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Drought in eastern Northwest China (ENC) is severely affected by water vapor conditions.
An in-depth study of the primary sources of water vapor and its characteristics, at
intraseasonal and interannual timescales, was conducted. This information is crucial for
further study of the causes and mechanisms of extreme droughts and floods in the ENC.
This study evaluated the spatial distribution and transport characteristics of water vapor
over ENC during the 1981–2019 period based on the fifth generation of the European
Center for Medium-Range Weather Forecasts atmospheric reanalyzes data of the global
climate (ERA5). We studied the water vapor transport routes, water vapor convergence,
water vapor budgets as well as the changes in water vapor fluxes and budgets over time in
four areas surrounding ENC. The Mediterranean Sea, Black Sea, Caspian Sea, Indian
Ocean, Bay of Bengal, and the South China Sea were the main sources of water vapor in
ENC, supplemented by mid to high-latitude continental sources. The monthly change in
water vapor flux in ENC exhibited the peak on July. The transport of water vapor in ENC
was mainly toward the east and north. For most cross-seasonal drought events, the water
vapor output is the main way in the south boundary and the west boundary. However, for
the longest duration of cross-seasonal strong drought events, it is characterized by that the
water vapor output is the main way in the south boundary, while the water vapor input in
the north boundary is obviously weak.Water vapor paths in cross-seasonal strong drought
events are analyzed, by which the Hybrid Single-Particle Lagrangian Integrated Trajectory
model (HYSPLIT). The intensity of the subtropical high in the western Pacific is weak and
the position is south, which corresponds to the occurrence of cross-seasonal strong
drought in the ENC.
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INTRODUCTION

The ENC is located on the northeastern side of the Qinghai-Tibet
Plateau, including the 30–40°N, 100–110°E area in China. This
region has a temperate mainland climate and is affected by
summer monsoons, and the precipitation variability is large
(Sun, 1997). In the past half century, the eastern part of
Northwest China has experienced a trend of warm drying,
especially after the 1970s (Zhang et al., 2003). However,
precipitation in the eastern part of Northwest China changed
from decreasing to increasing in the early 21st century (Ma et al.,
2020). When the East Asian summer monsoon is affected by
peripheral airflow and the plateau topography of the western
extension subtropical high, droughts and floods in the eastern
part of the Northwestern region will be affected by the water
vapor transport of the East Asian monsoon (Qian et al., 2018).
The action of plateau geomorphism results in the ENC
functioning as a “gateway” for the warm and wet ocean
current to enter the northwestern inland area, which is the key
area to maintain air–water sources and even the water circulation
process in the northwestern inland area (Ren et al., 2004).

Water vapor transport is a key link in the water circulation
process, especially atmospheric water sources. Climate studies
have determined the characteristics of water vapor transport and
water vapor budgets over land. Researchers have also evaluated
the distribution of water and gas resources and the characteristics
of movement over watersheds. For example, Roads et al. (1994),
Ninomiya (1999), and Bisselink and Dolman (2008) used
reanalysis data to explore the relationship between water vapor
transport and the water cycle in North America, Europe, Asia,
and Australia. They obtained the following results from studies in
different regions: Precipitation anomalies were approximately
equal to atmospheric moisture flux convergence anomalies. Liu
and Stewart (2003) and Draper and Mills (2008) found a
significant difference in water vapor transport between the
meridional and latitudinal directions by studying the water
vapor transport characteristics of watersheds in North
America and Australia, which is the direction of the
meridional moisture fluxes changes with seasons, but that of
the zonal moisture fluxes does not. Arraut and Satyamurty (2009)
studied the characteristics of winter precipitation and
tropospheric water vapor transport in the Southern
Hemisphere. They found that on the South American
continent, precipitation was highly correlated with water vapor
transport, while the correlation coefficient was lower for the
ocean. Knippertz and Wernli (2010) documented the impact
of strong water vapor output in summer in tropical regions. The
influence of the components of some monsoon systems on
airborne water sources has also been studied. Kwon et al.
(2005) analyzed the connection with the Indian monsoon.
Muñoz et al. (2008) demonstrated the relationship between
the precipitation and convergence/divergence of water vapor
flux in low-level jets by studying low-level jets in the
Caribbean during summer. The strongest characteristics of
low-level jets occurred from May to September Sohn and Park
(2010) showed the effects of Hadley circulation and Walker
circulation on water vapor transport. According to Perdigón-

