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ABSTRACT: Understanding water vapor sources and transport paths is essential for 9 

assessing the water cycle and predicting precipitation accurately. Utilizing water vapor 10 

diagnosis and calculations, this study determined the water vapor sources and transport 11 

paths leading to precipitation in the Dongting Lake Basin in four seasons (represented 12 

by January, April, June, and October). In January, the water vapor generating 13 

precipitation originated from the Arabian Peninsula, driven by the southern branch of 14 

the westerlies over the southern side of the Tibetan Plateau, along the northern side of 15 

the Indian Peninsula through southwest China to reach the Dongting Lake Basin. In 16 

April, two transport paths emerged: one aligned closely with the January transport path 17 

but the location shifted slightly northward by one degree of latitude, and another was 18 

driven by the weak subtropical high over the southwestern Pacific, bringing moist air 19 

from the western Pacific via the South China Sea and Indochinese Peninsula. In June, 20 

the vapor sourced fromDongting precipitation sourced from the northern branch of the 21 
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South Indian Ocean subtropical high, crossed the equator and transported through 22 

various water bodies to southwestern China, finally reaching the basin. October saw a 23 

water vapor transport path from the western Pacific, crossing the South China Sea, and 24 

entering the Dongting Lake Basin influenced by the East Asian monsoon system. In 25 

different seasons, the variations in water stable isotopes along water vapor transport 26 

paths adhered to Rayleigh fractionation and water balance principles. These findings 27 

highlight the impact of atmospheric circulation on precipitation and isotopes, providing 28 

a framework for understanding water vapor isotope mechanisms and reconstructing 29 

past atmospheric conditions. 30 

Keywords: Dongting Lake Basin; Water vapor sources; Transport paths; Precipitation 31 

isotopes; Precipitation amount. 32 

Significance Statement 33 

This research explores how water vapor transports and contributes to precipitation in 34 

the Dongting Lake Basin throughout different seasons. Understanding these paths is 35 

crucial because it helps us predict and manage water resources better, which is vital for 36 

agriculture, ecosystems, and communities relying on this water. By identifying the 37 

origins and paths of water vapor, we gain insights into how global climate patterns 38 

influence local weather. This knowledge is not only critical for accurate weather 39 

forecasting but also for preparing for future climate changes. Our findings highlight the 40 

complex interactions between the atmosphere and water cycle, offering a clearer picture 41 

of how seasonal shifts in atmospheric circulation impact regional precipitation 42 

patterns.This research explored how water vapor transports influenced the precipitation 43 



 

3 

 

isotopes in the Dongting Lake Basin in representative months of different seasons. By 44 

tracking water vapor from its source regions, we revealed the influence of large-scale 45 

atmospheric circulation on the transportation of water vapor to the Dongting Lake Basin. 46 

The changes in water stable isotopes along the water vapor transport paths highlighted 47 

the isotopic fractionation and water vapor exchange that occurred along these paths, 48 

while the isotopic changes in the precipitation reflect the cumulative influences of water 49 

vapor transport on the local precipitation. These comprehensive insights have clarified 50 

the influences of atmospheric circulation on water vapor transport and precipitation 51 

isotopes, and thus essential for predicting regional precipitation patterns. 52 

1. Introduction 53 

Diagnosing water vapor sources and analyzing water vapor transport are routine 54 

and foundational tasks, particularly within hydrometeorological services (Gimeno et al., 55 

2020; Xu et al., 2020). A correct understanding of water vapor sources and transport is 56 

crucial for accurately evaluating the hydrological cycle and effectively predicting 57 

precipitation. For instance, in weather forecasting for the East Asian region, an essential 58 

condition for the occurrence of precipitation is the presence of sufficiently warm and 59 

moist air from low latitudes (Barker, et al., 2015; Tang et al., 2015; Hu et al., 2021). 60 

Moreover, the primary cause of meteorological drought in the East Asian monsoon 61 

region is often attributed to an anomalous decrease in water vapor sourced from the 62 

