é
- water

Article

The Significance of Hydrogen and Oxygen Stable Isotopes in
the Water Vapor Source in Dingxi Area

Xixi Wu 12, Fenli Chen 1'2*, Xueyuan Liu 1'2, Shengjie Wang ">(%, Mingjun Zhang -2, Guofeng Zhu -2,
Xin Zhou 2 and Jufan Chen 1/

check for

updates
Citation: Wu, X; Chen, F; Liu, X,;
Wang, S.; Zhang, M.; Zhu, G.; Zhou,
X.; Chen, J. The Significance of
Hydrogen and Oxygen Stable
Isotopes in the Water Vapor Source in
Dingxi Area. Water 2021, 13, 2374.
https:/ /doi.org/10.3390/w13172374

Academic Editor: Maurizio Barbieri

Received: 6 July 2021
Accepted: 26 August 2021
Published: 29 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Geography and Environmental Science, Northwest Normal University, Lanzhou 730070, China;
2019222461@nwnu.edu.cn (X.W.); m19993239690@163.com (X.L.); wangshengjie@nwnu.edu.cn (S.W.);
mjzhang@nwnu.edu.cn (M.Z.); zhugf@nwnu.edu.cn (G.Z.); 2018222361@nwnu.edu.cn (X.Z.);
chenjufanyx@163.com (J.C.)

Key Laboratory of Resource Environment and Sustainable Development of Oasis, Lanzhou 730070, China
Correspondence: cfl1102@nwnu.edu.cn

Abstract: Deuterium excess and stable oxygen isotopes in precipitation have been widely applied
to trace the source of water vapor. In this study, hydrogen and oxygen isotope analyses of samples
were collected on seven sampling stations in Dingxi area from April 2019 to April 2020. The seasonal
variation of hydrogen and oxygen stable isotopes as well as the d-excess indicate that the source of
water vapor in Dingxi area is mostly from a single source. However, there are different sources of
water vapor in the summer. Meanwhile, water vapor sources were analyzed using the Lagrange
algorithm, indicating two different principal water vapor sources for precipitation in the area: some
locally recycled water vapor in summer and autumn, and most water vapor from the westerly belt.
Further studies using the PSCF and CWT analysis methods show that the locally recycled water
vapor contributes more to its precipitation in the northwest of Dingxi area.

Keywords: PSCF; CWT; water vapor source; Dingxi

1. Introduction

The stable isotope technique has been widely applied in many research areas, espe-
cially in hydrology, giving solutions for discovering the origin and formation of different
water bodies [1-4]. As a tracer of water sources and hydrological processes [5], hydrogen
and oxygen isotopes have contributed significantly to reflecting the atmospheric, land
surface, and groundwater characteristics [6] and to our understanding of the evolution
process of the water cycle in different geographical regions [7-10]. Due to the isotopic
fractionation, there is a linear correlation between 6180 and 6D, defined as the global
atmospheric water line by Craig [11]. Furthermore, some scholars [12] believe that there
is a close relationship between the characteristics of the atmospheric water line and the
source of water vapor and distinguish different sources of water vapor according to the
slope of the atmospheric water line.

Currently, the main methods for analyzing the sources of water vapor are the HYSPLIT
and FLEXPART models [13], the isotope analysis method [14], and the Euler method [15].
As isotopic values likely diverge from different sources [16], it is possible to use the changes
and distribution of stable isotopes of hydrogen and oxygen to determine the sources of
water vapor in different climate regions [17]. D-excess in precipitation has been reported in
conditions in which moisture recycling through evaporation plays a role in indicating the
source of water vapor and the hydrological system [18,19]. Many scholars have confirmed
that monsoon water vapor has an influence in the northwest region on a large scale to a
certain extent [20-22]. However, research on the sources of water vapor in the northwestern
inland of China found that the water vapor fractionation of precipitation is mainly dynamic
and that the raindrops experienced a certain below-cloud secondary evaporation during
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the falling process, which also mixed with a certain amount of local moisture [23]. Since
the isotope method still has limitations and produces inaccurate analyses of the proportion
of different water vapor sources, scholars gradually used the HYSPLIT model combined
with meteorological data to analyze water vapor sources more accurately, which makes for
greater progress in research on the water vapor source.