Morales et al. (2020), the main moisture sources for modulating the
midsummer drought region in Mexico during summer were
identified using the Lagrangian particle dispersion model on the
Flexible Particle DispersionModel (FLEXPART) for the 1979–2017
period. From this analysis, the Caribbean Sea was identified as one
of the main moisture sources. Dai and Wang, (2020) pointed out
that the seasonal distribution of precipitation in the arid region of
central Asia is related to the meridional component of local water
vapor transport, and the seasonal water vapor transport is
accompanied by water vapor convergence/divergence to the
north/south, corresponding to the high/low seasonal
precipitation ratio. Most of central Asia is characterized by water
vapor divergence in spring and summer and by water vapor
convergence in winter. In the arid region of China, input of
water vapor occurs mainly along the western and northern
boundaries, whereas output occurs along the eastern boundary
and remains largely constant in autumn and summer (Guan et al.,
2019).

Under global warming (especially in recent decades), the
precipitation increase and the climate humidification trend in
the arid region of Northwest China (NWC) are important
scientific issues that have attracted academic attention (Chen
et al., 2019). Ren et al. (2016) pointed out that since 1979, in
the arid region of NWC, there has been a significant increase in the
whole-layer integral water vapor flux, which is mainly due to a
significant decrease in the output flux of the eastern boundary
rather than an increase in the input flux of the western, southern,
and northern boundaries. Peng and Zhou (2017) argued that, from
a thermodynamic point of view, the increase in precipitation is
related to the increase in local evapotranspiration, while from a
kinetic point of view, the southward shift of the westerly belt leads
to an increase in precipitation due to the abnormal convergence of
water vapor over the northwest. The climate in the arid region of
NWC is mainly controlled by westerly circulation, predominantly
summer precipitation, and the annual water vapor is mainly
derived from westerly transport at mid-latitudes (Zhang et al.,
2019). The extreme western extension of the western Pacific
subtropical high can also strengthen the high ridge above the
Mongolian plateau and strengthen the divergence over the
Mongolian plateau. Anti-cyclone activity on the Mongolian
Plateau contributes to the westward transport of water vapor,
resulting in an increase in precipitation in the arid region of the
Northwest (Chen F et al., 2021). In recent years, academic circles
have gained a new understanding of the mechanism of summer
precipitation increase in NWC’s arid region, but there are great
differences in sources (Wu et al., 2019). Chen C et al. (2021)
showed that there is no obvious prevailing wind direction in the
northern part of the Qinghai-Tibet Plateau in summer. Therefore,
it is necessary to use seasonal average water vapor to study water
vapor transport in northwestern arid regions. If the water vapor
transport of extreme precipitation in northwestern arid regions is
ignored, the contribution of local evaporation to precipitation
change in northwestern arid regions may be exaggerated.

Since the beginning of the 21st century, some scholars have
called for strengthening of the analysis of water vapor transport in
the arid region of NWC, but the study of water vapor in the ENC
mainly focuses on wet events. However, dry events are rarely
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analyzed in terms of water vapor source and transport. Relatively
few other studies have been conducted on water vapor transport
in this region. Airborne water sources are not only seasonal
features but also important processes that exist throughout the
year and constitute the water cycle in the region. Cross-seasonal
drought in the north is frequent, long, and intense, and more
importantly, the impact of seasonal persistent drought on
agricultural production, ecological improvement, and water
source replenishment in the above areas is more serious than
that caused by a single seasonal drought (Yang et al., 2013).
Therefore, it is important to study the main sources of water
vapor in the ENC as well as the variation in extreme drought
events. In this paper, we aim to understand the cause of droughts
and floods in the ENC by studying the characteristics of water
vapor in the whole year and the characteristics of water vapor
transport during extreme drought events.