Bay of Bengal (He et al., 2022; Liu et al., 2023). Additionally, studies have shown that 63 

the abundance of stable isotopes in speleothems is related to monsoon intensity and is 64 

consequently linked to water vapor transport (Rao et al., 2013; 2016; Liang et al., 2020).  65 
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Over the past few decades, the employment of diverse mathematical models has 66 

been the crucial approach to tracking and deduce deducing atmospheric water vapor 67 

sources and transport paths (Gimeno et al., 2020; Xu et al., 2020; Pranindita et al., 2022; 68 

Lekshmy et al., 2022). For instance, Pranindita et al. (2022) employed the water vapor 69 

tracking model WAM-2layers to trace back the water vapor sources during heatwaves 70 

in northern, western, and southern Europe, the reasons for the reduction of the local 71 

precipitation can be attributed to a significant reduction in water vapor supply from the 72 

North Atlantic due to anticyclonic patterns, along with the increased water vapor fluxes 73 

from eastern Eurasia and local regions. Utilizing the Lagrangian model FLEXPART 74 

v9.0, P®rez-Alarc·n et al. (2023) identified precipitation water vapor sources associated 75 

with the development of Indian Ocean tropical cyclones. Results showed that the water 76 

vapor sources and transport mechanisms were different during different lifecycle stages 77 

of tropical cyclones. Among numerous methods, the use of HYSPLIT for tracking water 78 

vapor sources is widespread, which employs backward trajectory calculations and 79 

atmospheric wind field information to derive water vapor transport trajectories at given 80 

heights during a precipitation event, making it commonly used for tracing water vapor 81 

during short-duration precipitation events (Draxler and Hess, 1998; Esquivel82 

Hern§ndez et al., 2019; Nie and Sun, 2022; Liu et al., 2023). However, due to inherent 83 

model structure and tracking principles, derived water vapor transport paths at different 84 

heights may vary or even be opposite. Moreover, this method cannot ascertain whether 85 

the tracked water vapor indeed causes precipitation, nor can it provide information on 86 

the magnitude of water vapor transport (Wu et al., 2015; Wu et al., 2022; Deng et al., 87 
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2024). 88 

With the continuous improvement of observational techniques and analytical 89 

methods, utilizing reanalysis data to determine the water vapor sources that cause 90 

precipitation has become a common practice (Sun et al., 2011; Hoffmann et al., 2019; 91 

Guo et al., 2019; Shi et al., 2022). For instance, Sun et al. (2011) investigated the 92 

climatic characteristics and decadal variations in water vapor transport in Eastern China 93 

based on NCEP/NCAR reanalysis data from 1979 to 2009. The results revealed that the 94 

variability in water vapor transport in the region is attributed to the combined influences 95 

of the Indian summer monsoon and the East Asian summer monsoon. Based on the 96 

dataset from ERA5 and isoGSM2, Xiao et al. (submitted) found a strong positive 97 

correlation between seasonal precipitation and seasonal water vapor budget in the 98 

Changsha region. They noted that southwestward water vapor transport contributes 99 

significantly to water vapor input in all seasons, and only southwestward water vapor 100 

flux exhibits a highly significant positive correlation with regional precipitation amount. 101 

Despite the presence of water vapor input from the northwest direction, we observe no 102 

correlation between the transport of water vapor from this direction and the regional 103 

water vapor budget or precipitation amount. In some instances, an inverse relationship 104 

is even apparent. These relationships imply that northwesterly winds do not exert a 105 

direct influence on the precipitation generation in the region. Although water vapor 106 

input from the northwest direction exists, there is no correlation between water vapor 107 

transport in that direction and water vapor budget or precipitation amount, while it even 108 

shows a negative correlation in some cases. Since the direction of water vapor transport 109 
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has an important influence on regional precipitation, it is necessary to reveal the 110 

influences of atmospheric circulation such as the water vapor source regions and water 111 

vapor transport paths, which determine the water vapor transport direction. 112 

Water vapor transport controlled by atmospheric circulation not only determines 113 

precipitation events but also directly influences the precipitation isotopes, thus 114 

analyzing the water vapor sources and water vapor transport paths, as well as their 115 

influences on stable isotopes under different seasons, can elucidate the mechanisms 116 

influencing the atmospheric stable isotopes (Zhou et al., 2019; Dahinden et al., 2021; 117 