At first, most scholars used a single method to analyze the sources of water vapor.
In recent years, backward trajectory analysis combined with d-excess in water vapor has
been used to calculate the potential sources. The Concentration Weighted Trajectory (CWT)
model was used to identify that air parcels coming from the north-westerly direction affect
the region of Patras [24], which shows the feasibility of using this method in indicating the
source of water vapor. Some scholars [25,26] also analyzed the potential sources of the mid-
dle and upper reaches of the Heihe River in China using the Potential Source Contribution
Factor (PSCF) and CWT methods, which was first used to identify the potential sources of
pollutants using the airflow trajectory [27]. As there are few factors affecting the d-excess
value and the d-excess value in the water vapor formed by evaporation is higher, the visual
analyses from the PSCF and CWT methods can help better distinguish and identify the
potential evaporation sources of each research site.

In recent decades, through stable isotope studies, scholars have gained a certain
understanding of the source of water vapor in Northwest China and have proven that
there is a certain amount of monsoon water vapor. However, as one of the extremely
water-scarce regions in Gansu Province, is Dingxi also affected by monsoon water vapor?
Therefore, exploring the source of water vapor in Dingxi has a far-reaching significance for
the water cycle process in this area and provides ideas for the management and allocation
of water resources. There are still few studies on the source of water vapor in small areas.
This study used hydrogen and stable oxygen isotopes combined with airflow trajectory to
analyze water vapor source information based on precipitation samples collected in Dingxi.
On this basis, the PSCF and CWT methods were used to explore the potential evaporation
source of each sampling point. In addition, the research shows that the PSCF and CWT
methods are suitable for the identification of water vapor sources. With the development
of isotope ratio infrared spectroscopy, it is now possible to directly measure isotopes with
high time resolution. Therefore, in the future, it may be possible to accurately measure the
isotope ratio in these fluxes to analyze the source of water vapor and to reduce uncertainty.

2. Data and Method
2.1. Sampling Sites and Acquired Dataset
2.1.1. Sampling Network

Dingxi is located in the central part of Gansu Province, inland northwest of China
(34°26/-35°35' N, 103°52/-105°13' E). Simultaneously, it is at the intersection of the Loess
Plateau, the Qinghai Tibet Plateau, and the West Qinling Mountains. In addition, the
terrain of the area is undulating, with mountains crisscrossing [28]. Water resources are
extremely scarce, and the climate varies greatly in the study area [29]. The study area
is divided into Weibei and Weinan, with the Weihe River as the boundary, forming two
unique climate types at the same time. Weibei belongs to the semi-arid area of the middle
temperate zone, with less precipitation, including Anding, Longxi, Tongwei, Lintao, and
the northern part of Weiyuan. Weinan, including Weiyuan, Zhangxian, and Minxian, is a
warm, temperate, semi-humid area (in Figure 1, Weiyuan is considered part of Weinan).
Figure 1a and b show the changes in temperature and precipitation in Weibei and Weinan
during the sampling period from April 2019 to April 2020. The annual precipitation in
Weibei is 523.2 mm during the sampling period, and the average temperature is 8.6 °C
Weinan belongs to the cold and humid area, with an annual precipitation of 549.2 mm and
an average temperature of 8.0 °C. The distribution of precipitation and temperature in the
study area is uneven in time and space. Precipitation is mainly concentrated in summer,
and compared with Weibei, Weinan has more precipitation. Moreover, the temperature is
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high in the summer and low in the winter, and the average temperature in Weinan is lower

than that in Weibei.
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Figure 1. (a) Map showing the distribution of sampling stations. Spatial distribution of altitude in Dingxi, derived from
China 30 Arc-Second Elevation (GDEMV2; http:/ /www.gscloud.cn/ (accessed on 18 June 2021)). The satellite-derived land
cover base map is from Natural Earth (http://www.naturalearthdata.com (accessed on 13 June 2021)). (b,c) Monthly mean
air temperatures (T) and total precipitation (P) at Weibei and Weinan from April 2019 to April 2020. The line represents air

temperature (T) and histogram represents precipitation (P).