DATA AND METHODS

Data
In this paper, ERA5 daily and monthly data (0.25° × 0.25° latitude
and longitude) from 1981 to 2019 were used. The elements used
include the specific humidity in each layer from 1,000 hPa to
100 hPa, u-wind, and v-wind. And sea surface temperature (SST).
The scope of the eastern part of ENC is based on previous
research results. The ENC is outlined by the rectangular range
(30–40°N, 100–110°E) shown in Figure 1.

Methods
(1) Water vapor flux and water vapor flux divergence

Assuming that there is less water vapor in the atmosphere
above 300 hPa, the entire water vapor transport flux Q � (Qλ,
Qφ) per unit gas column can be calculated by the following
formulas.

Qλ � 1
g
∫ps

300
uqdp, (1)

Qϕ � 1
g
∫ps

300
vqdp. (2)

We determined the water vapor flux of each grid point. Then,
the water vapor fluxes of all grid points in the study area were
averaged to provide a measure of the water vapor flux in the
area.

(2) Water vapor balance along each boundary was calculated as
follows:

Fλ � ∫y2

y1

Qλdy, (3)

Fϕ � ∫x2

x1

Qϕdx. (4)

If Fλ > 0, water vapor is transported eastward; if Fλ < 0, water
vapor is transported westward. If Fφ > 0, water vapor is
transported northward; if Fφ < 0, water vapor is transported
southward. When F > 0, water vapor is considered water vapor
input, when F < 0, water vapor is considered water vapor output.

(3) Water vapor flux divergence

FIGURE 1 | The range of the eastern region of eastern Northwest China.
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In the spherical coordinate system, the divergence of water
vapor transport flux in a certain area can be calculated by the
following formula.

∇ · Q � 1
a cosφ

(zQλ

zλ
+ zQφ cosφ

zφ
),

∇ · Q > 0, indicates water vapor divergence; ∇ · Q < 0, indicates
water vapor convergence.

(3) Cross-Seasonal Strong Drought Events

Atmospheric drought is studied in this paper, and the cross-
seasonal drought events are based on the CI.

(4) HYSPLIT

In this paper, the Lagrangian model on Hybrid Single-Particle
Lagrangian Integrated Trajectory model (HYSPLIT) driven by
ERA5 data was used to analyze the moisture transport track and
the track of the different grades of the cross-seasonal strong
drought events in the ENC. The HYSPLIT model is a complete
system for computing simple air parcel trajectories, as well as
complex transport, dispersion, chemical transformation, and
deposition simulations. HYSPLIT continues to be one of the
most extensively used atmospheric transport and dispersion
models in the atmospheric sciences community. A common
application is a back trajectory analysis to determine the
origin of air masses and establish source-receptor relationships.

ANALYSIS OF WATER VAPOR FACTORS
AFFECTING EXTREME DROUGHT EVENTS

Water Vapor Source
The monthly average vapor flux (Figure 2) shows that from
December to February, an anticyclonic circulation exists in the
Mediterranean Sea, Black Sea and the Caspian Sea. The
maximum of water vapor flux can exceed 50 g cm−1 hPa−1 s−1.
The westerlies to the east of the anticyclonic circulation are
blocked by the western part of the Qinghai-Tibet Plateau,
which affect the upper-layer circulation over the plateau. The
upper-layer airflow over the plateau further influence the
circulation in the ENC. Due to the long distance traveled and
the ascent, the water vapor flux is less than 50 gcm−1·hPa−1·s−1 by
the time it reaches ENC. From December to February, the
anticyclonic circulation exists under a stable state and it is the
main source of water vapor in ENC. Compared to winter, the flow
field form changes little fromMarch to April, but the curvature of
the streamline over the Qinghai-Tibet Plateau decreases. This
indicates that the water vapor reaching the eastern part of the
NWC increases slightly. Additionally, there are large-value
centers with water vapor fluxes exceeding 100 g·cm−1·hPa−1·s−1
in the Bay of Bengal and the Indian Peninsula. The anticyclonic
circulation in the western Pacific `moves slightly northward, and
it reaches the ENC under the westerly airflow. At this time, the
water transport of the western Pacific Ocean is lifted to the north
than last month and the water vapor of Indian Ocean transported

