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Abstract: The observed precipitation was suggestive of abundant precipitation in upstream Qilian
mountains and low precipitation in the downstream oasis and desert in an endorheic basin. However,
precipitation in mountains generated from the recycled moisture over oasis and desert areas has
rarely been studied. The climatological patterns of water vapor from 1980 to 2017 in the Qilian
Mountain Region (QMR) and Hexi Corridor Region (HCR) were investigated by the European Centre
for Medium-Range Weather Forecasts Interim reanalysis dataset and the Modern-Era Retrospective
Analysis for Research and Application, Version 2 reanalysis dataset. The results suggest that the
precipitable water content decreases from the adjacent to the mountain areas. There are two channels
that transport water vapor from the HCR to the QMR in the low troposphere (surface—600 hPa),
suggesting that parts of recycled moisture generated from evapotranspiration over the oasis and
desert of the HCR is transported to the QMR, contributing to the abundant precipitation in the QMR.
This indicates that the transport mechanism is probably because of the “cold and wet island effect” of
the cryosphere in QMR. This is likely one of the essential mechanisms of the water cycle in endorheic
river basins, which has rarely been reported.

Keywords: precipitation generation; recycled moisture; water vapor; channel; Qilian Mountain
Region; Hexi Corridor Region

1. Introduction

Arid and semiarid areas are the regions most sensitive to global climate changes owing
to the scarcity of water resources and vulnerable ecosystems [1], especially when consider-
ing larger precipitation variations [2,3]. As part of the ancient Silk Road in northwestern
China, the Hexi Corridor Region (HCR) is a typical arid area, including oases and deserts
of endorheic basins. On the other hand, the adjacent Qilian Mountains Region (QMR) is
part of the eastern area of the Tibetan Plateau (TP), which provides the HCR with water for
life, agriculture, and industry. It is called the “water tower” of the HCR [4].

Wang et al. [5] suggested that the alpine permafrost-snow-ice zone with an altitude
greater than 3600 m a.s.l. generates 80.2% of the annual total mountainous runoff using
stable isotopes. The Qilian Mountain and Hexi Corridor Region (QM-HCR) has clear
vertical landscape zones of glacial-snow/permafrost, meadow, forest, cropland, and the
Gobi Desert from high to low altitudes (Figure 1). The QMR is mainly covered with
ice-snow-permafrost, alpine cold desert zones, and meadows. In contrast, the HCR is
primarily covered with forest, cropland, and the vast Gobi Desert, a common pattern
in endorheic river basins in China. The QMR and HCR show significant differences in
terms of precipitation and evaporation. For example, Chen and Han [6] reported that
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the alpine cold desert zone at 4000–5000 m a.s.l. has plentiful precipitation and low
evapotranspiration. Zhang et al. [7] reported that the annual precipitation gradient is
approximately 12 mm/100 m in the upper reach of Shule River Basin (above 3000 m a.s.l.),
indicating that the glacier and alpine cold desert zone have the highest precipitation.
He et al. [8] reported that the forests above 2700 m a.s.l. exhibited higher evaporation from
2003 to 2008. Gao et al. [9] suggested that the water resource loss of evapotranspiration
within croplands and forests is up to 25.69 × 108 m3 and accounts for 41% of the net water
consumption in the HCR.
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The above studies suggest that most of the precipitation in forests and croplands
in HCR are converted into evapotranspiration. As the primary water resources for the
entire endorheic river basin, glacier and alpine cold desert zones have the most abundant
precipitation and low evaporation (sublimation). However, a possible link between the
high precipitation in QMR and strong evapotranspiration over HCR has rarely been ad-
dressed. Moreover, forests, croplands, meadows, glaciers, and permafrost are predicted to
change under future climate change conditions (such as the 1.5 and 2 ◦C global warming
scenarios under the Paris Agreement). Therefore, understanding the water cycle mech-
anism between different regions/landscapes in the QM-HCR is critical for local water
resource management.

Atmospheric water vapor is an essential material basis for precipitation formation,
and its transportation is the most frequent process in the atmospheric water cycle [10]. The
typical definition of precipitating vapor is a mixture of advection vapor, transpiration vapor,
and surface evaporation vapor; the latter two are called typical recycled moisture. The
terrestrial moisture recycling by evapotranspiration has been recognized as an important
source of precipitation. The isohyets and the vegetation belts have similar patterns, while
the different land use/land cover has varied recycling of moisture; there exists an important
feedback mechanism between land use and climate [11], the vegetation probably influences
the local rainfall amount. Rainfall is always the result of the cooling of air masses through
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an uplift. The two most important mechanisms include the rise of unstable pockets
of air (thunderstorms) and the orographic effect where air is forced up over the slope
by advection.