2.1.2. Sampling and Laboratory Analysis

In this study, the precipitation samples were collected at seven sites, which includes
Anding (35°58' N, 104°61’ E), Longxi (35°00’ N, 104°63’ E), Weiyuan (35°14' N, 104°21’ E),
Tongwei (35°21’ N, 105°24’ E), Lintao (35°38' N, 103°86’ E), Zhangxian (34°85' N, 104°47’ E),
and Minxian (34°43’ N, 104°04’) in Dingxi (Table 1 and Figure 1). The collection of the
samples at the seven stations was implemented by a professional weather staff. A rain
gauge and plastic funnel-bottle sets were used to collect the precipitation samples. The
rain samples were collected quickly after precipitation events ended and then transferred
to 50 mL HDPE (high-density polyethene) sample bottles to prevent evaporation of the
precipitation. All of the sample bottles were sealed with waterproof tapes and stored frozen

until the laboratory analysis. The number of samples at

each station are shown in Table 1.

Table 1. Latitude, longitude, altitude, and annual climatology (T-air temperature, P-precipitation
amount, e-vapor pressure, and h-relative humidity) during 1981-2010 at the sampling stations.

. Number of Annual Climatology
i i Longi

Station  Latitude ongitude Alt (m) Samples I¢O Pam) e (hPa) )
Anding 35°58' 104°61 1898.83 62 72 377 8.1 63
Longxi 35°00/ 104°63 1731.29 84 8.2 4148 8.3 68
Weiyuan 35°14/ 104°21 2111.34 73 6.1 504.3 7.9 68
Tongwei 35°21/ 105°24/ 1770.92 87 72 390.6 8.2 70

Lintao 35°38' 103°86’ 1887.82 56 7.5 493.9 8.1 67
Zhangxian ~ 34°85' 104°47' 1887.53 55 7.8 4335 8.1 67
Minxian 34°43 104°04/ 2317.85 103 6.1 556.3 7.8 68

The samples were analyzed using a liquid water isotope analyzer DLT-100 (Los Gatos
Research, Inc. Mountain View, San Jose, CA, USA) in the Stable Isotope Laboratory, College
of Geography and Environmental Science, Northwest Normal University. Of the six values
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measured for each sample, the first two values were discarded to eliminate the memory
effect, and the last four means were used in the study. The experimental values were
expressed as d-values and relative to Vienna Standard Mean Ocean Water (V-SMOW) using

d notation:
Rsample — Rstandard

5sample R, tans dord x 1000 %o (1)
where 81 stands for the ratio of D/H or 180/16Q in the samples relative to V-SMOW,
Rsample is the ratio of D/H or 180/160 in the samples, and Rgtan dard Rstandard 1S the ratio of
D/H (0.00015576) or 80 /10 (0.0020052) in V-SMOW. The accuracy of measurement is
+0.6% for 6D and +0.2% for 6'80.

The hourly meteorological data (air temperature, relative humidity, precipitation,
and vapor pressure) of each sampling site from April 2019 to April 2020 were acquired
from the China Meteorological Data Network (http://www.nmic.cn/ (accessed on 12 May
2021)). In the trajectory calculation, the model needs the support of ARL format data,
so the backward trajectory, CWT, and PSCF use the meteorological data provided by the
NCEP (National Center for Environmental Prediction) (ftp://arlftp.arlhq.noaa.gov/pub/
archives/reanalysis (accessed on 12 June 2021)), and the spatial resolution is 1° x 1°.

2.2. Methodology
2.2.1. Calculation of d-excess Value

The local meteoric water lines (LMWL), reflecting the correlation between éD and
5180 in precipitation, can be expressed as

6D = as®0 + b )

where a4 is the slope, and b is the intercept.
Dansgaard [7] named the difference between dD and 5180 as d-excess based on the
isotopic data of global meteoric precipitation. The formula is as follows:

d — excess = 6D — 86180 3)

The value of d-excess not only reflects the thermal conditions and water vapor balance
conditions when the seawater forms clouds during the evaporation process but also reflects
the natural environment and climatic conditions when precipitation is formed. Therefore,
this study calculates the *d-excess value based on the difference between 6D and 680 of the
local atmospheric precipitation and analyzes its indication of the source of water vapor.
The calculation formula is as follows:

s d — excess = 6D — as'80 4)
where a is the slope of LMWL.

