under the influence of the summer monsoon, the
difference in deuterium excess between East Asia and its wa-
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Figure 7. Mean vapor transport path to the Dongting Lake basin and the spatial distributions ofQwithH500 (a), P (b), δ18Ov (c), δ18Op (d),
dv (e), and dp (f) in June.

ter vapor source – that is, the low-latitude ocean – remained
relatively small (Fig. 7e and f).

Based on the vector interpolation of the Q field (Fig. 7a),
the water vapor transport path was determined in June ac-
cording to the vector interpolation method introduced in
Sect. 3.2.1 (shown by the black arrow lines in Fig. 7).
This water vapor transport path originated from the north-
ern branch of the southern Indian Ocean subtropical high;
crossed the Equator; was transported through the Somali Sea,
the Arabian Sea, the Indian Peninsula, the Bay of Bengal,
and the Indochinese Peninsula; and entered the southwestern
region of China before finally reaching the Dongting Lake
basin. It can be seen that this water vapor transport path

was consistent with the prevailing wind direction in June as
shown in Fig. 1a. The correspondingQ, P , δ18Ov, δ18Op, dv,
and dp along the water vapor transport path were extracted
and plotted in Fig. 8.

Along the water vapor transport path, the average Q and
P were at their maximum throughout the year, reaching
353.9 kgm−1 s−1 and 236.5 mm, respectively (Fig. 8a and b).
The three extreme values of theQ along the transport path or
in the process of transitioning from the maximum to mini-
mum values correspond to three P extremes located on the
western coast of the Indian Peninsula, in the border region
between Thailand and Myanmar, and in the region around the
Dongting Lake basin (Fig. 7b), with values of 535.1, 627.8,
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Figure 8. Mean variations in Q (a), P (b), δ18Ov (c), δ18Op (d), dv (e), and dp (f) along the vapor transport path in June.

and 341.5 mm, respectively (Fig. 8b). With continuous pre-
cipitation especially after experiencing heavy precipitation
and the simultaneous persistent rainout processes, the sta-
ble isotopes in both water vapor and precipitation exhibit a
trend of continuous depletion (Fig. 8c and d). However, there
were no significant changes in both the dv and dp (Fig. 8e
and f); the reasons may be due to the continuous water va-
por supply from low-latitude oceans, similar advective paths
between the grid points, and the similar degrees of sub-cloud
evaporation.

3.2.4 Average water vapor transport path in the
Dongting Lake basin in October

The spatial distributions of the average H500, Q, P , δ18Ov,
δ18Op, dv, and dp in October were shown in Fig. 9. A no-
table feature at theH500 field in October was the expansion of
the latitudinal westerlies toward lower latitudes (Fig. 9a). In
East Asia, westerly winds prevail in the inland regions north
of approximately 30° N, while much of the regions south of
30° N were still influenced by the subtropical high-pressure
system. Compared to the peak period, the western Pacific
subtropical high had significantly weakened in autumn, and
its main body had also retreated to the open sea. However, a
mesoscale anticyclone split from the high still controlled the
Jiangnan region of China including the Dongting Lake basin,
creating a climate characterized by a clear and crisp autumn
(Fig. 9a). Due to the disappearance of the India–Myanmar
trough and influenced by the anticyclone circulation, the wa-
ter vapor transport from the southwestern low-latitude oceans
decreased significantly. In the Dongting Lake basin, both the

meridional and latitudinal water vapor transport were even
less than the values in January (Figs. 3a and 9a). Apart from
the autumn rains in western China, precipitation was gen-
erally scarce in East Asia in this period, with the rain belt
shifting southward to lower latitudes, corresponding to the
convergence zone near the Equator, with the largest precip-
itation regions located, respectively, south of the Equator in
the Indian Ocean, on the Malay Peninsula, and north of the
Equator in the western Pacific (Fig. 9b).

