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ABSTRACT: Precipitation change is critical for the Three-River Headwaters (TRH) region, which serves downstream
communities in East Asia. The spring (March–May) precipitation over the TRH region shows an increasing trend from
1979 to 2018, as revealed by a Chinese gridded precipitation product (CN05.1). However, the physical processes responsi-
ble for this precipitation change are still unclear. This study investigated the characteristics of spring precipitation and the
water budget over the TRH region using the ERA5 global reanalysis and the Weather Research and Forecast (WRF)
Model. The WRF version employed in this study includes online calculations of the atmospheric water budget and an
evapotranspiration (ET) tagging procedure to trace evapotranspired water in the atmosphere. Both ERA5 and WRF re-
produce the spring precipitation increase. Moreover, WRFD02 (with a 3-km domain) reduces the wet bias by around 60%
and 77% compared to WRFD01 (9 km) and ERA5 (30 km). Both ERA5 andWRF demonstrate that the increase of spring
precipitation is dominated by moisture convergence, especially the atmospheric water fluxes from the southern boundary.
The enhanced moisture inflow is sustained by enhanced mass flux while the enhanced moisture outflow is sustained by in-
creased moisture. The ET-tagging results further demonstrate the weakened precipitation recycling process because of the
significant increase of precipitation produced by external moisture. Compared to ERA5, the reduced wet bias with WRF is
attributed to a better spatial resolution of orographic barrier effects, which reduce the southerly water fluxes. The results
highlight the potential of regional climate downscaling to better represent the atmospheric water budget in complex
terrain.
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1. Introduction

The Tibetan Plateau (TP) is the highest plateau in the
world with more than half of its area over 4000 m and has
been called the “third pole” (Qiu 2008). Compared to other
regions at similar latitudes, the TP is more sensitive to global
warming. The warming trend of the TP since the late 1980s is
1.5 times higher than the global warming rate (Liu and Chen
2000; Qin et al. 2009; Liu et al. 2009; Yang et al. 2014). This
rapid warming can significantly accelerate the hydrological
cycle, and thereby affect water resources and ecosystems in
downstream regions (Immerzeel et al. 2010; de Oliveira et al.
2017; Xi et al. 2018; Liu et al. 2011). The Three-River Head-
waters (TRH) region is located in the hinterland of the TP

and hosts the headwaters of the Yellow River, the Yangtze
River, and the Lancang-Mekong River. The TRH region has
a mean annual runoff of about 500 3 108 m3 and is known as
the “Asian water tower” (Shao et al. 2017; Zhang et al. 2012).
Precipitation in the TRH region provides abundant water to
the river systems in downstream regions, which dramatically
influences ecosystems, agriculture, and water-related-sustainable
development (Jiang et al. 2017; Jiang and Zhang 2016; Li et al.
2012; Zhang et al. 2012). Therefore, investigating the atmo-
spheric water budget related to precipitation change over the
TRH region is critical in climate research and adaptation
policy.

Recent studies demonstrated that the TRH region has be-
come warmer and wetter (Ji et al. 2020). Especially, winter and
spring (cold season) precipitation has increased significantly
since 1961 (Shi et al. 2016; Yi et al. 2013; Tong et al. 2014; Shang
et al. 2021; You et al. 2012). The spring [March–May (MAM)]
precipitation is relevant for the start of the growing season of
vegetation, which affects the plant phenology and crop yield
over the TRH region (Qian et al. 2010; Y. Zhang et al. 2017;
Yan et al. 2020). Sun and Wang (2018) demonstrated that the
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interannual variability of spring precipitation over the TRH
region is modulated by anomalous easterly and southerly wa-
ter vapor transport associated with the La Niña SST pattern.
More recently, Shang et al. (2021) indicated that the increased
cold season precipitation over the TRH region from 1961 to
2014 is associated with enhanced southeasterly water vapor
transport, which is possibly related to the enhanced Walker
circulation. In addition, along with rapid warming over the TP
and changes in the climate and atmospheric circulations, the hy-
drological cycle is also altered. Yan et al. (2020) have analyzed the
annual and seasonal atmospheric water budget and its long-term
trend over the whole TP based on the ERA5 reanalysis data.
They proposed that the decrease of outside water vapor transport
and increase in evapotranspiration (ET) in the TRH region may
result in the depletion of surface water storage during the summer
season. Their results also show an increase in spring precipitation
over the TRH region from 1979 to 2018, but a detailed atmo-
spheric water budget analysis for this region was not performed.
Exploring the variation of atmospheric water budget components
in this region can enhance our understanding of the physical pro-
cesses responsible for the increase of spring precipitation.