Some studies have produced many interesting results in atmospheric moisture trans-
port and its relationship with precipitation on TP. Ma et al. [12] reviewed the atmospheric
moisture transport and associated circulation patterns in TP; they suggested that quanti-
fying the contribution of atmospheric water vapor from the surrounding sources as well
as the local moisture recycling on the TP’s precipitation is one of direction of research.
Chen et al. [13] developed a climatology of origin (destination) of air mass and moisture
transported to (from) the TP using a Lagrangian moisture diagnosis combined with the
forward and backward atmospheric tracking schemes, which suggested that the dom-
inant origin of the moisture supplied to the TP is a narrow tropical-subtropical band
in the extended Arabian Sea from the Indian subcontinent to the Southern Hemisphere.
Zhang et al. [14] suggested that the enhanced water vapor transport from the Indian Ocean
during July and September and the intensified local hydrological recycling seem to be
the primary reasons behind the recent precipitation increase over the TP. Ma et al. [15]
suggested that the summer precipitation extremes in the southeast TP absorb about 75% of
total moisture from the Bay of Bangla. In short, these studies mainly focus on the source
and moisture recycling at large scales such as TP, and the relatively small scales, such as
QM-HCR, have been little reported.

The QMR and HCR are far away from the ocean, and the contribution of local recycled
moisture may explain the abundant precipitation in QMR and the low precipitation in
HCR. For example, Zhao et al. [16] reported that the contribution of recycled moisture to
precipitation in the upper, middle, and lower reaches of the Heihe Basin is approximately
52.4%, 56.5%, and 21.4% by isotope tracing, respectively; the Heihe Basin is part of the
QM-HCR. However, there is large potential evapotranspiration over the HCR having low
precipitation, indicating that part of the recycled moisture generated from evapotranspi-
ration was transported to other regions. In contrast, there is less evapotranspiration over
the glacier and alpine cold desert zone, which indicates that the local moisture recycling
contributed to the local precipitation in the QMR on a limited basis. The more plentiful
rainfall in the QMR in comparison to the HCR is difficult to explain by only considering
the traditional local moisture recycling process.

Ding and Zhang [17] proposed a new hypothesis for the water cycle over different
regions of the endorheic basin. They believed that part of the recycled moisture generated
from the evapotranspiration of forest zones and croplands in the downstream oasis con-
tributed to local precipitation as well as transport to the mountainous areas. Further, both
the visible water vapor and horizontal transport of recycled moisture can lead to abundant
rainfall in the glacier and alpine cold desert zones (Figure 1). However, interdisciplinary
research between hydrology and atmosphere science on the transport of recycled moisture
between different adjacent regions in the endorheic basin has rarely been addressed in the
literature. Additionally, the observation and quantification of recycled moisture transport
still pose significant challenges because they span the fields of atmospheric science, hydrol-
ogy, geography, and geology [17]. The climatological pattern of the water vapor transport
flux in the QM-HCR likely provides clues for testing the hypothesis.

The vertical vapor transport process links water vapor between the low and high tro-
posphere and the horizontal water vapor transport process leads to the spatial distribution
of water vapor and precipitation [18]. Reanalysis datasets are powerful tools to analyze
water vapor transport. Thus, a preliminary study on water vapor transport in the QM-HCR
based on reanalysis datasets and in-situ precipitation data was conducted.

Several global and long-term gridded atmospheric reanalysis datasets have been
developed and used for investigating regional climate variations and predictions. These
include the National Centers for Environmental Prediction (NCEP) reanalysis, National
Aeronautics and Space Administration (NASA), and Modern-Era Retrospective Analysis
for Research and Application (MERRA) datasets. The European Centre for Medium-
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Range Weather Forecasts (ECMWF) Interim reanalysis datasets (ERA-Interim) have also
been developed and are popular for analyzing global climate and water vapor [19,20].
Simmons et al. [21] reported on the quality of ERA-Interim near-surface field datasets
by comparing field observations with climatic data records. Decker et al. [22] confirmed
that the land surface evaporation of ERA-Interim compared favorably with the flux tower
observations and other reanalysis datasets. Some studies [20,23] suggest that the ERA-
Interim and MERRA can better represent water vapor transport characteristics in the
Tibetan Plateau and surrounding regions. The latest comparative experiments also report
that the fifth-generation ECMWF atmospheric reanalysis (ERA5) dataset and MERRA-2 are
more suitable for studying the atmospheric precipitable water content (PWC) in Central
Asia [24]. Gelaro et al. [25] suggested that MERRA-2 is an improvement on MERRA
because of its relatively high resolution (0.5◦ × 0.625◦). The spatial resolution of NCEP is
only 2.5◦ × 2.5◦ [20] with a small number of grids in the QM-HCR; this limits the detailed
delineation of water vapor. Thus, the ERA-Interim and MERRA-2 are selected as the
reanalysis datasets in the study.

Several studies on water vapor have been conducted in the QM-HCR and surround-
ing areas, including the estimation of water vapor transport characteristics (e.g., [16]),
variations in water vapor variables, for example, [26,27], and the relationship between
water vapor and precipitation variations, for example, [20,28]. However, few studies have
focused on the transport of recycled moisture between the QMR and the HCR via the water
cycle. Our study attempts to understand the regional water vapor transport process by
analyzing the water vapor climatological patterns based on ERA-Interim, MERRA-2, and
observed precipitation data. The objectives include: (1) to analyze the spatial pattern of wa-
ter vapor climatology in the QM-HCR for the 1980–2017 wet season (May–September), dry
season (October–April) and on an annual basis; and (2) to identify the transport channels
for recycled moisture and discuss their implications for water recycling in the QM-HCR.