Compared to the situations in June, there were no signif-
icant changes in the spatial distribution of the δ18Ov and
δ18Op in October, but their differences between land and sea
as well as between high and low latitudes increased largely
(Fig. 9c and d). The stable isotopes in water vapor and pre-
cipitation were significantly depleted in eastern Siberia and
the Tibetan Plateau and accompanied by the expansion of
ranges. As a result, the δ18Ov and δ18Op showed a significant
decrease in the inland regions north of approximately 30° N
but were unchanging in most regions south of 30° N. From
the spatial distributions in October, both the dv and dp over
the ocean or on land showed increases with varying degrees
(Fig. 9e and f). The high-value regions of the dv were dis-
tributed along a line from the Arabian Peninsula, West Asia,
and the Tibetan Plateau to eastern Siberia, with the maximum
value being located in the Tibetan Plateau. The high-value
region of dp was distributed from the Arabian Peninsula,
West Asia, and the Tibetan Plateau to the Yunnan–Guizhou
Plateau. With the weakening of the summer monsoon, the dv
and dp were not significantly different in East Asia includ-
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Figure 9. Mean vapor transport path to the Dongting Lake basin and the spatial distributions ofQwithH500 (a), P (b), δ18Ov (c), δ18Op (d),
dv (e), and dp (f) in October.

ing the Dongting Lake basin from those in the surrounding
oceans.

Based on the vector interpolation of the Q field (Fig. 9a),
the water vapor transport path was determined in October ac-
cording to the method introduced in Sect. 3.2.1 (indicated by
the black arrow line in Fig. 9). This water vapor transport
path originated from the western Pacific, passed through the
South China Sea, flowed westward along the easterly jet lo-
cated in the south of the western Pacific subtropical high and
of the anticyclonic circulation over the Jiangnan region in
China, and finally entered the Dongting Lake basin while by-
passing the southwest of the anticyclone. Although this wa-
ter vapor path belonged to the latitudinal transport, the water

vapor source originated from the low-latitude oceans of the
western Pacific.

The corresponding Q, P , δ18Op, δ18Ov, dv, and dp along
the water vapor transport path were derived in October
(Fig. 10). Under the stable atmospheric circulation con-
ditions, the average water vapor flux steadily decreased
from approximately 299.0 kgm−1 s−1 in the source region
to 168.0 kgm−1 s−1 along the water vapor transport path
and further below 100.0 kgm−1 s−1 after entering the Dongt-
ing Lake basin (Fig. 10a). The P values changed gradually
along the water vapor transport path, decreasing from the ini-
tial value of approximately 145 mm to below 100 mm in the
Dongting Lake basin and further to 60.5 mm in the Changsha
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region (Fig. 10b). Both the δ18Ov and δ18Op values showed
slow decreases as the ranges within 2.0 ‰ and 1.0 ‰, respec-
tively (Fig. 10c and d). The dv showed minor fluctuation,
stabilizing at approximately 16.8 ‰, while the correspond-
ing dp remained around 8.6 ‰ before entering the Dongting
Lake basin. Due to the replenishment from the surface evap-
oration, the dp values increased to 11.6 ‰ after entering the
Dongting Lake basin (Fig. 10e and f).

4 Discussion

4.1 The influence of seasonality in water vapor sources
on precipitation isotopes

The comparisons between theQ and δ18Op in the representa-
tive months indicated that there seems to be no obvious corre-
spondence between these two factors: the months with lowQ
would exhibit either high or low δ18Op, e.g., January and Oc-
tober, respectively (Figs. 3 and 9). Similarly, the months with
high Q would exhibit either low or high δ18Op, for example,
June and April, respectively (Figs. 5 and 7). It has been found
that regardless of the season, the precipitation in the Dongt-
ing Lake basin mainly originated from warm and moist wa-
ter vapor in low latitudes (Figs. 3, 5, 7, and 9). Therefore,
the question remains as to whether the water vapor isotopes
in the source regions and along the transport path influence
the downstream isotopes of precipitation or water vapor. To
reveal this causality, after considering the water vapor trans-
port paths and the air mass properties of water vapor in the
representative months, the water vapor regions correspond-
ing to the Arabian Peninsula (40–56° E, 16–28° N), the Ara-
bian Sea (56–74° E, 10–20° N), the Bay of Bengal (80–98° E,
8–18° N), and the western Pacific Ocean (120–160° E, 6–
20° N), along with the inland regions of the Dongting Lake
basin (110–114° E, 25–30° N) and East Asian monsoon re-
gion (110–135° E, 42–55° N), were labeled as Regions I, II,
III, IV, V, and VI, respectively (Fig. 11). The average δ18O
and deuterium excess of water vapor and precipitation for
each representative region were calculated in January, April,
June, and October, respectively. Since the seasonal variations
in the δ18Ov were similar to that in δ18Op, Table 1 only pro-
vides the average δ18O and deuterium excess of water vapor
for each representative region.