The calculation of atmospheric water budgets can poten-
tially be done using global atmospheric reanalysis, but this ap-
proach has limitations (Hagemann et al. 2005; Trenberth and
Guillemot 1998; Trenberth et al. 2007). For example, Cullather
et al. (2000) demonstrated that the annual P 2 E values from
the NCEP–NCAR and ECMWF analyzed fields are lower
than those obtained from moisture flux convergence by about
60%. Model configuration and data assimilation techniques
are key factors affecting the quality and stability of reanalysis
(Dee et al. 2011; Seager and Henderson 2013). The perfor-
mance of global atmospheric reanalysis on the local scale also
has to be treated with caution, as the assessment of the mois-
ture budget balance at regional scales is more challenging than
at the global scale (Brown and Kummerow 2014), especially in
steep terrain regions such as the TP. Compared with global
atmospheric models, dynamical downscaling models have
emerged with improved parameterizations of physical pro-
cesses, such as the Weather Research and Forecasting
(WRF) Model (Skamarock and Klemp 2008). In particular,
the refined land surface and terrain information in regional
climate models (RCMs) can lead to an improved represen-
tation of the moisture flux dynamics and budgets (Castro
et al. 2005). For the TP, numerous studies have demon-
strated that the high-resolution RCMs could improve pre-
cipitation simulation over complex terrain (Collier et al.
2013; Mughal et al. 2017; Karki et al. 2017). However, few
studies explore the added value of dynamical downscaling with
RCMs for the representation of atmospheric water budget over
the high-altitude mountain area. Therefore, this study attempts
to analyze the atmospheric water budget with both global rean-
alysis (ERA5) and a downscaling model (WRF).

The precipitation over a land region is composed of two
components: the advective external component resulting from
the fluxes of water vapor into the region and the internal com-
ponent resulting from local evapotranspiration (Burde and
Zangvil 2001). The precipitation recycling ratio, defined as
the contribution rate of the local evapotranspiration to the

total precipitation, is an important indicator for understand-
ing the change of land–atmospheric interactions in the context
of the changed atmospheric branch of the hydrological cycle.
The precipitation recycling can be assessed with a tagged pro-
cedure within an RCM (Arnault et al. 2016; Zhang et al. 2019;
Wei et al. 2015; Knoche and Kunstmann 2013; Arnault et al.
2019, 2021; Gao et al. 2020; Yang and Dominguez 2019;
Dominguez et al. 2016; Insua-Costa and Miguez-Macho 2018).

This paper aims to conduct the regional atmospheric water
budget analysis combined with the global ERA5 reanalysis
data and the regional-scale WRF simulations to better under-
stand the physical processes leading to spring precipitation
variability in the TRH region over the past decades. Moreover,
we intend to evaluate the changes of the contribution from sur-
face evapotranspiration to precipitation in spring over the TRH
region to quantify the response of the land-atmospheric interac-
tion to the increased spring precipitation. The specific objectives
of this study are 1) to investigate the performance of the
ERA5 reanalysis data and the WRF model in the simulated
spring precipitation change from 1979 to 2018 over the TRH
region, 2) to explore the change of the atmospheric water bud-
get components corresponding to the changed spring precipi-
tation in the study region using the ERA5 reanalysis and the
WRF model, 3) to understand the added value of the WRF
model compared to the global reanalysis in the atmospheric
water budget description over the TRH region, and 4) to
quantify the change of land–atmosphere interactions by ap-
plying the ET-tagging method embedded in the WRF model.