2. Data and Methods
2.1. Study Area

The QM-HCR is in the hinterland of Eurasia on the northeastern edge of the Tibetan
Plateau. The HCR has an arid climate with an annual precipitation of less than 200 mm [29].
On the other hand, the annual rainfall can reach 400–700 mm in the QMR, which is much
more than that in the HCR.

The information about the meteorological stations in and around the QM-HCR is
listed in Table 1. Based on the observation data of stations and the ordinary kriging
interpolation method [30], the spatial distribution of average annual precipitation in the
QM-HCR in 1980–2017 (not shown here) suggests that the rainfall gradually decreases
from the southeast to the northwest, especially in the QMR. The maximum precipitation is
527.2 mm at the MY station, and the minimum is 16.3 mm at the LH station. The average
annual precipitation during 1980 to 2017 is 182.0 mm, it is 154.7 mm (85%) in the wet
season, while it is 27.3 mm (15%) in the dry season in QM-HCR.

Table 1. Information on the meteorological stations in and around the QM-HCR.

Station ID Latitude Longitude Full Name Abbreviation Station ID Latitude Longitude Full Name Abbreviation

52203 42.82 93.52 Hami HM 52679 37.92 102.67 Wuwei WW
52267 41.95 101.07 Mesozoic-Cenozoic MC 52681 38.63 103.08 Minqin MQ
52313 41.53 94.67 Hongliuhe HLH 52707 36.80 93.68 Xiaozaohuo XZH
52323 41.80 97.03 Mazongshan MZS 52713 37.85 95.37 Dachaidan DCD
52343 41.93 99.90 Jihede JHD 52737 37.37 97.37 Delingha DLH
52378 41.37 102.37 Guaizihu GZH 52754 37.33 100.13 Gangcha GC
52418 40.15 94.68 Dunhuang DH 52765 37.38 101.62 Menyuan MY
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Table 1. Cont.

Station ID Latitude Longitude Full Name Abbreviation Station ID Latitude Longitude Full Name Abbreviation

52424 40.53 95.77 Anxi AX 52787 37.20 102.87 Wushaoling WSL
52436 40.27 97.03 Yumenzhen YMZ 52788 37.12 103.50 Songshan SS
52441 40.72 98.62 Wutonggou WTG 52797 37.18 104.05 Jingtai JT
52446 40.30 99.52 Dingxin DX 52818 36.42 94.90 Geermu GEM
52447 40.00 98.90 Jinta JTa 52825 36.43 96.42 Nuomuhong NMH
52533 39.77 98.48 Jiuquan JQ 52833 36.92 98.48 Wulan WL
52546 39.37 99.83 Gaotai GT 52836 36.30 98.10 Dulan DL
52576 39.22 101.68 Alxa League AL 52842 36.78 99.08 Chaka CK
52602 38.75 93.33 Lenghu LH 52856 36.27 100.62 Qabqa QBQ
52633 38.80 98.42 Tuole TL 52866 36.72 101.75 Xining XN
52645 38.42 99.58 Yeniugou YNG 52868 36.03 101.43 Guide GD
52652 38.93 100.43 Zhangye ZY 52876 36.32 102.85 Minhe MH
52657 38.18 100.25 Qilian QL 52884 36.35 103.93 Gaolan GL
52661 38.80 101.08 Shandan SD 52889 36.05 103.88 Lanzhou LZ
52674 35.87 104.15 Yongchang YC 52983 38.23 101.97 Yuzhong YZ

The minimum enclosed rectangle (hereafter referred to as box; Miao et al. [31]) of the
QM-HCR (35.79◦–42.85◦ N, 92.75◦–104.30◦ E; Figure 2) is used to calculate and analyze the
boundary and regional net water vapor flux.
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2.2. Data

The monthly precipitation data from 44 Chinese national meteorological stations for
1980–2017 were obtained from the China Meteorological Data website (http://data.cma.cn,
accessed on 12 October 2018). They were initially observed twice daily at 8:00 a.m. and
20:00 p.m. (Chinese Standard Time) at the standard meteorological station. Quality control

http://data.cma.cn
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was ensured by the National Climate Center of the China Meteorological Administration
(NCC/CMA). The observed in-situ precipitation was used to validate data from ERA-
Interim and MERRA-2 datasets.

ERA-Interim is a global atmospheric reanalysis product that covered the modern
satellite era from January 1979, developed by the ECMWF, and is continuously updated
in real time [32]. The system analyzes the global surface changes by combining them
with initial data from the Integrated Forecast System (IFS) in a 12-h analysis window.
The original spatial resolution of the dataset is approximately 80 km (T255 spectral res-
olution) on 60 vertical levels from the surface up to 0.1 hPa, and was then interpolated
to multiple resolutions (up to 0.125◦ × 0.125◦). The ERA-Interim atmospheric reanal-
ysis is built upon consistent assimilation of an extensive set of observations, including
satellite remote sensing, in-situ, profiler data, radio soundings, and other observations
distributed worldwide. The short-range forecasts (first-guess fields), which are the data
assimilation results, are close to the atmospheric observations. The use of ERA-Interim
has indicated that moisture estimates at the lowest model level are generally of high
quality in the 0–12 h forecast range [16]. The ECMWF checked the data quality before it
was released; they controlled for the initial model inputs, observations, output data and
assimilation schemes, and variables. ERA-Interim data were downloaded from the web-
site (https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-interim, accessed
on 10 September 2020).