to the ENC. Convergence has been formed at Indian Ocean April.
In May, the flow field is adjusted more complex than that in
March and April. The anticyclonic circulation in the Arabian Sea
and the Mediterranean Sea has disappeared. And this
phenomenon has been replaced, by which the westward flow
is diverted to the east and south. At the same time, large-value
centers of a water vapor flux greater than 100 g·cm−1·hPa−1·s−1
appear near the Indian peninsula in the Arabian Sea. Further,
there is a trough in the eastern part of the Indian peninsula, and
there is a southwesterly airflow in front of the trough transporting
water vapor to the east of the midwest regions. Another
important feature in May is the increase in water vapor flux in
the mid to high latitudes of Asia, which is transported by the
northwesterly airstream to the ENC.

From June to August, there are three water vapor channels in
the ENC. Themain water vapor channel is from the Indian Ocean
and the Bay of Bengal. The water vapor channel flows northward
through Tibet and the Sichuan Basin to the ENC. The second
channel is from the western Pacific Ocean and is transported
northward by the Indian Ocean monsoon to the ENC. The third
channel is from the northwesterly flow of the mid- and high
latitudes. In August, these three channels of water vapor converge
and benefit the generation of the rainy season in ENC.

The water vapor in the ENC is mainly derived from the Bay of
Bengal and the South China Sea in September. The water vapor is
transported by the Indian monsoon and subtropical high
circulation to the ENC forming a convergence. In October, the
water vapor in the Indian Ocean decreases. The water vapor
mainly originates from the South China Sea and is transported by
subtropical high pressure to the ENC. There is also a relatively
weak water vapor transport by the northwest airflow to the ENC.
The water vapor from the Indian Ocean and the subtropical high
is disappeared in November, and the main water vapor source is
the Arabian Peninsula.

This analysis shows that the water vapor in the ENC derives
mainly from the Mediterranean Sea, Black Sea, Caspian Sea,
Indian Ocean, Bay of Bengal, South China Sea, and the mid-high
latitude continent. From December to March, the water vapor is
mainly transported from the Mediterranean Sea, Black Sea,
Caspian Sea, and Indian Ocean, supplemented by water vapor
transport in the mid- and high latitudes. From September to
November, the Bay of Bengal and the South China Sea are most
important for water transport. From June to August, all four
water vapor sources contribute to the convergence in the ENC.

The average water vapor flux in ENC (Figure 3) shows that
from December to February, the water vapor in the ENC is
mainly transported to the east, and the turbulent water vapor flux
is small. In January and February, the zonal water vapor transport
increases slightly, and the zonal water vapor flux in the south of
Gansu and Shanxi provinces is 40 g·cm−1·hPa−1·s−1. In the spring,
the zonal water vapor transport in the ENC is dominated by weak
eastward transport, with relatively high eastward transport in
March In summer, the zonal transport of water vapor in the ENC
is mainly eastward, but the water vapor transport in the central
part of Gansu, northern Ningxia and northern Shanxi is negative,
indicating that there is a weak westward transport of water vapor.
The ENC is in the convergence area of the east-west water vapor
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transport. From September to November, the zonal water vapor
transport is still mainly eastward. The zonal water vapor flux in
September is relatively high. The water vapor is the smallest in
November, corresponding to the period of lowest precipitation in
the eastern part of the western region.

The monthly change in the water vapor flux in the ENC is
parabolic. Overall, the change within a year shows two peaks. In
Jan., the water vapor flux is 34.12 g·cm−1·hPa−1·s−1, after which
the water vapor flux gradually increases. In Jun., the water vapor
flux increases rapidly to 60 g·cm−1·hPa−1·s−1. However, there is a
dramatic reduction in the August. Then, the water vapor flux
increases again to reach the highest value in Sep.,
i.e., 64.21 g·cm−1·hPa−1·s−1. The water vapor flux is the
smallest in Jan., i.e., 34.12 g·cm−1·hPa−1·s−1. The meridional
water vapor flux for the entire year (January–December) in

the ENC is weakly positive, indicating that the water vapor is
mainly transported northward.