2.2.2. Backward Trajectory Analysis

The backward trajectory model is usually used to calculate simple air mass trajectories
and to simulate complex diffusion and deposition [30]. It was originally used to combine
meteorological data with air pollutant data to explore the path of pollutants [31,32]. In
recent years, scholars gradually used this model to explore the source of water vapor
in each study area. Yi et al. [33] analyzed the water vapor sources and pathways for
precipitations in East China in different stages of the East Asian summer monsoon using
this model, which provides an important guidance to understanding the role of land surface
conditions in modulating rainfall in North China. At the same time, Piao et al. [34] also
used the moisture-tracing atmospheric model to reveal the summer water vapor sources in
Northeast Asia and East Siberia. The above studies provide a basis for us to use this model
to trace the source of water vapor in the study area.
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Generally, a backward trajectory model can provide information about the source re-
gions that impact a given site [35], and it was calculated using the HYSPLIT4.9 model from
the National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory
(http:/ /ready.arl.noaa.gov/HYSPLIT.php (accessed on 22 June 2021)) and using meteoro-
logical data from the NCEP Global Data Assimilation System (GDAS) (1° x 1°) [36]. Based
on the precipitation samples of each station and using NOAA-NCEP/NCAR reanalysis
data, this study generates a 10-day backward trajectory for each station and clusters the
trajectories of each station. The main purpose of this method is to trace the hourly trajectory
of airflow within a specified time length, and it usually uses a mixed or integrated single
event Lagrange trajectory model, which was developed by the Atmospheric Research
Laboratory of National Oceanic and Atmospheric Administration of the United States.
Trajstat software based on hysplit mode [37] was used to calculate 240 (10d) backward
trajectories of monthly precipitation events at each sampling site at 00:00, 06:00, 12:00, and
18:00 UTC each day [36], and the starting height of the model was 1500 m above the ground.
The formula is as follows:

P(t+ At) = P(t)+0.5- [V(P,t)+ V(P t + At)] - At 5)

P'(t+ At) = P(t) + V(P,t) - At (6)

where P(t + At) is the final position of the air mass center at t + At, P(t) is the initial
position, V (P, t) is the velocity vector at position P at time ¢ passing through the space-time
difference, P’(t + At) is the first guess position after time.

2.2.3. Potential Source Contribution Factor Analysis

PSCF is a conditional probability function that can show source areas that have the
potential to contribute to the high concentrations of pollutants observed at the research
sites [38,39]. At first, the PSCF model relied on backward trajectories to identifying regions
of emission source at a long distance. Scholars [40,41] then gradually used the PSCF
analysis method combined with the water vapor d-excess value to evaluate the potential
water source areas in study areas, which makes our research on the water vapor source
more in-depth on the basis of HYSPLIT. Understanding the potential water vapor source
areas in Dingxi is of great significance to water resource allocation and water resources
management in this area. In this study, the possible source area is given by PSCF combined
with the vapor d-excess concentration of an air mass trajectory. The PSCF function is defined
as the conditional probability that the concentration of a certain atmospheric component
is higher than the set threshold when the airflow path through a certain area (i and j are
longitude and latitude, respectively) passes through the research site. In this paper, the
study area and its surrounding areas are divided into 0.1° x 0.1°, and the threshold value
is the monthly average value of d-excess concentration in water vapor. When the d-excess
concentration of water vapor corresponding to the trajectory is higher than this threshold,
it is considered that the trajectory is a strong evaporation trajectory and the corresponding
grid area is a strong evaporation area [42], which is the potential evaporation source.

mz-]-
PSCF;j = — (7)
1’11']'
where m;; is the number of end points of strong evaporation trajectories passing through
the grid (7, j) and the number of end points of all trajectories in the grid is n;j; then, PSCF
can be defined as Formula (4). PSCF is a probability formula, an increase in the distance
between the grid and the research point has a certain impact on the accuracy of the research
results, and the smaller njj leads to errors [43]. Some scholars [38,44,45] introduced the
weight function, namely Formula (6), to reduce the error.

WPSCFij = PSCFij-W(I’li]‘) (8)
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2.2.4. Concentration Weight Trajectory Analysis

The CWT model was originally used to explore the potential sources of air pollutants
using airflow trajectory [46]. However, Salamalikis et al. [24] used the CWT method
combined with meteorological data and the water vapor d-excess value to analyze the
source of water vapor in Greece, which confirmed the feasibility of applying the CWT
method to study water vapor transportation. The d-excess value in the water vapor contains
information about the origin and transportation of the air mass [47]. Therefore, based on
the PSCF method, this study uses the CWT analysis method to distinguish the high and low
value regions that affect the source of water vapor in the study area. In a CWT analysis, the
grid precision is set to 0.1° x 0.1° and each grid has a weight value of d-excess concentration
in water vapor, which is realized by calculating the average d-excess concentration in water
vapor corresponding to all trajectories passing through the grid. The formula is as follows:

3

CiTijk
_ k=1
Cij T oom (10)
Y Tij
k=1

where Cj; stands for the mean weighted concentration in the grid cell (i, j) and the unit
stands for %o-m~>. k was the index of the trajectory, and C; stands for the concentration
(the study refers to d-excess) measured upon the arrival of the trajectory k at the sampling
site. Tjj stands for the mean residence time of the trajectory k in the grid cell (i, j). The
error of CWT increases with the distance between the grid and the sampling point. When
n;j is small, the CWT model is great uncertainty. In order to reduce the uncertainty, the
same weight function as PSCF is used.

WCFTi]' = C,]W(Tll]) (11)

3. Results and Discussion
3.1. Water Vapor Source Information Indicated by 6’30 and d-excess

Due to the ability of stable water isotopes to characterize the origin of water [48] and to
the differences in water vapor isotopic compositions from different sources, stable isotope
technology has gradually become a common method for tracing water vapor sources.
Investigations by some scholars have found that 680 and d-excess in precipitation can
be used to determine the origin of water vapor [20,23,49]. The meteoric water line better
represents the significant linear relationship between 680 and 6D, and it can be used to
analyze climate change and water vapor sources in the study area. At the same time, the
d-excess value of the study area (as *d-excess) is calculated according to the local atmospheric
waterline to help us indicate the source of water vapor. Craig et al. [11] defined the global
meteoric water line (GMWL) based on global GNIP site data, which is D = 85180 + 10.
Affected by various factors such as near-surface meteorological conditions, the LMWL
varies from region to region. According to the least square method, the LMWL of the
study area and each sampling station is obtained. It can be seen from Figure 2a that
the LMWL slopes of Anding Station and Weiyuan Station are lower than those of other
sampling stations and are close to 7.3. The main reason is that the two sampling sites are
located to the north of the Weihe River, the annual precipitation is relatively small, the
climate is relatively dry, and they are located in the northwest of the study area, so the
degree of isotopic fractionation is relatively high. The slopes of LMWL at other sampling
stations have little difference. The slopes of Longxi, Lintao and Zhangxian stations are
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close to 7.6, and the slopes of Tongwei and Minxian stations are close to 7.8, but they are
all lower than the slope of GMWL. Additionally, Figure 2b shows that the slope LMWL in
Dingxi (including all sampling stations) is also lower than that of GMWL. Hence, this study
calculated the d-excess and *d-excess values of the study area according to Formulas (2)—(4).

{{L]}
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Figure 2. (a) linear relationship between éD and ¢'80 at each sampling station in Dingxi. (b) linear
relationship between dD and 6'80 using all samples collected in Dingxi. (c,d) Temporal variations
8180, 6D, d-excess, *d-excess, and local precipitation amount in Dingxi (including all sampling stations).

Figure 2¢,d show the variation of stable isotopes, d-excess, *d-excess, and precipitation
in the study area during the sampling period. It can be seen from Figure 2c that 180
presents a trend of increase-decrease-increase-decrease. The average values of 6180 and
6D are —7.80 %o and —49.02 %o, respectively, which are in the stable isotope range of
global precipitation (6'80: 10%o~—50%o; 5D: 50%0~—350%0) [50]. Meanwhile, the seasonal
variation of the stable isotopes of hydrogen and oxygen shown is relatively small in
Figure 2¢, which indicates that the water vapor source is relatively stable, but the overall
trend of 5180 is high in summer and low in winter, signifying that there are different sources
of water vapor to a certain extent. As can be seen from Figure 2c, 6180 increases gradually
from spring, especially showing a large value at the end of May and at the beginning of
June. However, 6'80 should be progressively depleted along the westerly moving path
in Northwest China according to Rayleigh fractionation. Therefore, it is speculated that
the precipitation is affected by sub-cloud secondary evaporation during rainfall at the end
of May and at the beginning of June. Simultaneously, it is strange that 680 and §D show
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certain low values in June. Research shows that the isotope fractionation caused by the
unbalanced sub-cloud secondary evaporation makes the enrichment of 680 in the residual
rainfall directly proportional to the intensity of sub-cloud secondary evaporation [51].
The precipitation distribution in Figure 2d shows that the precipitation from the end of
June to the beginning of July presents a larger value and that the precipitation lasts for
about 10 days. Consequently, in the case of heavy or continuous precipitation, the water
vapor content in the atmosphere gradually tends to be saturated and the vapor pressure
progressively increases, while the sub-cloud secondary evaporation successively weakens.
As studies have shown, in this case, the intensity of the secondary evaporation under
the cloud is proportional to the enrichment of 5'80, so the degree of enrichment in §'80
gradually weakens. Therefore, 6'80 shows a certain negative value at the end of June and
at the beginning of July.