MERRA-2 is the latest atmospheric reanalysis dataset from the satellite era produced
by the Global Modeling and Assimilation Office (GMAO) of NASA [25]. The MERRA-2
is obtained by the Goddard Earth Observing System Model Version 5 (GEOS-5) with its
Atmospheric Data Assimilation System (ADAS) Version 5.12.4. MERRA-2 data cover the
period from 1980 to the present using a temporal resolution less than 6 h. Two-dimensional
diagnostics (surface fluxes, radiation, and single-level meteorology) are produced at 1-h
intervals. Additionally, the 3-h three-dimensional atmospheric products at a spatial resolu-
tion of 0.5◦ latitude × 0.625◦ longitude are also available. GMAO has already implemented
various data quality controls for MERRA-2, mainly including the preprocessing of NO-
DATA, restrictions on model input data, observed data, output data, assimilation scheme,
and variables and assimilated channels of sensors. The real-time updated MERRA-2 re-
analysis dataset can be downloaded from the website (https://disc.gsfc.nasa.gov, accessed
on 12 October 2018).

The monthly averages of reanalysis variables in 1980–2017 were downloaded and
then extracted by the QM-HCR box. The synoptic monthly means are the monthly average
at each analysis time (00, 06, 12, and 18 UTC), and monthly Means Accumulations are
the Monthly Means of Daily Means but are for accumulated fields (e.g., precipitation,
radiation) [25,32]. The data included precipitation (pre), evaporation (evap), surface
pressure (sp), specific humidity (q), and longitudinal (v), and latitudinal wind speed (u) at
1000–200 hPa for ERA-Interim (0.125◦ × 0.125◦) and MERRA-2 (0.5◦ × 0.625◦). The water
vapor flux was calculated using ERA-Interim and MERRA-2 datasets.

To further control the data quality of precipitation from ERA-Interim and MERRA-2 in
the QM-HCR, comparisons of regional average precipitation between in-situ observation
and that from MERRA-2 (Figure 3a) and ERA-Interim (Figure 3b) suggested that the scatter
points are evenly distributed on both sides of the 1:1 line, which indicated that in-situ
observation was equal to that observed from reanalysis data. The values for the square of
Pearson (ordinary) Coefficient of correlation (R2) and Absolute Mean Error (AME) of the
regional monthly precipitation are 0.92 and 3.1 mm for MERRA-2 and 0.89 and 3.5 mm for
ERA-Interim, respectively. These precipitation rates indicate that the monthly precipitation
from MERRA-2 and ERA-Interim are closely correlated with observations. Moreover, the
monthly precipitation from two reanalysis datasets and observations exhibit a consistent
seasonal pattern (unimodal type; not shown here). The rainfall is mainly concentrated in
the wet season (156.6 mm), which accounts for 85% of the annual precipitation (184.9 mm)

https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-interim
https://disc.gsfc.nasa.gov
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in 1980–2017. The rainfall comparisons indicate that the ERA-Interim and MERRA-2 can
be used to analyze water vapor transport characteristics in the QM-HCR.
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2.3. Methods

The water vapor flux, flux divergence, boundary, regional net water vapor flux, and
atmospheric PWC were calculated based on ERA-Interim and MERRA-2. The data were
then processed using the Grid Analysis and Display System (GrADS) software developed
by the Center for Ocean-Land-Atmosphere Studies (COLA), George Mason University.
A simple statistical method (Pearson correlation coefficient) was used to analyze the
relationship between external water vapor, recycled moisture, and observed precipitation.

Water vapor flux represents the amount of water vapor flowing through a unit area in
unit time and is categorized as horizontal and vertical water vapor flux. The horizontal
water vapor flux (Q) was calculated by Equation (1) [33]:

Q = − 1
g

∫ pl

ps
qVdp, (1)

where V represents the wind speed, which is divided into wind speed at longitudinal and
latitudinal directions with units of m/s; g represents the gravity acceleration by 9.8 m/s2;
and pl is the top pressure. Given that the specific humidity above 200 hPa is nearly 0 in
the QM-HCR, pl is considered to be 200 hPa, which is different from the 300 hPa used in
some studies [34,35]. Here, ps is the surface pressure. The horizontal water vapor flux
includes longitudinal (qv) and latitudinal water vapor flux (qu). These factors are calculated
in Equations (2) and (3) [33], respectively.

qv = − 1
g

∫ pl

ps
qvdp (2)

qu = − 1
g

∫ pl

ps
qudp. (3)

The water vapor flux divergence (Qdiv) and PWC are calculated using Equations (4)
and (5) [35], respectively:

Qdiv = − 1
g

∫ pl

ps
∆(qV)dp (4)