Not only in Regions I to V located in middle to low lati-
tudes but also in Region VI located in the middle- to high-
latitude inland regions was there significant seasonality in
the average δ18Ov and dv (Table 1). The seasonal ranges
in the δ18Ov (the differences between the monthly maxi-
mum and minimum values) in these six representative re-
gions were 2.9 ‰, 3.3 ‰, 4.2 ‰, 5.1 ‰, 7.2 ‰, and 18.9 ‰,
respectively, with the largest seasonal range in δ18Ov ap-
pearing in Region VI (Table 1). Except for Region VI, the
minimum values of the monthly δ18Ov in other representa-
tive regions all occurred in October, while the maximum or
second-highest values occurred in April. The seasonal ranges

in the dv in these six representative regions were 4.7 ‰,
5.4 ‰, 3.6 ‰, 3.8 ‰, 3.6 ‰, and 9.3 ‰, respectively, with
the largest seasonal range in the dv still being in Region
VI. Except for Region VI, the maximum values of monthly
dv in other representative regions mostly occurred in Octo-
ber, while the minimum or second-lowest values occurred
in April or June (Table 1). These results indicated signifi-
cant differences in water vapor isotopes between Region VI
and other oceanic or continentally representative regions; si-
multaneously, it can be found that oceanic water vapor had
varying degrees of impact on the isotopic composition of
water vapor and precipitation in Region VI and Region V,
both located within the East Asian monsoon region, across
different seasons. Emphasizing this point, the numeric com-
parisons above can also be used to determine whether the
major source of water vapor is oceanic or continental, es-
pecially based on the judgment of excess deuterium values
(i.e., dv), because the water vapor coming from the Arabian
Peninsula in winter (Fig. 3) had relatively high dv values (Ta-
ble 1, Region I), while the large amount of water vapor com-
ing from the oceanically representative regions in summer
(Fig. 7) had very low dv values (Table 1, Region III). These
different sources of water vapor were ultimately reflected in
their impact on the isotopic composition of precipitation in
the Dongting Lake basin.

Furthermore, by comparing the water vapor isotopes in
Region V with those in Region VI, it can be found that al-
though both regions were located in the East Asian monsoon
region, there were differences in the seasonal variations in
water vapor isotopes (Table 1; Fig. 11). For instance, the av-
erage δ18Ov in Regions V and VI in all of the representa-
tive months was −19.2 ‰ and −30.2 ‰, respectively, with a
difference of 11.1 ‰. Moreover, the average δ18Ov of these
two regions showed the largest differences, with a value of
22.1 ‰ in January representing the peak of the winter mon-
soon and the June value representing the peak of the sum-
mer monsoon, with a difference of only 1.2 ‰. The water
vapor isotopes in Region V were consistently enriched com-
pared to those in Region VI. The average dv in Regions V
and VI in all of the representative months was 15.2 ‰ and
17.8 ‰, respectively, with a difference of−2.5 ‰, which was
not too large. The difference was largest in January, reach-
ing −8.0 ‰, while in June, the difference was only 1.14 ‰,
indicating that the water vapor sources during the summer
monsoon were similar in these two regions (Table 1).

The above results about the differences in water stable iso-
topes between the representative regions conform to the lat-
itudinal and continental effects of water stable isotopes and
follow the law of material migration, which states that the
composition of water stable isotopes becomes more depleted
with increasing latitude and water vapor transport from high-
to low-value regions (Feng et al., 2009; Zhang et al., 2012,
2016). Emphasizing this point, for the water vapor source
of precipitation in the Dongting Lake basin, the oceanically
representative regions located at low latitudes may not nec-
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Figure 10. Mean variations in Q (a), P (b), δ18Ov (c), δ18Op (d), dv (e), and dp (f) along the vapor transport path in October.

Figure 11. Geographical distribution of representative regions. (Region I: Arabian Peninsula, Region II: Arabian Sea, Region III: Bay of
Bengal, Region IV: western Pacific, Region V: Dongting Lake basin, Region VI: inland of the East Asian monsoon region at middle and high
latitudes).

essarily be the initial water vapor source regions and the re-
lationship between upstream and downstream regions may
not entirely be point to point, as there were continuous water
recycling and rainout processes along the water vapor trans-
port path (Pokam et al., 2012; Risi et al., 2013; Christner et
al., 2018).

However, through the comparisons above, it can be ob-
served that the influences of upstream regions on the water
vapor amount and water vapor isotopes in downstream re-
gions during water vapor transport were significant. For in-
stance, two distinct water vapor transport paths were identi-
fied in April (Fig. 5); thus it is crucial to assess which path
exerted a more significant influence on the isotopic com-
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Table 1. Mean δ18Ov and dv for representative regions in the representative months.