Based on the above analysis, the water vapor in the ENC is
mainly transported to the north and east. Water vapor is high
during the main rainy season (June–August) but relatively low in
the other seasons.

Water Vapor Convergence
The monthly water vapor flux divergence (Figure 4) shows that
the ENC is largely in the weak water vapor convergence zone in
winter, but the water vapor gradually increases over time. By
March, the water vapor flux divergence reaches
−0.5 g·cm−2·hPa−1·s−1. The water vapor convergence center is
located at the junction of Sichuan, Gansu and Shanxi provinces.
Compared with the winter, the position of the negative area of

FIGURE 2 | The monthly average vapor flux (Unit: gcm−1·hPa−1·s−1).
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the water vapor flux divergence increases in addition to the
central value and the convergence. The water vapor flux
divergence reaches −1 g·cm−2·hPa−1·s−1 in May, and the water
vapor convergence center is still at the junction of Gansu,
Sichuan and Shanxi provinces. From June–August, the
convergence area increases compared with the spring, but the
convergence intensity is similar. The water vapor flux
divergence is greatest in September, with a central value of
−1.5 g·cm−2·hPa−1·s−1.

The ENC is in the water vapor convergence zone, and the
convergence center is at the junction of Gansu, Sichuan and
Shanxi provinces.

Water Vapor Budget
The water vapor budget in four boundaries is referenced as the
four sides of a rectangle shown in Figure 5. The monthly water
vapor flux analysis shows that the water vapor in the ENC
mainly originated from the southern, western, and northern
boundaries. The southern boundary and the western boundary
are the main water vapor input channels, while the eastern
boundary is an output for water vapor. Based on analysis of the
percentage water vapor flux along each boundary, the ENC is
the water vapor flux output area in November, December,
and January. The percentage water vapor output along the
eastern boundary in winter is 51.5% in December, 53.7% in
January, 52.0% in February, respectively. In other months, the
percentage water vapor flux along the eastern boundary is less
than 50%, indicating a net influx of water vapor in ENC. Based
on analysis of the percentage water vapor fluxes along the
western, southern, and northern boundaries, the proportion of
water vapor flux along the northern boundary is slightly
greater than 10% in December and January, whereas that
for the remaining months is less than 10%. The northern
boundary also had a decreasing proportion of water vapor
flux from winter to summer. This indicated that NWC is

located at the edge of the monsoon region, and it would not
be affected by monsoons from December to March, but it is
significantly affected by the northern system. In the ENC from
April to September, with the increase in monsoons, the
proportion of water vapor along the northern boundary
decreased. The percentage monthly water vapor flux on the
western border remained largely unchanged; it is
approximately 25% each month, and it is 19.2% in July. The
proportion of water vapor transported along the southern
boundary increased to 37.9%. From August onwards, the
percentage water vapor along the western boundary began
to increase (to 23.7%), while it started to decrease along the
southern boundary (to 31.7%). In Sep., the water vapor on the
western border increased to 27.5%, while the water vapor on
the southern border decreased to 31.7% (but it is still the
largest source of water vapor). In October, the water vapor
along the western boundary exceeded that along the southern
boundary, and it decreased to 24.3% along the southern
boundary. At this time, the water vapor along the northern
boundary began to increase to 4.1%. In November, the water
vapor along the southern boundary decreased to 17.1%. The
water vapor along the western boundary decreased slowly, and
the water vapor along the northern boundary increased
to 8.0%.

The western and southern boundaries are the main
input channels of water vapor, while the water vapor
transport along the northern boundary played a
complementary role. The percentage water vapor along the
western boundary is stable from month to month, but the
southern boundary had obvious seasonal characteristics. The
output of water vapor in the ENC is characterized by seasonal
differences. The eastern boundary is mainly dominated by
water vapor output, and its water vapor output in winter is
greater than the input. This produced drought conditions in
the ENC in winter.