PWC = − 1
g

∫ pl

ps
qdp. (5)
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The regional net water vapor flux (∆q) refers to the difference between the water vapor
input and the atmospheric output at a specific time. Generally, this is calculated using the
“Box model” [31]. The ∆q of the QM-HCR (the red box in Figure 2) was calculated as follows.
For ERA-Interim and MERRA-2, the positive direction (∆q > 0) of ∆q is “from west to east”
and “from south to north,” respectively. The water vapor flux at the four boundaries
(∆qv_North), (∆qv_South), (∆qu_West), and (∆qu_East) was calculated from Equations (6)–(9),
respectively [20,31]:

∆qv_North = −
∫ eastג

westג
qv_northa cos ϕnorthdג (6)

∆qv_South =
∫ eastג

westג
qv_southa cos ϕsouthdג (7)

∆qu_West =
∫ ϕsouth

ϕnorth

qu_westadϕ (8)

∆qu_East = −
∫ ϕsouth

ϕnorth

qu_eastadϕ. (9)

The regional net water vapor flux (∆q) is calculated by Equation (10):

∆q = ∆qv_North + ∆qv_South + ∆qu_West + ∆quEast . (10)

In this study, the surface pressure (unit: hPa) of each grid is extracted from two
reanalysis datasets. Here, q is the specific humidity of each pressure layer with units of
kg/kg; a is the mean radius of the earth at 6.371 × 103 km; ϕ and λ are the latitude and
longitude, respectively; qu_east and qu_west are the water vapor flux (qu) at the east, and
west boundaries, respectively; qv_south and qv_north are the water vapor flux (qv) at the south
and north boundary, respectively; ϕnorth and ϕsouth represent the latitudes of the north and
south edge, respectively; and eastג and westג represent the longitudes of the east and west
boundaries, respectively.

3. Results
3.1. Atmospheric Precipitable Water Content

The spatial pattern of atmospheric PWC climatology during the annual (Figure 4a,d),
wet (Figure 4b,e) and dry seasons (Figure 4c,f) were calculated using ERA-Interim and
MERRA-2. The spatial patterns of climatology derived from the two reanalysis datasets are
similar. However, considering the higher spatial resolution of ERA-Interim than that of
MERRA-2, we used ERA-Interim to analyze the spatial pattern of other variables.

There is higher atmospheric PWC in the southeastern, eastern, northern, and north-
western QM-HCR. In contrast, lower water content is determined in the alpine areas of
the QMR. The water content decreases from the surrounding areas to the high-altitude
mountains and is negatively correlated with altitude (Figure 4). The average atmospheric
PWC is 6.93 mm annually, and the average content during the wet season (11.63 mm,
Figure 4b,e) is higher than that of the dry season (3.54 mm, Figure 4c,f). This demon-
strates a distinct unimodal type pattern, which is consistent with the seasonal pattern of
observed precipitation.

3.2. Water Vapor Flux and Water Vapor Flux Divergence

The spatial patterns of column-integrated water vapor flux and the climatology of
water vapor flux divergence during the annual (Figure 5a) wet (Figure 5b) and dry seasons
(Figure 5c) from 1980 to 2017 in the QM-HCR suggest that northwesterly and westerly wind
control the water vapor during all seasons. The regional average water vapor flux is the
greatest in the wet season, followed by annual values. These values are the weakest in the
dry season, proving that the annual precipitation is mainly concentrated in the wet season.
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Figure 4. The atmospheric precipitable water content climatology during the annual (a,d), wet season (b,e) and dry season
(c,f) from ERA-Interim (a–c) and MERRA-2 (d–f) in the QM-HCR.

Water vapor convergence mainly occurs in the central-eastern QMR, the southeast-
northwestern HCR, Mazong Mountains, Hami and certain surrounding areas; the conver-
gence is more significant in the wet season. Water vapor divergence mainly occurs in other
regions of the QM-HCR annually; it mainly occurs in the QM-HCR, except for the Mazong
Mountains, Hami, and certain surrounding areas during the dry season.

There is always a water vapor convergence center in the Hami and the surrounding
area (the northwest corner of Figure 5a–c). The yearly average precipitation is only 43.6 mm
at the Hami station, indicating the complexity of the precipitation formation process.
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from ERA-Interim, the arrow direction represents the direction of the water vapor flux, the arrow size represents the value
of the water vapor flux, and the shade is the water vapor flux divergence (units: 10−6 kg m−2 s−1).

3.3. Boundary and Regional Net Water Vapor Flux

The annual net water vapor flux in 1980–2017 in the QM-HCR suggests that the flux
is 395.65 × 106 kg/s, 298.28 × 106 kg/s, 72.79 × 106 kg/s, and 166.41 × 106 kg/s at the
eastern, western, southern, and northern boundaries (Figure 6a), respectively. The water
vapor flux is 203.07 × 106 kg/s, 163.39 × 106 kg/s, 41.46 × 106 kg/s, and 74.31 × 106 kg/s
at the eastern, western, southern, and northern boundaries during the wet season (Figure
6b), respectively. Similarly, it is 192.57 × 106 kg/s, 134.89 × 106 kg/s, 31.33 × 106 kg/s,
and 92.10 × 106 kg/s during the dry season (Figure 6c), respectively.