Factors Months Region I Region II Region III Region IV Region V Region VI

δ18Ov[‰] January −19.1 −17.4 −18.7 −17.2 −18.8 −40.9
April −16.2 −15.8 −17.8 −17.9 −14.9 −28.7
June −17.1 −14.5 −18.1 −21.9 −20.8 −22.0
October −19.2 −17.8 −22.0 −22.3 −22.1 −29.3

dv [‰] January 18.5 18.5 17.2 14.4 15.2 23.2
April 16.9 17.5 17.0 13.9 13.6 15.6
June 16.0 13.1 14.0 16.3 15.0 13.9
October 20.7 17.3 17.5 17.7 17.1 18.3

position of precipitation in the Dongting Lake basin, with
priority given to the path whose air parcel isotopic signa-
ture most closely matches the precipitation isotopes in the
basin before entry. According to this principle and referring
to Table 1, we observed that in April, the average δ18Ov and
dv values of the Dongting Lake basin (i.e., Region V) were
−14.9 ‰ and 13.6 ‰, respectively. Moreover, before enter-
ing the Dongting Lake basin, the δ18Ov and dv values of the
air parcel on the first water vapor transport path – that is, Path
I – were −14.9 ‰ and 14.3 ‰, respectively (Fig. 6c and e).
For the second transport path – that is, Path II – these val-
ues were −14.9 ‰ and 13.5 ‰, respectively (Fig. 6c and e).
Besides this, it is worth noting the complexity of isotopic
variations along the water vapor transport paths, where nu-
merous processes can influence the isotopic composition of
air masses over long distances, and such variations are a con-
tinuous process with cumulative effects. These processes in-
clude rainout, evaporation recharge, mixing with other air va-
por masses, and changes in temperature and humidity, all of
which contribute to the cumulative isotopic variations along
the transport paths. Therefore, the primary criterion for deter-
mining the relative impact of these paths is the water vapor
flux Q. As shown in Fig. 6a, the water vapor flux Q associ-
ated with Path II is significantly higher than that of Path I be-
fore reaching the Dongting Lake basin. This larger flux indi-
cated that Path II contributed more water vapor to the Dongt-
ing Lake basin, thereby having a more substantial influence
on the local precipitation isotopes. Clearly, the oceanic air
mass with low deuterium excess had a relatively more sig-
nificant impact on the precipitation isotopes in April in the
Dongting Lake basin region.

In this study, we focus on the climatological mean state
of water vapor transport and its influence on precipitation
in the Dongting Lake basin over 4 representative months
(January, April, June, and October, which represent winter,
spring, summer, and autumn, respectively) from 1979–2017.
Our analysis is based on the monthly average values of ver-
tical integral water vapor flux Q, precipitation amount P ,
and isotopic compositions of water vapor and precipitation.
This approach reflects the general characteristics of water va-
por transport paths and their influence on precipitation for

each month, rather than focusing on individual precipitation
events. The magnitude of water vapor flux Q is directly re-
lated to precipitation amount P , and thus, our analysis does
not require differentiation between precipitating and non-
precipitating days. For example, low values of water vapor
flux Q in January and October correspond to low precipita-
tion amounts, indicating that the overall transport conditions
are less conducive to precipitation.

4.2 Isotopic properties of air masses

According to the definition in meteorology, air mass refers
to a large-scale body of air over land or sea with relatively
uniform horizontal physical properties such as temperature,
humidity, and atmospheric stability. The horizontal extent of
an air mass ranges from 102 to 103 km, and the vertical ex-
tent ranges from 100 to 101 km, while within the same air
mass, there is little variation in temperature gradients, at-
mospheric vertical stability, and weather phenomena (Zhou,
1997). Under large-scale and relatively uniform underlying
surfaces and stable atmospheric circulation conditions, wa-
ter vapor and its transport belong to the characteristics of
air masses or have the properties of the air mass origin re-
gions (Dettinger, 2013; Lavers et al., 2013). Considering the
sources and sinks of water vapor, the spatial distribution of
water vapor isotopes is relatively similar within an air mass.
In oceanic air masses, the isotopic values of water vapor are
relatively higher compared to those in continental air masses,
while the deuterium excess of water vapor is typically lower.
Conversely, in continental air masses, water vapor isotopes
are relatively depleted but the deuterium excess can be higher
(Rozanski et al., 1993; Araguás-Araguás et al., 1998).