Zhan et al., 2023). For instance, Risi et al. (2010) conducted an analysis of water vapor 118 

and precipitation isotopes in the Sahelian region by combining water vapor budget and 119 

water vapor transport calculations, revealing that the isotopic composition of 120 

precipitation and atmospheric water vapor in the region is controlled by the intensity of 121 

air dehydration and changes in convection. Similarly, Sengupta et al. (2006) quantified 122 

the influences of different water vapor source regions on precipitation in the northern 123 

Indian monsoon region, finding that the isotopic composition of precipitation in the 124 

region is influenced by changes in water vapor source and atmospheric circulations over 125 

India. Moreover, Zhou et al. (2019) separately computed the correlations between ŭ18O 126 

values of precipitation at different sites and found that during the prevalence of the 127 

summer monsoon (April to September) and winter monsoon (October to March), the 128 

key upstream regions influencing the precipitation isotopes in the Dongting Lake Basin 129 

located in south-central China are were the Bay of Bengal and southwestern China, 130 

respectively. However, as the critical regions influencing regional precipitation isotopes 131 
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may not necessarily be the water vapor source regions, these studies are yet to 132 

definitively determine the water vapor source regions and water vapor transport paths. 133 

Verifying whether the stable isotopic composition of water vapor undergoes 134 

changes consistent with Rayleigh distillation during transport, and assessing the impact 135 

of this transport on the isotopic composition of regional precipitation, constitute 136 

significant research objectives. Existing studies indicate that in the East Asian monsoon 137 

region, including the Dongting Lake Basin, differences in the water vapor sources and 138 

transport direction during different seasons are the primary drivers of seasonal 139 

variations in precipitation isotopes (Aragu§s Aragu§s et al., 1998; Zhang et al., 2016; 140 

Wei et al., 2018; Chiang et al., 2020). Typically, during the summer monsoon, 141 

prevailing southeast or southwest winds dominate the East Asian monsoon region, with 142 

water vapor for precipitation originating from low-latitude oceans (Barker, et al., 2015; 143 

Wu et al., 2015; Tang et al., 2015), while precipitation isotopes are significantly 144 

depleted influenced by intense rainout effects along the water vapor transport paths 145 

during this period (Zhou et al., 2019; Wu et al., 2022). Conversely, during the winter 146 

monsoon, northwest or northeast winds prevail in the East Asian monsoon region, by 147 

simple deduction, the precipitation isotopes should be more enriched if water vapor for 148 

precipitation is carried by westerlies or originates from the evaporation of inland 149 

regions (e.g., Liu et al., 2011; Wu et al., 2015; Shi et al., 2021). However, both actual 150 

observations from the Global Network of Isotopes in Precipitation (GNIP) and 151 

simulations from isotope-enabled General Circulation Models (isoGCMs) consistently 152 

demonstrate that, whether during the summer or winter monsoon, the spatial 153 
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distribution of precipitation isotopes in the East Asian monsoon region exhibits 154 

significant latitudinal and continental effectsðthat is, the precipitation isotopes become 155 

more depleted with the increases of latitude or distance from the ocean (Feng et al., 156 

2009; Zhang et al., 2012; Zhang et al., 2016). Consequently, the observed water vapor 157 

transport during the summer monsoon aligns with the spatial distribution of 158 

precipitation isotopes under the influence of latitudinal and continental effects and is 159 

consistent with the Rayleigh distillation principle for water stable isotopes, however, 160 

water vapor transport during the winter monsoon does not follow the above spatial 161 

distribution and Rayleigh distillation principle (Tang et al., 2015; Zhou et al., 2019; Wu 162 

et al., 2022). 163 

Based on the understanding outlined above, a thorough investigation into the 164 

seasonal variations in water vapor sources and transport paths for precipitation amount 165 

and isotopes in the East Asian monsoon region is necessary, which may provide 166 

significant benefit for accurately understanding regional hydrological mechanisms and 167 

elucidating regional climate characteristics. Focusing on the Dongting Lake Basin 168 

within the East Asian monsoon area, and drawing upon fundamental theories of 169 

meteorology, water vapor diagnostics, and water vapor calculations, a broader spatial 170 

understanding of the scientific issues surrounding water vapor transport can be 171 

achieved, . this This study aims to (1) identify the water vapor sources and transport 172 

paths contributing to the Dongting Lake Basin; (2) analyze the variations in 173 

meteorological factors and water stable isotopes along the water vapor transport paths; 174 

and (3) reveal the mechanisms by which water vapor sources and transport paths in the 175 
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monsoon region influencing influence precipitation amounts and isotopes. 176 