The regional net water vapor flux is −3.75 × 106 kg/s, −6.84 × 106 kg/s, and
3.09 × 106 kg/s in the QM-HCR annually and during the wet and dry seasons, respectively.
Water vapor flux is positive at the western and northern boundaries but negative at the
southern and eastern borders. This result indicates that water vapor mainly inputs through
the western (approximately 64%) and northern boundaries and mostly outputs through
the eastern (approximately 84%) and southern boundaries. Water vapor exhibits a net loss
during the annual and wet season but presents a net gain during the dry season.

3.4. Water Vapor Transport between the QMR and the HCR

By dividing the column-integrated air (surface—200 hPa) into the low troposphere
(surface—600 hPa), middle troposphere (600–400 hPa), and high troposphere (400–200 hPa),
the climatology of the stratified regional net water vapor flux is calculated to investigate
the vertical distribution characteristics of water vapor.
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The proportions of atmospheric PWC are 59.93 ± 1.04%, 34.20 ± 0.88%, and 5.86 ± 0.16%
in the low troposphere, middle troposphere, and high troposphere, respectively (Figure 7).
Water vapor flux climatology annually and during the wet and dry seasons in the low tropo-
sphere suggests that more than 90% of the QMR areas display water vapor convergence in
the low troposphere annually (Figure 8a) and during the wet season (Figure 8b). Water vapor
convergence centers are in the vicinity of MY, DLH, and the Mazong Mountain Region.
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Figure 7. The estimated proportions(percent) of PWC of atmospheric precipitable water content at
different pressure levels. The 59.93 ± 1.04%, 34.20 ± 0.88%, and 5.86 ± 0.16% are the average and
standard deviation calculated from the average between ERA-Interim and MERRA-2 from 1980 to
2017 in the QM-HCR, respectively.
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Two water vapor transport channels can be identified in the low troposphere of the
QM-HCR. One channel allows transport through the HCR to the northern part of the QMR
(MY), and another channel allows transport from the northwestern Qaidam Basin to the
northern part of the QMR (MY). The water vapor from the two channels is derived from
the westerly and northwesterly wind and is separated in the western HCR. The channels
then meet again in the vicinity of DLH and MY considering the dynamics of water vapor
convergence, eventually leading to more than 200 mm of annual precipitation in the middle
and eastern QMR. Water vapor convergence can be observed in the MY and surrounding
areas where the annual rainfall can exceed 400 mm. It is worth noting that most of the water
vapor flows into the QMR through the water vapor channel in the northern QMR, and
only a small amount of water vapor is transported through another channel. The results
indicate that a portion of the recycled moisture generated from the evapotranspiration of
forest and cropland over the oasis in the HCR is transported to the QMR, contributing to
the abundant precipitation in QMR. This finding also indicates that horizontal moisture
recycling is probably one of the most important water cycle mechanisms in the endorheic
river basins.

In the dry season (Figure 8c), though most of the QM-HCR displays the water vapor
divergence in the low troposphere, water vapor convergence is observed in the MY, Mazong
Mountain Region, and in HM. In addition, the two small troposphere water vapor channels
still exist. However, the difference is that the water vapor that passes through the northern
water vapor channel does not input into the QMR, but directly outputs from the QM-HCR,
leading to a net loss of external water vapor budget during the dry season (Figure 8c). This
finding indicates that regional moisture recycling also plays a vital role in the dry season
for precipitation in the QM-HCR.
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4. Discussion
4.1. Comparing Water Vapor Variables of the QM-HCR with Previous Studies

The average atmospheric PWC exhibits distinct unimodal features in the QM-HCR.
The atmospheric water content decreases from the surrounding areas to the high-altitude
mountains in the QM-HCR, which is similar to that of Tianshan Mountain [36] and contrasts
with that of Altay Mountain [26]. These results indicate that the atmospheric PWC has
a similar seasonal pattern to the precipitation in northwestern China. However, the
atmospheric PWC has a strong pattern of spatial heterogeneity, suggesting the necessity of
studying water vapor changes on a regional scale.

The westerly and northwesterly winds control the QM-HCR in months with less
precipitation, while the westerly, northwesterly, northerly, southerly, and southeasterly
winds control the region in months with abundant precipitation. Wang et al. [20] indicated
that northerly winds from the Arctic Ocean and the southeast monsoon could reach the
QM-HCR in certain months with high precipitation. On combining the above results, it can
be concluded that the QM-HCR is mainly affected by the westerly winds, northerly winds,
and the southeast monsoon. The “mutual offset” phenomenon of water vapor flux in the
air in the QM-HCR can also be found on the Qinghai-Tibetan Plateau [23].

The changes in annual precipitation and water vapor variables are poorly correlated in
the QM-HCR (Table 2). Precipitation is positively correlated with water vapor transported
by latitudinal winds but negatively correlated with that carried by longitudinal winds
(Table 2). The precipitation is positively correlated with water vapor passing through the
eastern, western, and southern boundaries but negatively correlated with winds passing
through the northern border. A previous study on the relationship between precipitation
in QMR and the monsoon index suggested that precipitation is poorly correlated with
the East Asian, South Asian, South China Sea monsoons, zonal winds, and subtropical
anticyclones [37]. These findings indicate that the precipitation mechanism probably has a
strong linkage with local moisture recycling.