With the seasonal variation in the position of the Sun’s or-
bit, the atmospheric circulation conditions undergo seasonal
variations and thus lead to the seasonality of the air mass
properties (Qian et al., 2009; Parding et al., 2016). The abun-
dance of water vapor isotopes at a fixed location varies due
to variations in circulation conditions (Lacour et al., 2018;
Dee et al., 2018; Gou et al., 2022). In this study, the iso-
topic compositions of water vapor in oceanic Regions II and
IV at low latitudes and in inland Region VI at high latitudes
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exhibited significant seasonal variations due to interactions
between tropical continental air masses (located in southern
West Asia) and tropical oceanic air masses, between tropical
oceanic air masses and equatorial air masses, and between
temperate continental air masses and temperate oceanic air
masses, respectively (Table 1; Fig. 11). In the process of sea-
sonal changes, as air masses move out of their source re-
gions, their physical and weather characteristics also change
with the variations in underlying surface properties and large-
scale vertical motion conditions.

East Asia is primarily controlled by the “modified” air
masses, which were commonly used to describe the proper-
ties (e.g., temperature, pressure, and humidity) of air masses
that have changed as they move through different regions
(Ding, 1990; Chang et al., 2012). For instance, as an air mass
moves from a warm and moist region to a cooler and drier re-
gion, its temperature and humidity can change significantly.
Similarly, interactions with topography and varying surface
conditions can lead to modifications in the air mass proper-
ties. This concept is particularly relevant in regions like East
Asia, where air masses can be significantly altered as they
pass through different climatic zones. Whether cold and dry
air masses moving southward or warm and moist air masses
moving northward, the isotopic composition of water vapor
in the modified air mass continues to become more negative,
while the deuterium excess of water vapor continues to be-
come more positive than the original air mass, following the
variation rule of stable isotopes and deuterium excess during
water vapor transport (Vasil’chuk, 2014; Zhou et al., 2019;
Xu et al., 2019; Jackisch et al., 2022). In this study, inter-
actions between a modified oceanic air mass and a modified
continental air mass result in the water vapor isotope in Re-
gion V that differed from oceanic air masses and continental
air masses (Table 1; Fig. 11). In summary, based on the com-
parison of stable isotopes of water vapor and precipitation in
different seasons and representative regions presented in this
study, it can be observed that, as an integral component of the
climate system, air masses in various regions not only exhibit
differences in thermodynamic, dynamic, hydrous, and static
properties but also are influenced by interactions between air
masses, the underlying surface, and the intensity of convec-
tion, among others.

4.3 The difference between the water vapor field and
wind field

The water vapor flux Q reflects the direction and magnitude
of water vapor transport in the atmosphere, while wind V
reflects the direction and magnitude of the movement of air
particles in the atmosphere (Feng et al., 2009; Zhang et al.,
2012, 2016). There are both differences and connections be-
tween the two factors. Water vapor is transported by wind;
the wind carries water vapor from one place to another; and
the directions of water vapor and wind may be consistent, in-
consistent, or even opposite. In the East Asian monsoon re-

gion, the prevailing wind direction during the summer mon-
soon period is generally consistent with the average water
vapor transport direction, both being the southwest or south-
east direction (Baker et al., 2015; Wu et al., 2015; Tang et al.,
2015). In this study, the water vapor transport path was con-
sistent with the prevailing wind direction in June (Figs. 1a
and 9). However, during the winter monsoon period, the pre-
vailing wind direction may not be consistent with the aver-
age transport direction of water vapor – that is, the prevail-
ing wind direction in January was the northwest or northeast
direction, while the average transport direction of water va-
por in this period was the southwest or southeast direction
(Figs. 1a and 3).