2. Model configuration, datasets, and methodology

a. Study region

The TRH region is located in southern Qinghai Province,
China. It supplies about 25%, 15%, and 49% of the total runoff
for the Yangtze River basin, the Yellow River basin, and the Me-
kong River basin, respectively (Zhang et al. 2012). The altitude of
the TRH region ranges from 3335 to 6564 m (Fig. 1). The land-
scape of the TRH region is dominated by glaciers, snow cover,
permafrost, and wetlands (Tong et al. 2014; Wang et al. 2022).
The climate is modulated by the East Asian monsoon and the
prevailing westerlies (Yang et al. 2014). The annual temperature
ranges between 25.68 and 7.88C, and the annual precipitation is
between 262 and 772 mm (Yi et al. 2013). The mainland cover
types are grassland and open shrubland as shown in Fig. 1b.

b. Model configuration

The WRF Model is a mesoscale numerical weather predic-
tion system (Skamarock et al. 2008). It is a nonhydrostatic
model with several available dynamic cores, which can be used
for a wide variety of applications, and scales ranging from the
global scale to large-eddy simulations. It contains several pa-
rameterization options for microphysics, longwave and short-
wave radiation, the planetary boundary layer, cumulus clouds,
and the land surface. The dynamical core of the Advanced
Research WRF in version 4.0 is used in this study.

To simulate the climate variables with WRF over the TRH
region, the two domains shown in Fig. 1a are used. The model
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is applied following a one-way nesting approach with two do-
mains (Fig. 1) driven by ERA5 initial conditions and lateral
boundary conditions. WRF is set up with a 9-km horizontal
grid spacing with 300 3 200 horizontal grid points for domain
1 (centered at 338N, 938E), covering the major TP (Fig. 1a),
and a 3-km horizontal grid spacing with 400 3 187 horizontal
grid points for the domain 2, focusing on the TRH region.
Taking into account the WRF Lambert projection and also to
eliminate the effect of the relaxation zone, the analyzed area
in this study is 30.258–34.758N, 90.258–102.258E as shown in
Fig. 1b. Vertical levels are set to 40 levels from the near sur-
face up to 20 hPa, using a time step of 45 s. The schemes se-
lected for this study are listed in Table 1.

c. Experimental design

Twenty model runs covering a 6-month period each, from
1 January to 1 June, are considered, 10 for the so-called dry
period from 1979 to 1988 and 10 for the so-called wet period

from 2009 to 2018. The model is reinitialized every year on
1 January. For each year simulation, the first two months are
considered as a spinup period and the last three months are
the study period.

The WRF-based ET-tagging method from Arnault et al.
(2016) is also used. The tagged atmospheric water variables
are initially set to zero and the land surface evapotranspiration

FIG. 1. (a) Geographical location of the Three-River Headwaters (TRH) region and also the
terrain elevation of the simulation’s domains; color denotes the terrain height of the parent do-
main (d01) and the inner domain (d02) in the WRF simulation (m). The red rectangle in (a) de-
notes the location of d02. (b) The analyzed region in this study and land cover types.

TABLE 1. Physical schemes of the WRF model used in this study.