2. Methods and materials 177 

2.1 Study site 178 

Dongting Lake Basin, situated in the south-central region of China (Fig. 1), is a 179 

basin characterized by a subtropical monsoon climate, marked by distinct four seasons 180 

and moderate humidity. Winters are wet and coldmoist and cold, while summers are 181 

warm and moist. Based on historical meteorological data from 1960 to 2017, the 182 

Dongting Lake Basin experiences an average annual precipitation of 1375.6.0 mm. 183 

During the colder months (October to March of the following year), precipitation is 184 

relatively low due to the influence of continental air masses. However, from late April 185 

onward, influenced by maritimeoceanic monsoons, precipitation increases significantly, 186 

accompanied by a notable rise in temperature, with precipitation predominantly 187 

occurring from April to June (Liu et al., 2023; Xiao et al., 2024). 188 

 189 

Fig. 1 Map showing the location of the Dongting Lake Basin, and the Changsha 190 

sampling site in the East Asian Monsoon Region. Note that the black arrow and red 191 

arrow in subplot (a) represent the average wind field at 850 hPa in January and June, 192 
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respectively. 193 

The prevailing wind refers to the wind or wind direction that appears the most 194 

frequently in a region during a specific period. Its occurrence is closely related to the 195 

changes in the average atmospheric circulation conditions due to the thermal 196 

differences between land and seathe atmospheric circulation of the region. In the East 197 

Asian monsoon region, which includes the Dongting Lake Basin, the strong cold high-198 

pressure system influences the winter season, resulting in prevailing northerly winds 199 

near at the lower tropospheresurface, with northwesterly winds prevailing in the basin 200 

as shown by the average wind field at the 850 hPa in January, i.e. the black arrow in 201 

Fig. 1a. In the summer, influenced by the Western Pacific Subtropical High and the 202 

Indian Low, the near-surface winds at the lower troposphere are predominantly 203 

southerly in the East Asian monsoon region, with southwesterly winds prevailing in the 204 

Dongting Lake Basin as shown by the average wind field at the 850 hPa in June, i.e. 205 

the red arrow in Fig. 1a. Positioned at the convergence of the prevailing northerly winds, 206 

prevailing southerly winds, and westerly winds, the Dongting Lake Basin experiences 207 

complex precipitation processes and different precipitation amounts in different seasons 208 

and water vapor transport directions. This complexity results in high variability in the 209 

precipitation isotope dynamics (Zhou et al., 2019; Xiao et al., 2024). 210 

2.2 Water samples collection and measurementanalysis  211 

From January 1, 2010 to December 31, 2022, precipitation sample sampling has 212 

been conducted at the Meteorological Garden of Hunan Normal University in Changsha 213 

(28Á11ôN, 112Á56ôE). The sampling protocol followed the meteorological observation 214 
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standards of Chinaôs meteorological departments, with samples collected at 08:00 and 215 

20:00 Beijing time on precipitation days. Liquid precipitation was directly collected in 216 

sealed 30 ml polyethylene bottles after measuring the precipitation amount, while solid 217 

precipitation was first collected in air-tight plastic bags, then measured for meltwater 218 

volume after natural melting, and transferred to the same size polyethylene bottles. All 219 

the collected water samples were stored in a refrigerator at 0ÁC before testing. 220 

Precipitation sample analysis from 2010 to 2013 was conducted using a Liquid 221 

Water Isotope Analyzer (DLT-100, Model: 908-0008) from Los Gatos Research, USA; 222 

subsequently, a new generation Liquid and Gas Dual-Mode Stable Isotope Analyzer 223 

(IWA-35EP, Model: 912-0026-1000) from the same company was used from 2014 to 224 

2022. The oxygen and hydrogen stable isotope ratio in the water samples were 225 

expressed in per mil (ă) deviations relative to the Vienna Standard Mean Ocean Water 226 