Table 2. Pearson Correlation between the observed precipitation, evaporation and boundary and regional net water
vapor flux.

Time Scale Evaporation Regional Latitudinal Longitudinal East West South North Total
Input

Total
Output

annual 0.46 ** 0.29 0.39 * −0.33 * 0.18 0.14 0.26 −0.39 * −0.19 −0.24
Wet season 0.02 0.38 * 0.32 −0.21 0.12 0.19 0.31 −0.32 −0.13 −0.20
Dry season 0.10 −0.42 ** 0.28 −0.40 * 0.08 0.05 0.16 −0.36 * −0.17 0.11

**: Significant correlation at α = 0.01; *: Significant correlation at α = 0.05.

4.2. Potential Driving Mechanism of Horizontal Transport of Water Vapor

Analysis of the reanalysis dataset indicates that there are two water vapor transport
channels in the low troposphere of the QM-HCR. Most of the water vapor flows into
the QMR through the water vapor channel in the northern QMR, which shows that the
abundant precipitation in QMR is probably partially generated from the recycled moisture
over HCR, partially proving the hypothesis of [17].

The primary driving mechanism of the horizontal transport of recycled moisture can
be explained by the significant difference in temperature and humidity between the HCR
and the QMR in the QM-HCR. Such a difference is mainly forced by the “cold and wet
island effect” of the cryosphere [38] in QMR, where the air temperature of the glacier is cold,
and the relative humid is wet, especially during the wet season. Evapotranspiration is very
strong in the warm and dry climate across the desert and oasis of the HCR, which provides
high amounts of recycled moisture. The cryosphere modifies the temperature and humidity
of the underlying surface in the QMR, which leads to lower temperatures in the QMR
and lower evapotranspiration. Under the influence of the significant difference of surface
temperature between the cryosphere and other land cover types, the recycled moisture
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in deserts and oases is transported to the mountains, resulting in an active horizontal
turbulent exchange among mountains, deserts, and oases.

The recycled moisture in the low mountains also migrated to the high mountains under
the influence of terrain uplift. The horizontal turbulent motions change the temperature
convection and increase the atmospheric water vapor over the QMR, leading to more
precipitation. The atmospheric transport of hot air from the desert and low mountains
to the upper atmosphere in a cold island, probably forms an upper hot and lower cold
inversion layer in the QMR, further strengthening the turbulent horizontal movement. The
recycled moisture is more affected by the cryospheric condensation and forms precipitation
under appropriate atmospheric conditions in the QMR. Although the mechanism appears
feasible, more evidence and descriptions are needed in future studies. This transport
mechanism requires further analysis on a smaller scale, such as using the coupling WRF
(Weather Research and Forecasting) mesoscale model with a distributed hydrological
model in the QM-HCR.

The precipitation in the wet season is about 85% of the annual precipitation, thus
the water vapor transport channel is more pronounced in the wet season (Figure 8b) and
annual (Figure 8a), while it is relatively weak in the dry season (Figure 8c). The QM-HCR
is mainly controlled by the westerly wind with less water vapor, so it is relatively more
important than recycled moisture in the precipitation. Unfortunately, we cannot provide
the exact contribution of this and future study is still needed.

4.3. Long Term Changes in Regional Net Water Vapor Flux

The long-term changes of water vapor flux at each boundary make the input water va-
por flux to QM-HCR showed a significant (α = 0.05) decrease by 22.2 × 106 kg s−1 decade−1

and 18.8 × 106 kg s−1 decade−1, respectively, while the output water vapor flux has a
more significant (α = 0.01) reduction by 31.2 × 106 kg s−1 decade−1 and 28.0 × 106 kg s−1

decade−1 during annual and wet season, respectively. The regional net water vapor flux
shows a significant (α = 0.01) increase by 9.1 × 106 kg s−1 decade−1 and 9.2 × 106 kg s−1

decade−1, respectively, which correspond to the significant (α = 0.05) increase of precipi-
tation by 7.4 mm/decade and 5.5 mm/decade during annual and wet seasons from 1980
to 2017 in the QM-HCR, respectively. These results indicate that the arid degree tends
to decrease in the QM-HCR, and which is consistent with the changes in Northwestern
China [39].

During the dry season, all water vapor fluxes have no significant (α = 0.1) changes. The
water vapor flux is always less than 0 kg s−1 at the southern boundary during annual and
dry seasons, while it is sometimes greater than 0 kg s−1 during the wet season (considering
the standard deviation). It suggests that there are some positive water vapor fluxes at the
southern boundary only in the wet season, especially during 2003 to2014, which indicates
that the Southerly Wind (component) can arrive at the QM-HCR during the wet season
in some years and contribute to the local precipitation, while it cannot arrive during the
dry season.