FIGURE 3 | Average water vapor flux in eastern Northwest China.
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CHARACTERISTICS OF WATER VAPOR
VARIATIONS IN EXTREME DROUGHT
EVENTS
Based on analysis of the water vapor budget in the ENC, the
characteristics of the water vapor budget in cross-seasonal strong
drought events are studied using ERA5 (0.25° × 0.25°) grid
reanalysis daily data. The characteristics of the water vapor in
different directions are also studied. Major extreme drought
events are achieved by referencing existing research results
(Ren et al., 2015).

The water vapor flux, water vapor flux divergence, and
differences between the water vapor fluxes with the average
value for the four boundaries of the ENC in the cross-seasonal
strong drought events (Table 1) are calculated. Table 1 shows
that 75% of the extreme drought events had a low water vapor
flux, indicating that a water vapor transport anomaly is a major

cause of extreme drought. The water vapor is under weak
convergence or weak divergence in all extreme drought events.
With respect to the water vapor budget, the outputs of the
water vapor along the eastern boundary are all positively
biased and larger than the average value. This indicated that
the water vapor output increased during extreme drought
events. The percentage water vapor along the western
boundary is reduced in most cases. The percentage change
in water vapor along the southern boundary is the greatest in
extreme drought events, while the proportion of water vapor
on the north border increased.

The seven cases are studied by HYSPLIT, which is driven by
reanalysis data (ERA5). In this paper, the moisture transport
track is studied on 500 hPa, and calculate a water vapor
trajectory to the ENC at intervals of 6 h. Water vapor track
tracked to the first 240 h and the simulation range is (0–90°N,
0–180°E). Firstly, the water vapor trajectories contained in

FIGURE 4 | Monthly water vapor flux divergence (Unit: gcm−2·hPa−1·s−1).
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seven examples are tracked, and then the number of water
vapor trajectories of each lattice point in monthly is calculated
in the scope of study. Finally, the probability of water vapor
trajectories on each lattice point in monthly is obtained. That
is, the average characteristics of water vapor trajectory on
cross-seasonal strong drought in monthly are obtained.
Existing conclusions (Figure 6A) validated the following:
Anomalous water vapor transport is a major cause of the
cross-seasonal strong drought events. In the cross-seasonal
strong drought events, water vapor output on the eastern
border increased; the percentage water vapor along the
western boundary is reduced in most cases; the percentage
water vapor along the southern boundary is the highest in
cross-seasonal strong drought events, while the proportion of
water vapor on the north border increased. Concerning the
conclusions mentioned above the drought analysis, it is found
that when cross-seasonal drought occurs, the water origin
affects the occurrence of drought, and the transport path of
water vapor will affect the occurrence of cross-seasonal
drought in the ENC.

The characteristics of spatial distribution on the height field on
500 hPa and the SST are synthesized according to the month of the
cross-seasonal strong drought event. At the same time, the

anomaly characteristics of height field and SST are also
analyzed. The corresponding features of the height field
(Figure 6B) and the SST (Figure 6C) show that: The ENC are
controlled by Northwest airflow when the cross-seasonal strong
drought occurred in the months except June, July, and August. In
June, July, and August, it has a flat flow. According to the
characteristics of the anomaly, the western Pacific subtropical
high is found to be weak in intensity and southward in
location. When this happens, it means that the ENC lacks water
vapor from the south, because it lacks the dynamic conditions to
transport water vapor. Abnormal SST are found mainly in the
Arctic and western Pacific Ocean, when the cross-seasonal strong
drought occurred. The SST is cooler the climatic average in the
Arctic when the cross-seasonal strong drought occurred in
February, March, April, May, and July. The SST of the Arctic is
warmer, on which the cross-seasonal strong drought occurred in
other months. The SST is cooler in the Western Pacific when the
cross-seasonal strong drought occurred in June, July and August.

Fromwhat has been discussed above: When the cross-seasonal
strong drought occurs, the water vapor transport path does not
change much. The main reason is that the water vapor transport
capacity is affected in the process of water vapor transport. Finally
led to the occurrence and development of drought events.