(V-SMOW), calculated using the equation: 227 

2 18

V-SMOW

ŭH orŭO 1 1000è ø= - ³
é ùê ú

sR
    

R
 (1) 228 

In the equation, Rs and RV-SMOW represent the oxygen (or hydrogen) stable isotope ratios 229 

18O/16O (or 2H/1H) in the water sample and in Vienna Standard Mean Ocean Water (V-230 

SMOW), respectively. The testing precision averaged ŭ18O Ò 0.3ă and ŭ2H Ò 2ă 231 

during 2010-2013, and ŭ18O Ò 0.2ă and ŭ2H Ò 0.6ă during 2014-2022. If there were 232 

two precipitation samples in one day, the precipitation stable isotope values for that day 233 

were represented by the volume-weighted average. In total, 1668 precipitation daysô 234 

ŭ18O (ŭ2H) data were obtained over the past 13 years. 235 

2.3 Ancillary data 236 
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ERA5, produced and released by the European Centre for Medium-Range Weather 237 

Forecasts (ECMWF), is the fifth-generation global atmospheric reanalysis data product 238 

from the center. Compared to its predecessor ERA-Interim, ERA5 incorporates a state-239 

of-the-art integrated forecasting system, integrates more historical observational data, 240 

and reprocesses a large amount of assimilation data, resulting in significantly improved 241 

accuracy (Albergel et al., 2018; Hoffmann et al., 2019). Additionally, ERA5 features 242 

substantial improvements in temporal and spatial resolution. The temporal resolution 243 

has increased from 6 hours in ERA-Interim to 1 hour, while the horizontal resolution 244 

has improved from 79 km to 31 km, and the highest vertical extension reaches 0.01 hPa 245 

altitudelevel. These enhancements enable ERA5 to capture finer atmospheric details. 246 

Moreover, the number of variables provided by ERA5 has increased from over 100 in 247 

ERA-Interim to the current 240, and the data release delay days of ERA5 has have been 248 

reduced from 2-3 months in ERA-Interim to 5 days (Albergel et al., 2018; Hoffmann et 249 

al., 2019). The reanalysis data used in this study include surface pressure (ps, hPa), 250 

specific humidity at 1000/850/700/600/500/400/300 hPa, altitudinal wind, and 251 

meridional windpotential height of 500 hPa (H500, meter), and specific humidity (q, 252 

kgÖkg-1), latitudinal wind (m/s), and meridional wind (m/s) at 253 

1000/850/700/600/500/400/300 hPa. The horizontal resolution is 1ÁĬ1Á, with a 254 

temporal step of 1 hour. This dataset was used to calculate the vertical integral of water 255 

vapor fluxes into a specified region, introduced in section 2.4. 256 

Since the direct observation of the isotopic fractionation process in the atmosphere 257 

is extremely challengingthe fractionation process of water stable isotopes in the 258 
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atmosphere cannot be directly observed, analyzing the variations of atmospheric stable 259 

isotopes requires the application of stable isotopes fractionation theory along with the 260 

fundamental principles and methods of meteorology. In terms of research methods, the 261 

introduction of atmospheric circulation models for water stable isotope cycling, such as 262 

isoGCMs, provides a unique and effective tool. Among numerous isoGCMs, isoGSM 263 

(Isotope-incorporated Global Spectral Model) exhibits relatively good simulation 264 

performance in the East Asian region (Zhang et al., 2020; Kathayat et al., 2021). 265 

isoGSM is a stable isotope GCM developed by Yoshimura et al. (2008), which 266 

integrated water isotope cycling and fractionation processes into the Global Spectral 267 

Model at the Scripps Experimental Climate Prediction Center. The driving factors data 268 

include sea surface temperature, sea ice, and temperature and horizontal wind fields in 269 

28 vertical layers. This model addresses the Gibbs phenomenon in atmospheric 270 

circulation models and performs better in simulating water vapor transport processes in 271 

arid and high-altitude regions (Yoshimura et al. 2008; Bong et al., 2024). The second-272 

generation isoGSM2 has a higher temporal and spatial resolution in simulating water 273 

vapor and precipitation isotopes compared to the first-generation (Chiang et al., 2020). 274 