Subject Select option Reference

Shortwave radiation Dudhia Dudhia (1989)
Longwave radiation RRTM Mlawer et al. (1997)
Microphysics WSM6 Hong et al. (2006)
Cumulus

parameterization
Domain 1 KF;

domain 2 none
Kain and Fritsch

(1992)
Planetary boundary

layer
Yonsei University

(YSU)
Hong et al. (2006)

Land surface model Noah-MP Niu et al. (2011)
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occurring over the simulation’s domain 2, which is our study
region, is treated as the source of tagged water vapor. The skill
of the model in correctly representing the atmospheric process
and land–atmosphere process occurring in the study region is
assessed by comparing the simulated precipitation and land sur-
face evapotranspiration with gridded datasets.

d. Datasets

1) GRIDDED REFERENCE DATA FOR MODEL VALIDATION

To analyze the spring precipitation variability over the
TRH region and evaluate the performance of WRF in our
study region, the gridded daily CN05.1 precipitation dataset is
used. This gridded dataset is constructed from daily records of
2472 rain gauges in China at a resolution of 0.258 3 0.258 from
1961 to 2018 (Wu and Gao 2013). The CN05.1 data have been
widely used to investigate regional climate change and vali-
date high-resolution climate models (e.g., Shi et al. 2018;
Shang et al. 2021). The daily evapotranspiration from the
Global Land Evaporation Amsterdam Model (GLEAM) ver-
sion 3.5a was used as the reference ET data, which is based
on satellite and reanalysis data spanning the 41 years from
1980 to 2020 with a spatial resolution of 0.258 globally (Martens
et al. 2017; Miralles et al. 2011).

2) GLOBAL REANALYSIS FOR ATMOSPHERIC WATER

BUDGET ANALYSIS AND INITIAL AND LATERAL

BOUNDARY CONDITION FOR THE WRF MODEL

Analysis of the atmospheric water budget relies on detailed
information about variations in winds and humidity. Such data
are typically available from global atmospheric reanalyses like
the NCAR–NCEP (Kalnay et al. 1996), ECMWF ERA-40
(Uppala et al. 2005), ECMWF ERA-Interim (Dee et al. 2011),
and ECMWF ERA5 (Hersbach et al. 2018). The new fifth-
generation European Centre for Medium-Range Weather
Forecasts Reanalysis (ERA5; Hersbach et al. 2018) is used for
the atmospheric moisture budget analysis in this study. ERA5
is the most recent reanalysis dataset of ECMWF; it embodies
detailed records of the global atmosphere and land surface
from 1950 onward and replaces the ERA-Interim dataset. The
spatial resolution has been increased to ∼31 km (0.258) with
137 vertical layers. Besides the higher resolution, ERA5 also
benefits from an improved data assimilation system, hourly
output, uncertainty estimates, and a large variety of output pa-
rameters (Hersbach et al. 2018). The atmospheric moisture
budget fields of ERA5 (precipitation, evapotranspiration, ver-
tically integrated moisture divergence, and total column atmo-
spheric water) are used at the highest available spatial (31 km)
and temporal (hourly) resolution. ERA5 also provides initial
and lateral boundary conditions for WRF simulations. The
temporal storage interval of the ERA5 for driving WRF is 6 h
at 0000, 0600, 1200, and 1800 UTC. For evaluation, the precipi-
tation and evapotranspiration from WRF and ERA5 are re-
mapped to the CN05.1 data and the GLEAM data by bilinear
interpolation.

e. Methods

1) ATMOSPHERIC WATER BUDGET

The calculation of the moisture budget is based on the bal-
anced equation for atmospheric water (Seager and Henderson
2013). The atmospheric water budget is given by

W
t

2 ∇ · Q 5 P 2 ET 1 residual, (1)

where W and 2∇ · Q denote the atmospheric water storage
and the moisture convergence, and the residual term refers to
the model bias (Seager et al. 2010; Trenberth and Guillemot
1995; Seager and Henderson 2013). The vertical integral of
moisture convergence is defined by

2∇ · Q 5 2
1
g
∇ ·

�p5ps

p50
Vq dp, (2)

with air pressure p (Pa), gravitational acceleration g (m s22), hor-
izontal wind vector V (m s21), and specific humidity q (kg kg21).
At seasonal time scales, the variations of the atmospheric
water storage W can be assumed to be negligible (Peixto
and Oort 1984), which leads to the following simplified bud-
get equation:

P 5 ET 2 ∇ · Q 1 residual: (3)

This atmospheric water budget is calculated “offline” with the
hourly ERA5 outputs. In WRF this budget is calculated “online”
using the method of Arnault et al. (2016), so that in this case the
budget components are directly provided in theWRF outputs.