FIGURE 5 | Monthly water vapor flux percentage along the eastern, western, southern, and northern boundaries of eastern Northwest China.

TABLE 1 | The difference in the total and four boundary water vapor fluxes of the cross-seasonal strong drought events in the ENC.

Event Beginning date End date Water vapor flux
(g·cm−1·hPa−1·s−1)

Percentagewater vapor budget difference along each boundary

East (%) South West North (%)

1 1998–9–24 1999–5–10 4.5 2.8 −7.9% 1.8% 3.6
2 1997–4–7 1997–9–23 −24 1.2 −8.1% −0.4% 7.3
3 1995–2–12 1995–7–24 −1.4 3.9 −9.4% −0.7% 6.1
4 1982–3–28 1982–8–31 −4.5 4.3 −10.9% −1.1% 4.2
5 1986–7–11 1986–11–6 −4.2 7.9 −16.6% −1.1% 9.7
6 2004–2–14 2004–5–28 −17.7 4.8 −8.1% −3.1% 6.5
7 2007–4–14 2007–7–17 −0.5 2.3 −7.7% −1.7% 7.0
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CONCLUSION

(1) The Mediterranean Sea, Black Sea, Caspian Sea, Indian Ocean,
Bay of Bengal, and South China Sea were the main sources of
water vapor in the ENC, supplemented by water vapor from the
mid-to high-latitude continents. From December to March, the
water vapor transport from the Mediterranean Sea, Black Sea,
Caspian Sea and the Indian Ocean played dominant roles,
supplemented by water vapor transport in the mid-to high
latitudes. In autumn, the Bay of Bengal and the South China
Sea were dominant. In summer, all four water vapor sources
contributed, and convergence occurred in the eastern part of the
northwestern region. The transport direction of water vapor in
the northwestern region was mainly to the east and north. In the
water vapor flux divergence field, the eastern part of the NWC
was located in the water vapor convergence zone, and the
convergence center was at the junction of Gansu, Sichuan,
and Shanxi provinces. The monthly water vapor flux change
in the ENC was parabolic.

(2) The water vapor input in the ENC mainly originated from the
western and southern borders, and the northern boundary also
provided a relatively weak water vapor input. The percentage
water vapor in the western boundary had little monthly change,
but the southern boundary had obvious seasonal characteristics.
The eastern boundary was mainly dominated by water vapor
output, which exhibited seasonal differences. The water vapor
output in winter was greater than the influx of water vapor,
which led to winter droughts in the ENC. The input of water
vapor in the western and southern borders decreased, while the
output of water vapor in the eastern boundary increased. The
input of water vapor along the northern boundary increased
slightly. The interannual variation of the four boundaries was
greatest in summer.

(3) When cross-seasonal drought occurs, the water origin affects the
occurrence of drought, and the transport path of water vapor
will affect the occurrence of cross-seasonal drought in the ENC.

(4) This article reveals only the causes of extreme drought in the
ENC from the aspect of water vapor characteristics, but this is
far from enough. In our future work, we will continue to
follow this research direction to explain the problems that
this article does not explain through the influence of
atmospheric circulation. For example, the effects of polar
vortices and the Siberian high on cross-seasonal drought
events. And we will compare common drought events with
cross-seasonal drought events, so that we can get the special
features of cross-seasonal drought. Then we will calculate the
contribution of the water vapor source for which another
means to find the water vapor source site. Finally, by means
of numerical simulation, the theoretical results are verified.
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The datasets [generated/analyzed] for this study can be found in
the ERA5 reanalysis data [https://cds.climate.copernicus.eu/
cdsapp#!/dataset/reanalysis-era5-pressure-levels-monthly-means?
tab�overview].

FIGURE 6 |Water vapor path of the cross-seasonal strong drought events
and influencing factors (A): During the month of the cross-seasonal strong
drought, probability of water vapor trajectories at lattice points (Unit: %). (B): The
characteristics of height field on 500 hPa (Lines: The height field average,
Shadow: The height field anomaly, Unit: dagpm). (C): The characteristics of SST
during the month of the cross-seasonal strong drought (Unit: °C).
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