It utilizes the NECP-R2 (National Centers for Environmental Prediction Reanalysis 2) 275 

reanalysis dataset and abandons the NDSL (Non-iteration Dimensional-split Semi-276 

Lagrangian) advection scheme used in the previous generation. By dynamically 277 

correcting the model output using reanalysis data, isoGSM2ôs simulation results are 278 

closer to actual atmospheric conditions, thereby improving the accuracy of water vapor 279 

and precipitation isotope simulations (Bong et al., 2024). 280 
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The water stable isotope simulation data used in this study are from isoGSM2 281 

(January 1979 to December 2017, totaling 468 months), including monthly 282 

precipitation amount (P, mm), stable isotopes (ŭ2H and ŭ18O) in the precipitation and 283 

vertical integral of water vapor (ŭ2Hv, ŭ
18Ov, ŭ

2Hp,  and ŭ
18Op, ŭ

2Hv, and ŭ
18Ov), and 284 

the calculated deuterium excess in water vapor and in precipitation (Ex_dv and Ex_dp). 285 

The spatial scale ranges from 30ÁS to 70ÁN and 0Á to 280ÁE, with a horizontal resolution 286 

of 1ÁĬ1Á (Chiang et al., 2020; Liu et al., 2023). 287 

2.4 Model AnalysisCalculation of the Vertical Integral of Water Vapor Flux Q 288 

The water vapor transport flux serves as a metric for both the magnitude and 289 

direction of water vapor transport, representing the mass of water vapor passing through 290 

a unit cross-section per unit of time (Sun et al., 2011). The specific calculation equation 291 

is as follows: 292 

s

t

1
d= ñ

p

p
Q  Vq p

g
 (2) 293 

Where the meridional component Qɚ and the latitudinal component Qű of the water 294 

vapor transport flux are given by: 295 

s

t
ɚ

1
d

g
= ñ

p

p
Q   uq p (3) 296 

s

t
ű

1
d

g
= ñ

p

p
Q   vq p (4) 297 

Here, Q represents the vertical integral of water vapor flux (kgÖm-1Ös-1), including the 298 

meridional component Qɚ and the latitudinal component Qű. V denotes the vector wind 299 

speed (mÖs-1), including the latitudinal wind speed (v) and meridional wind (u), q 300 

represents specific humidity (kgÖkg-1), g is the acceleration due to gravity (mÖs-2), ps is 301 
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the lower boundary pressure (hPa), and pt is the upper boundary pressure (hPa). In the 302 

actual atmosphere, water vapor content above 300 hPa is minimal, thus pt is set to 300 303 

hPa when calculating the vertical integral of water vapor flux through the entire 304 

atmospheric column. 305 

3. Results 306 

3.1 Seasonal Variation Characteristics of Precipitation Isotopes in the Changsha 307 

Region 308 

The monthly weighted average and total monthly calculations were performed on 309 

the daily ŭ18Op, daily Ex_dp, and daily P collected from the Hunan Normal University 310 

and the Changsha National Meteorological Reference Station, yielding the seasonal 311 

variations of multi-year monthly weighted average ŭ18Op, monthly weighted average 312 

Ex_dp, and monthly average P in the Changsha region (Fig. 2a). The ŭ18Op, Ex_dp, and 313 

P in Changsha exhibited significant seasonal variationsðthat is, the maximum value 314 

of ŭ18Op appeared in March and April, both at ī3.576ă, but did not correspond to the 315 

months with the lowest precipitation amounts. The three lowest values of ŭ18Op 316 

occurred in July, August, and September, respectively at ī9.455ă, ī8.93ă, and 317 

ī9.42ă, with a simple arithmetic average of ī9.273ă, which also did not correspond 318 

to the months with the highest precipitation amounts. The maximum value of Ex_dp 319 

(20.051ă) appeared in January, and the minimum value (9.293ă) appeared in August, 320 

both of which were months with relatively low precipitation. Due to these significant 321 

differences in the phases of precipitation isotopes and amounts, it is apparent that 322 

explaining the variations in local precipitation stable isotopes solely based on the 323 
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seasonal variations in local precipitation amounts is insufficient. 324 