The moisture budget can be decomposed according to
Seager et al. (2010) as follows:

rWg(P 2 ET) 5 2

�p5ps

p50
(V · ∇q 1 q∇ · V)dp

2

�p5ps

p50
∇ · (V′q′ )dp 2 qsVs · ∇ps, (4)

where overbars indicate monthly means and primes indicate
the departure from monthly mean, p is pressure, q is specific
humidity, V is the horizontal vector wind, rw is the density of
water, and the subscript s represents surface values.

To understand the potential mechanisms governing the pre-
cipitation change between the dry period and the wet period,
we denote

d( · ) 5 ( · )wet 2 ( · )dry (5)

where subscripts “wet” and “dry” indicate the values of the arbi-
trary quantity in parentheses during the wet period and the dry
period. Then Eq. (4) can be approximated as follows:

rWg(P 2 ET) ≈ 2

�p5ps

p50
(dV · ∇qdry 1 Vdry · ∇dq

1 dq∇ · Vdry 1 qdry∇ · dV)dp

2

�p5ps

p50
∇ · d(V′q′ )dp 2 d(qsVs · ∇ps): (6)
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In Eq. (6), terms involving changes in q but not changes in
V are referred to as the thermodynamic contribution to
changes P 2 ET, terms involving changes in V but no changes
in q as the dynamic contribution.

Here, we only consider the contribution of mean flow for
moisture transport. The moisture convergence can be broken
down as follows:

dTH 5 2

�p5ps

p50
∇ · (Vdry[dq])dp (7)

dMCD 5 2

�p5ps

P50
∇ · ([dV]qdry)dp (8)

where dTH and dMCD represent the contribution of thermo-
dynamic and mean dynamic circulations for the moisture
convergence.

The area-averaged moisture transport can be calculated by
two methods, either the divergence field of atmospheric water
fluxes over a specific region or by the input/output of the at-
mospheric water fluxes through four lateral boundaries of this
region. For the second method, the moisture transported
through each boundary Qb is calculated following the method
from Schmitz and Mullen (1996):

Qb 5

�
L
Q 3 n dl, (9)

where n represents the inward unit vector normal to the cor-
responding boundary and L is the length of the boundary. For
the area average moisture transport, the formulation becomes

2∇ · Q 5
1
A

�
LW

Qu 3 n dl 2
�
LE

Qu 3 n dl

(

1

�
LS

Qy 3 n dl 2
�
LN

Qy 3 n dl

)
, (10)

where Qu and Qy represent the zonal and meridional compo-
nents of the integrated water fluxes. Theoretically, both methods
lead to the same results, although time sampling approximations
in offline calculation can introduce some numerical discrepancies
between the two formulations (Li et al. 2013).

The boundary fluxes and the decomposition of the water
budget are calculated by the 6-hourly ERA5 outputs formed
into monthly means and the hourly outputs from WRFD01
(using variables of u winds, y winds, and specific humidity).

2) WRF-BASED ET-TAGGING METHOD

The ET-tagging method is an online diagnostic method to
trace moisture that originates as evapotranspiration from the
source region until it reaches the lateral boundary of the simu-
lation’s domain or falls as precipitation (Arnault et al. 2016;
Wei et al. 2015; Knoche and Kunstmann 2013; Yang and
Dominguez 2019; Sodemann et al. 2009; Zhang et al. 2019).
This method consists of considering a second numerical formu-
lation of the atmospheric hydrological cycle in the RCM for the
tagged water, as elaborated by Knoche and Kunstmann (2013)