The main influencing factors of d-excess in precipitation are sea surface temperature,
wind speed, and relative humidity in the water vapor source area, and there is a negative
correlation between d-excess and relative humidity [52]. However, as shown in Figure 2d,
the difference between the d-excess calculated according to GWML and the *d-excess cal-
culated according to LMWL is small. In addition, some negative values of d-excess and
*d-excess are mainly located in the period of abundant precipitation in the study area.
During this period, the relative humidity is relatively high and the isotope fractionation is
small, so it may appear as a certain negative value. Of course, a certain degree of error in
the collection and analysis of samples cannot be ruled out. In short, the trends of d-excess
and *d-excess are not obvious but both show a certain low value in summer. Therefore,
we guess that there may be relatively humid water vapor in summer. However, Araguds-
Araguas et al. [53] found that partial evaporation of raindrops below the cloud base may
substantially reduce the d-excess value of raindrops collected at the ground level in arid
climates. We consider that the low value of d-excess in summer may be affected by the
sub-cloud secondary evaporation or replenishment of surface water vapor.

3.2. Tracing Water Vapor Source with Lagrange Algorithm
3.2.1. Backward Trajectory Analysis

The isotope technique is very limited in tracing water vapor source, and the source area
of water vapor can only be guessed based on the seasonal changes of isotope. Therefore, it
is necessary to use the backward trajectory analysis method to trace the water vapor path
in the study area based on the reanalysis data of precipitation samples. Meanwhile, the
previous studies on water vapor sources based on the Lagrange model show the feasibility
of the method [54-56]. Li et al. [57] tracked the water vapor sources of Urumgqi, Zhangye,
and Hetian in the arid region of northwest China using HYSPLIT4.9 and identified that
there were two moisture sources in the whole year, namely, the Atlantic water vapor in the
westerly belt and the polar Arctic water vapor. At the same time, Chen et al. [22] found
that the water vapor in the westerly belt played a dominant role in the precipitation of
Lanzhou, while the water vapor in the southeast monsoon had limitations and was mainly
concentrated in summer. In order to verify the source of water vapor in study area, the
reanalysis data during the sampling period (April 2019 to April 2020) were selected to
trace the trajectories of 10 days in different seasons and clustered in different directions.
Figure 3a shows that most of the water vapor in spring comes from the westerly water
vapor in the study area and that there is little water vapor in the Western Pacific and the
Indian Ocean. After clustering, it is found that 39.34% of the water vapor comes from
the Central Asian continental air mass, 36.61% is from the Mediterranean, and 24.04% is
from the Caspian Sea in study area (Figure 3b). Figure 3c, d show the water vapor sources
and clustering trajectories of the study area in summer, indicating that the water vapor
sources are more complex in summer, which are roughly composed of water vapor in the
westerly belt, and water vapor in the Western Pacific and the Indian Ocean. It can be found
from the cluster trajectory that 56.95% of the water vapor in summer comes from the local
circulation water vapor, which also verifies that the low value of d-excess in summer may be
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affected by the local evaporation water vapor and that the remaining 43.05% is the Central
Asian continental air mass brought by the westerly belt. Meanwhile, Figure 3e shows
that the water vapor of autumn is from the westerly belt in the study area. The clustering
trajectory shows that 48.76% of the water vapor comes from the Caspian Sea, 38.29% is
from near-source local evaporation, and 12.95% is from the Atlantic Ocean (Figure 3f).
Figure 3g shows that the water vapor in winter is composed of the westerly belt in the
study area. After clustering, it is found that 56.08% of the water vapor comes from the
Mediterranean, 30.39% is from the Atlantic Ocean, and 13.54% is from the dry air mass
on the mainland (Figure 3f). In short, tracing the backward trajectory manifests that most
of the water vapor of the study area comes from the westerly belt except for some local
recycle water vapor in summer and autumn and that the Atlantic Ocean, Arctic Ocean,
Mediterranean Sea, Black Sea, and Caspian Sea are potential water vapor sources, which is
similar to the previous research results.