 325 

Fig. 2 Comparisons between seasonal variations of precipitation ŭ18O (ŭ18O p), 326 

precipitation excess deuterium excess (Ex_dp), and precipitation amount (P) measured 327 

at the Changsha station (a) and simulated by isoGSM2 or driven from the ERA5 328 

reanalysis dataset at the corresponding grid (b). 329 

Monthly weighted average calculation was performed on the monthly ŭ18Op and 330 

Ex_dp simulated by isoGSM2 at the Changsha grid, and the monthly average 331 

calculation was performed on the P from ERA5, yielding the seasonal variations of 332 

simulated monthly weighted average ŭ18Op and Ex_dp and ERA5 monthly average P at 333 

the Changsha grid (Fig. 2b). The simulated and calculated ŭ18Op, Ex_dp, and P in 334 

Changsha all effectively reproduced the seasonal variations of the corresponding 335 

observations. The root mean square errors (RMSE) between simulated and observed 336 

values were 0.54ă, 2.788ă, and 59.7 mm, respectively. Corresponding to the 337 

observed seasonal variations, the two maximum values of the simulated ŭ18Op occurred 338 

in March and April, at ī3.293ă and ī3.31ă, respectively, with very small differences 339 

from the observed values. The three lowest values of simulated ŭ18Op also occurred in 340 

July, August, and September, at ī8.84ă, ī9.92ă, and ī9.00ă, respectively, with a 341 

simple arithmetic average of ī9.253ă, which was consistent with the observed values. 342 
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The maximuum value of simulated Ex_dp (16.051ă) appeared in January, and the 343 

minimum value (7.978.0ă) appeared in August (Fig. 2b), both consistent with the 344 

observed values (Fig. 2a). These comparisons indicated that isoGSM2 exhibited strong 345 

capabilities in simulating the spatial distribution and temporal variations of atmospheric 346 

water stable isotopes. 347 

To analyze the seasonal variation in the atmospheric water vapor transport and its 348 

influences on the regional precipitation isotopes, and taking into account the hydro-349 

climatic characteristics of the study region (Fig. 2), four representative months 350 

including January, April, June, and October were selected as the study seasons. Among 351 

these representative months, January in the Changsha region represents winter, 352 

characterized by the lowest temperatures and relatively low precipitation throughout 353 

the year. April signifies spring, with rapidly increasing precipitation amounts and 354 

frequent fluctuations between warm and cold air masses. June represents the peak of 355 

the summer monsoon season, with the highest monthly precipitation amount of the year. 356 

October represents autumn, characterized by clear and cool weather and the second-357 

lowest precipitation throughout the year under the influence of the West Pacific 358 

Subtropical High. 359 

3.2 Water Vapor Transport in the Dongting Lake Basin in Different Seasons 360 

3.2.1 Average Water Vapor Transport Path in the Dongting Lake Basin in January 361 

Based on the ERA5 reanalysis data, we calculated and plotted the spatial 362 

distribution of the 500 hPa average geopotential height (H500) and average Q (Fig. 3a), 363 

multi-year average P (Fig. 3b) in January. Moreover, based on the isoGSM2 simulation 364 
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data, we plotted the spatial distributions of the average ŭ18Ov (Fig. 3c), ŭ18Op (Fig. 3d), 365 

Ex_dv (Fig. 3e), and Ex_dp (Fig. 3f) in January. 366 

 367 

Fig. 3 Mean vapor transport path to the Dongting Lake Basin and the spatial 368 

distributions of Q with H500 (a), P (b), ŭ18Ov (c), ŭ18Op (d), Ex_dv (e), and Ex_dp (f) in 369 

January. Q, H500, P, ŭ
18Ov, ŭ

18Op, Ex_dv, and Ex_dp represent the vertical integral of 370 

water vapor flux, 500 hPa average geopotential height, precipitation amount, ŭ18O in 371 

atmospheric water vapor and precipitation, and deuterium excess in atmospheric 372 

water vapor and precipitation, respectively, hereinafter the same. 373 

(a) (b) 

(c) (d) 

(e) (f) 