in the MM5 model and recently implemented in the WRF
model (Arnault et al. 2016; Zhang et al. 2019; Arnault et al.
2021). Evaporated water from a selected region will be “tagged”
when entering the atmosphere. This means that each water
variable has a corresponding tagged water variable, and each
equation describing the fate of a water variable has a corre-
sponding equation describing the fate of the corresponding
tagged water variable. The tagged water is numerically treated
in the physical processes as the total moisture in the simula-
tion which undergoes the same transport process and phase
changes. To do this, there is an approximation that the tagged
water is fully mixed so that processes acting on tagged water are
simply scaled with a tagged water ratio.

3) PRECIPITATION RECYCLING RATIO

The contribution of land surface evapotranspiration to preci-
pitation, namely the regional precipitation recycling (Brubaker
et al. 1993), is assessed with the WRF-based tagging procedure
(Arnault et al. 2016). Precipitation recycling ratio has been
widely used for characterizing the regional water cycle and land–
atmosphere interaction strength (Gao et al. 2020; Zhang et al.
2022), and is calculated as follows:

r 5
Ptag

Ptotal
, (11)

where Ptag denotes the tagged precipitation originating from
ET in the source region, while Ptotal denotes the total precipi-
tation. The Ptag is a measure of the regional precipitation re-
cycling occurring in the source region.

In addition, the Student’s t test is used to assess the statisti-
cal significance of the spatial difference between the wet
period and the dry period.

3. Results and discussion

a. Spatiotemporal change of spring precipitation

Figure 2a shows the long time series of standardized spring
precipitation from 1979 to 2018 based on ERA5 and CN05.1
over the TRH region. The observations show large positive
anomalies almost every year after 2000, while negative anom-
alies are observed before 2000. It reveals a dry-to-wet shift
at the beginning of the 2000s. The observations show that
the spring precipitation increased from 1979 to 2018 at a rising
ratio of 0.07 mm day21 decade21, which is statistically signifi-
cant at 99% confidence level (Fig. 2b). To investigate the
change of spring precipitation over the TRH region, two sub-
periods, namely a relatively dry period from 1979 to 1988
(10 continuous years) and a comparable wet period from
2009 to 2018 (10 continuous years), are selected based on the
observations. The spring precipitation amount is less than
1 mm day21 almost every year (except in 1981, 1985, and 1988)
during the dry period, whereas it is more than 1 mm day21

(1.1 mm day21) during the wet period (see Table 1 in the
online supplemental material). The significance of the precipi-
tation difference between the dry period and the wet period is
tested by the paired-samples t test. The result shows that the
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difference is statistically significant at the 99% confidence level.
It implies the evidenced wetting trend in spring over the TRH re-
gion, and the pattern has been recurrent in the recent decade.
Li et al. (2021) show that the runoff of the Yangtze River in June
increased after 1990, which may be a response to the increased
precipitation in spring.

The correlation coefficient between the standardized spring
precipitation based on ERA5 and CN05.1 is 0.7 and statisti-
cally significant at the 99% confidence level, which indicates
that ERA5 captures the rising trend of the spring precipitation
similar to the observations. Nevertheless, ERA5 highly overes-
timates the spring precipitation amount (about 0.6 mm day21)
compared with observations (Fig. 2b). The calculated linear trend
from ERA5 is 0.05 mm day21 decade21, which is statistically
significant at the 95% confidence level. To examine whether
the increase of the spring precipitation based on ERA5 is en-
tirely defined by only one year (e.g., 2009), the mean spring
precipitation excluding the year 2009 is calculated, and the
value is 1.59 mm day21, which still reveals the wetting during
the wet period.