Generally, for the northwest region, the Tibetan Plateau acts as a barrier to most
Indian Ocean moisture moving northward, making it difficult for wetter ocean moisture to
accumulate. At the same time, the water vapor flux of each season during sampling was
analyzed using the reanalysis data. It can be seen from Figure 4 that the water vapor of the
westerly belt is dominant in the study area, but there is a certain seasonal difference. The
vapor flux in winter is weak, while the contribution of inland lakes is the most abundant
in summer. The Caspian Sea, Mediterranean Sea, Indian Ocean, and other large oceans
are important sources of summer precipitation. Meanwhile, there is little difference in
precipitable water between spring and autumn, but the influence of westerly water vapor
is more obvious. Consequently, Dingxi, as an area of extreme water shortage in Gansu
Province, has a great relationship with the water vapor from the westerly belt throughout
the year.

3.2.2. PSCF

A potential source contribution factor analysis divides the research area into grids
based on backward trajectories and then determines the potential source areas that may
lead to high concentrations of pollutants and their chemical components through an
analysis of the proportion of grid concentrations in which the values are greater than the
trajectories with the given threshold to the whole grids. Meng [25] studied the potential
evapotranspiration sources in summer in the middle reaches of the Heihe River using the
PSCF analysis method, indicating that the combination of the method and d-excess value is
feasible in exploring water vapor sources. In addition, through the tracer study of water
vapor sources in the Dingxi area presented above, it is found that the contribution of locally
recycled water vapor to precipitation in summer and autumn cannot be ignored. Hence,
we use the PSCF analysis method to study the potential evaporation source areas of each
sampling site.

In Northwest China, evaporation mainly occurs in the monsoon period [58]. There-
fore, we tracked the monsoon period to analyze the potential evaporation source of each
sampling site based on the basic precipitation events. Figure 5a shows the distribution
of PSCF values in Anding, in which the high-value area is located to the east of Anding,
and Yuzhong to the northwest is also a potential evaporation source area. Furthermore,
Yuzhong is located in the west end of the Loess Plateau and in the middle of Gansu Province,
with an annual evaporation of 1550 mm [59]. At the same time, Longxi to the south of
Anding is also a potential evaporation source area. Figure 5b shows that the high-value
areas of PSCF are distributed to the east of Longxi and that Longxi to the northwest and
Wushan to the southeast are also potential evaporation source areas. Figure 5c indicates
that the potential evaporation source area of Tongwei lies in the south, including Gangu
and the northern part of Tongwei. Figure 5d shows the spatial distribution of the PSCF
value in Lintao, in which the area around Lintao and its southeast, including Weiyuan
in the west, are the high-value areas and that the northwest of Lintao is also a potential
evaporation source area. It can be seen from Figure 5e that the potential evaporation
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source of Weiyuan is its southeast and northwest, including the southern part of Lintao.
Concurrently, Figure 5f shows that the high-value area of PSCF in Zhangxian is distributed
in the southwest and in Longxi to the north and that the southeast of Zhangxian including
Minxian and Wushan to the east are also potential sources of evaporation. Figure 5g shows
the spatial distribution of the PSCF values in Minxian, which shows that the high-value
area of PSCF is mainly distributed in the eastern and northern areas around Minxian and
that its potential evaporation source area also includes Danchang in the south. Generally
speaking, the above PSCF analysis illustrates that the northwest and southeast of most
sampling sites are the main potential evapotranspiration sources.

20°E 70°E 120°E 20°E T0°E 120°E

10°S

30°N T0°N 10°S 30°N

10°S

30°N 70°N

10°S

70°E 120°E

Figure 3. Back trajectories simulated by the HYSPLIT model for all sampling stations of Dingxi
in spring (a), summer (c), autumn (e), and winter (g). (b,d,f,h) Map showing the three trajectories
clustered according to the direction of the backward trajectory of each season. The white lines are the
daily precipitation events with vapor trajectories during the preceding five days (240 h) at 1500 m agl
(above the ground level). The red, green, and yellow lines represent the trajectories that account for
the higher, the middle, and the least after clustering, respectively.
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Figure 4. Monthly mean precipitable water (PW) and vapor flux (VF) from the surface to 300 hPa in
the study area and its surrounding areas in spring, summer, autumn, and winter based on National
Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR)
Reanalysis 1. The study region is marked in a red frame.