The above results suggest that the water vapor flux undergoes intensive change at
the eastern and northern boundaries. Although the linear trends of precipitation and
regional net water vapor flux are consistent at annual scales, but the fluctuations varied
in different years, and the opposite “peak-valley” fluctuations occurred in some years
such as in extreme climate years (including drought and humid), which indicates that the
local precipitation is affected by many climatic factors in the QM-HCR, such as the surface
vorticity, 500 hPa relative humidity, near surface specific humidity, 500 hap divergence,
local topography, and some climate events [40]. During annual and wet seasons, the total
input and output water vapor flux significantly decreased, and the decrease of the total
output water vapor flux is greater than that of the total input water vapor flux, which
indicates that the regional moisture recycle is more intensified, and the contribution of
recycled moisture variation to precipitation change increased.
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4.4. Uncertainty

There are many uncertainties in the observation, reanalysis datasets, and analysis
methods used in the study considering the complex terrain and limited field observation
data in the QM-HCR.

The in-situ precipitation data of the QM-HCR were mainly obtained from Chinese
national meteorological stations. The national meteorological station network is sparse in
western China, especially in high mountainous areas. Although some automatic weather
stations have been established in QMR in recent years, the observation time-span is not
long [7]. This led to an understanding that the temporal and spatial characteristics of
precipitation in the QM-HCR have certain limitations and uncertainties.

There is some uncertainty regarding the use of ERA-Interim and MERRA-2 to analyze
the climatological patterns of water vapor in the QM-HCR. In general, models cannot
represent spatial variability on scales smaller than that defined by the spacing between the
discrete points in the grid scale. Models do not represent the grid scale very well either,
with the effective resolution of models being somewhat larger than the grid scale. In the
horizontal, the ECMWF IFS in addition to using grid points, it also uses an additional
mathematical concept, spectral space, to represent horizontal space, which uses a set of
wavy basis functions, spherical harmonics, to describe variations in the horizontal. The IFS
switches between spectral space and grid space in order to perform specific computations.
In the vertical, IFS can use levels located at discrete points, and/or averages over layers.
The data collections from MERRA-2 are provided on the same horizontal grid, while the
output collections of MERRA-2 are on the regular 0.5◦ × 0.625◦ latitude-by-longitude
grid, the GEOS-5 model computed all fields on a cubed-sphere grid with an approximate
resolution of 50 km × 50 km. In the vertical, MERRA-2 outputs are provided on either
the native vertical grid (at 72 model layers or the 73 edges), or interpolated to 42 standard
pressure levels. The varied horizontal and vertical scales lead to it being difficult to
evaluate the impact of the resolution on the accuracy of water flux, which probably leads
to more uncertainties.

ERA-Interim and MERRA-2 are reanalysis datasets with similar model structures and
assimilation schemes, which may lead to common systematic errors [26,32]. There are
substantial differences between the two datasets given the inherent uncertainties of the
forecast model and the input and assimilation data. The uncertainty of a single reanalysis
dataset may be reduced by combining different reanalysis datasets, which will likely help
in comprehensive analyses and the extraction of more realistic features [41]. However, there
are probably other methods to use for reanalysis datasets that can also reduce uncertainty.

There are also some uncertainties involved in the method we used to calculate water
vapor transport. When calculating the boundary and regional net water vapor flux, we
only considered the minimum envelope rectangle of the QM-HCR, that is, the eastern,
western, southern, and northern boundaries; these are not distinctly defined [42]. The
relationship between external water vapor, recycled moisture, and observed precipitation
was calculated using the Pearson Correlation method, which has some uncertainties. We
identified two channels in the low troposphere (surface—600 hPa) transport water vapor
from the HCR to the QMR in this study, which partly explain the mechanism of abundant
precipitation in QMR. However, considering that the mechanism is complex and difficult
to observe, more evidence is needed for validation.

Generally, there are many uncertainties regarding water vapor transport because of
the difficulties involved in large-scale observation of the process. In our study, water vapor
transport was calculated using reanalysis datasets. We were unable to validate our results
using other observations or models. Isotope tracing, WRF and Hysplit tracing models, and
the Lagrangian approach can be used to verify and analyze the external water vapor and
recycled moisture transport process during different time scales in the QM-HCR. However,
these methods also have some deficiencies when applied individually. There is still a need
for integrated research on water vapor transport using different observation methods.
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5. Conclusions

The climatological patterns of water vapor in the QM-HCR were investigated by the
monthly ERA-Interim and MERRA-2 in 1980–2017, providing important implications for
the horizontal transport of recycled moisture. The following significant conclusions can
be drawn:

(1) Two channels identified transport water vapor from the arid HCR to the QMR in the
low troposphere (surface–600 hPa), suggesting that parts of recycled moisture gener-
ated from evapotranspiration over the oasis and desert of the HCR are transported to
the QMR, which contributes to the abundant precipitation in the QMR.

(2) The primary driving mechanism of the horizontal transport of recycled moisture may
be led by the significant difference in temperature and humidity between the HCR
and the QMR, caused by the “cold and wet island effect” of the cryosphere in QMR,
especially during the wet season.

(3) The water vapor transport from HCR to QMR indicates that horizontal moisture
recycling is probably an essential mechanism of the water cycle in endorheic river
basins, where water resources are mainly generated from mountainous areas.
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