Previous studies have shown that the most common
weather systems and most precipitation events in the East
Asian monsoon region are caused by cold fronts resulting
from the interaction of warm and cold air masses (Chen et al.,
2020). According to classical meteorological theory (Zhou,
1997), in a cold-front system, the wind from the southwest
direction blows ahead of the front and a northwest wind
blows behind the front, as shown in the schematic diagram in
Fig. 12a. Warm and moist air from low latitudes lifts along
the front and leads to rainfall, while cold and dry air from
high latitudes moves southward beneath the front and lifts the
warm and moist air. At different heights and positions, the
directions of air particle movement and water vapor trans-
port are different. For example, at Point A, located above
the warm and moist air side of the cold-front surface, both
air particles and water vapor are transported by a southwest
wind. At Point C, located below the side with cold, dry air
of the cold-front surface, both air particles and water vapor
are transported by a northwest wind. However, at Point B,
located within the front zone, the wind direction and speed
are uncertain (Fig. 12b). Specifically, this front zone marked
the transition from a warm air mass to a cold one, or vice
versa, where meteorological factors have undergone rapid
changes. Mixing between cold and warm advected air could
occur within this zone, manifesting as a shear zone in wind
fields or as alternating southerly and northerly winds. There-
fore, the dominant wind directions may not always align
with the average water vapor transport direction, especially
in frontal weather systems that dominate precipitation in the
East Asian monsoon region. Our study focuses on theQ field
(the vertical integral of water vapor flux) to determine wa-
ter vapor transport paths, which directly reflect the direction
and magnitude of water vapor transport in the atmosphere.
This method is distinct from particle dispersion models or
back-trajectory models, which are based on the movement
of air particles (wind direction). As discussed earlier, water
vapor is transported by wind, but the directions of water va-
por transport and wind may not always align, especially in
complex weather systems such as cold fronts.

Atmos. Chem. Phys., 25, 6475–6496, 2025 https://doi.org/10.5194/acp-25-6475-2025



X. Xiao et al.: Water vapor transport and stable isotopes in the Dongting Lake basin 6493

Figure 12. Schematic diagram of a cold-front system in East Asia (based on Zhou, 1997).

5 Conclusions

Our findings revealed significant influences of the water va-
por source and transport on precipitation isotopes in the
Dongting Lake basin. Specifically, in January, water vapor
contributing to the Dongting precipitation originated near the
Arabian Peninsula and was driven by the southern branch of
the westerly stream jet on the southern side of the Tibetan
Plateau, was transported along the southern side of the Ti-
betan Plateau, passed through southwestern China via the
northern part of the Indian Peninsula, and reached the Dongt-
ing Lake basin. In April, two distinct water vapor transport
paths contributed to the Dongting precipitation: the first fol-
lowed a trajectory similar to the average water vapor trans-
port path in January, albeit shifted slightly northward by 1°
of latitude. The second transport path, driven by the weak
western Pacific subtropical high, guided warm and moist wa-
ter vapor from the low latitudes of the western Pacific along
the outer edge of the subtropical high, passing through the
South China Sea and the Indochinese Peninsula and finally
reaching into the Dongting Lake basin. In June, the precipi-
tation in the Dongting Lake basin was influenced by a water
vapor transport path originating from the northern branch of
the southern Indian Ocean subtropical high, which crossed
the Equator; was transported over the Somali Sea, the Ara-
bian Sea, the Indian Peninsula, the Bay of Bengal, and the
Indochinese Peninsula; and entered the southwestern region
of China before finally reaching the Dongting Lake basin. In
October, the average water vapor transport path originated
from the western Pacific, passed through the South China
Sea, flowed westward along the easterly jet located in the
south of the western Pacific subtropical high and of the an-
ticyclonic circulation over the Jiangnan region in China, and
finally entered the Dongting Lake basin while bypassing the
southwest of the anticyclone. Although this water vapor path
belonged to the latitudinal transport, the water vapor source
originated from the low-latitude oceans of the western Pa-
cific. In these 4 months representing different seasons, vari-
ations in the δ18O and deuterium excess of precipitation and

water vapor along these water vapor transport paths show
some agreement with Rayleigh fractionation and water bal-
ance principles. This highlights the complex transport paths
and processes that influence isotopic variations in precipi-
tation in the Dongting Lake basin. However, the prevailing
wind direction may not be consistent with the average trans-
port direction of water vapor, especially during the winter
monsoon, which can be explained by the water vapor field
and wind field in frontal weather systems that dominate pre-
cipitation in the East Asian monsoon region.

Overall, the approach utilized in this study is grounded in
fundamental meteorological theories, specifically involving
water vapor diagnosis and calculations (including source re-
gions, transport paths, and transport quantities); this analyti-
cal method is robust and has a clear physical basis. The sci-
entific question addressed by this study is not centered on the
spatial and temporal variations in water isotopes but rather on
how the seasonal variations in regional precipitation and pre-
cipitation isotopes respond to the seasonal variations in water
vapor sources and transport. A potential direction for future
research could be to investigate the intra-seasonal variations
in composite differences across various factors, rather than
focusing on inter-seasonal comparisons.
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