3.2.3. CWT

The CWT method is used to distinguish between strong sources from weak ones,
considering the limitation of the PSCF method in which grid cells can have the same PSCF
value when the d-excess concentrations are either only slightly higher or much higher than
the criterion [60]. In addition, Meng’s [41] study showed that the CWT value was related
to local recycle water vapor and surface dryness and that the larger local recycled water
vapor and evaporated water vapor in the relatively dry surface increase the d-excess value.

In this study, the basic precipitation events during the monsoon period were also
combined with the d-excess in water vapor to analyze the concentration weight of each
sampling site. Figure 6a shows the spatial distribution of CWT in Anding. The high-value
areas are distributed around the sampling point as well as Yuzhong, which the northwest
sampling point, and Longxi, south of the sampling point, demonstrating that these areas
have high locally recycled water vapor and are also the supply of precipitation in Anding.
The result is consistent with the analysis of PSCF and shows that the surface of Yuzhong
and the northern part of Longxi are relatively dry in contrast with other places. It can be
seen from Figure 6b that the locally recycled water vapor is relatively high in the vicinity
of Longxi and to the northwest (including Wushan). Meanwhile, we found locally recycled
water vapor in the Gannan region to the west of the sampling site. For Tongwei, the high
value in CWT areas is mainly distributed in Gangu and southeast of the sampling point
(Figure 6¢). Figure 6d shows that Weiyuan in the south of and Hezheng in the northwest of
Lintao are high-value areas of CWT. It can be seen from Figure 6e that the northern part
of Weiyuan presents a high value while the southern parts of Huining and Dingxi have
relatively high values of locally recycled water vapor. Figure 6f shows that the southern
part of Zhangxian is a high-value area of locally recycled water vapor and that Longxi in
the northeast part of Zhangxian is a sub high-value area. Figure 6g shows that high-value
areas of CWT are around Minxian, including Zhangxian in the northeast of the sample site.
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Figure 5. (a) Map showing the PSCF analysis of Anding sampling station in the study area during
the monsoon period. (b) Map showing the PSCF analysis of Longxi sampling station in the study
area during the monsoon period. (c) Map showing the PSCF analysis of Tongwei sampling station in
the study area during the monsoon period. (d) Map showing the PSCF analysis of Lintao sampling
station in the study area during the monsoon period. (e) Map showing the PSCF analysis of Weiyuan
sampling station in the study area during the monsoon period. (f) Map showing the PSCF analysis
of Zhangxian sampling station in the study area during the monsoon period. (g) Map showing the
PSCF analysis of Minxian sampling station in the study area during the monsoon period.
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Figure 6. C Map showing the CWT analysis of (a) Anding, (b) Longxi, (c) Tongwei, (d) Lintao,
(e) Weiyuan, (f) Zhangxian and (g) Minxian stations during the monsoon period.

The analysis of CWT shows that to the northwest of each sampling site are high-value
areas of CWT except for Tongwei. In other words, the locally recycled water vapor presents
high values in these places, which indicates that the westerly water vapor carries more
locally circulated water vapor during the monsoon period in the study area.
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4. Conclusions

The seasonal variation of 680 in precipitation in the Dingxi area is relatively small.
However, it shows a trend of being higher in summer than in winter, indicating the existence
of different sources of water vapor in summer. Nevertheless, the d-excess fluctuation in
precipitation is small, which presents a slight seasonal variation, which is lower in summer
than that in winter, which illustrates that the water vapor source is mostly from a single
source in Dingxi. On this basis, the Lagrangian algorithm was used to trace the water vapor
sources in different seasons in Dingxi. Moreover, we found that most of the water vapor
comes from the westerly belt except for some local circulation water vapor that appears in
summer and autumn. At the same time, the PSCF analysis showed that the northwest and
southeast sampling points are the main potential evaporation source areas. Furthermore,
the northwest sampling points is proven by CWT analysis to be the main contributor in
source area to local circulating water vapor. In summary, this study confirmed that Dingxi
area is mainly affected by westerly water vapor, which mixes in more locally recycled
water vapor during transmission. Considering that the northwest part of the study area is
the main source of locally recycled water vapor, the government should consider water
resource allocation in the northwest of Dingxi.
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