The spring precipitation during the dry and wet periods is
also simulated with the WRF model. The WRF results still
show a wet bias [about 0.35 mm day21 with WRF for domain
1 (WRFD01) and 0.14 mm day21 for domain 2 (WRFD02)].
This can be seen as a usual model discrepancy over the TP
(e.g., Gao et al. 2014, 2015, 2018). However, the WRFD02 re-
sult outperforms WRFD01 and ERA5 by reducing the wet
bias by around 60% and 77% separately. The topographical
fields of ERA5, WRFD01, and WRFD02 are presented in
Fig. 3. A better definition of topography in WRFD02 than in
WRFD01 and ERA5 is evident. Downscaling can effectively
improve precipitation accuracy due to resolving small-scale
physical processes (Zhou et al. 2021; Xu et al. 2018; Wang
et al. 2020; Gao et al. 2015, 2014; Shi et al. 2018).

The mean precipitation simulated by the WRF model
(WRFD02) is 1.08 and 1.33 mm day21 during the dry and wet
periods. The difference of precipitation between the dry pe-
riod and the wet period simulated by WRF is statistically

significant at the 99% confidence level, which indicates that
WRF also reproduces the increase of the spring precipitation
reasonably in time. The daily precipitation validation shows
that the overestimation in the WRF model is more pronounced
for heavy precipitation (Fig. S1) (Gao et al. 2018), which may
be a reason for even larger overestimations during relative wet
years (Fig. 2b). Nevertheless, ERA5 and WRF both reproduce
the wetting trend of spring precipitation in recent years over the
TRH region.

Figures 4a and 4b show the spatial pattern of mean spring
precipitation based on CN05.1 during the dry and wet periods.
Spring precipitation over the TRH region shows a gradient

FIG. 2. (a) Time series of standardized spring precipitation over the TRH region from 1979 to 2018 based on ERA5
and CN05.1 and (b) time series of spring precipitation amount from 1979 to 2018 based on ERA5, CN05.1, WRFD01,
and WRFD02 [1979–88 (10 years) and 2009–18 (10 years)].

FIG. 3. Topography (m) over the TRH region represented by
(a) WRFD02_3 km, (b) WRFD01_9 km, and (c) ERA5_30 km.
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from southeast to northwest with more precipitation in south-
eastern TRH and less precipitation in the northwestern TRH.
Figures 4c–h show the absolute difference between ERA5,
WRFD01, and WRFD02 and CN05.1 during the dry and wet
periods. ERA5 overestimates the spring precipitation both
for the dry and wet periods, especially in the southeastern re-
gion (more than 1 mm day21) and the northwestern TRH re-
gion where the altitude is the highest (Fig. 3; Ji and Kang
2013; Zhou et al. 2021; Wang et al. 2020). The differences be-
tween WRF and CN05.1 are smaller than ERA5 (Figs. 4e–h).
WRFD01 overestimates spring precipitation in the northeast-
ern TRH region (about 0.3 mm day21) and the central south
edge (more than 0.7 mm day21). Wet biases are reduced
more in WRFD02 except for the central south edge similar to
the parent domain. Besides, the WRFD02 simulation produ-
ces a few dry biases over the northeastern region during the
wet period. In total, the WRF model outperforms the ERA5
very much in terms of precipitation wet bias, potentially be-
cause of the higher spatial resolution (3-km high-resolution
grid) compared to the ERA5 global reanalysis (Zhou et al.
2021), which allows for a more realistic representation of
moist convection processes in complex terrain (Fig. 3).

Figures 5a and 5b show the spatial pattern of mean evapo-
transpiration based on GLEAM data during the dry and wet

periods. Similar to precipitation, evapotranspiration also increases
from the southeast to the northwest. The evapotranspiration of
ERA5 is close to the GLEAM data except for a small overesti-
mate in northwestern TRH during the dry period. The overall
bias of evapotranspiration simulated by WRF is also low except
for an overestimate in the central and eastern TRH and dry bias
in the western region, especially during the wet period. WRFD02
performs a bit better compared to WRFD01. The relatively good
agreement of precipitation and evapotranspiration between the
WRF model and observations suggests that the model setup in
this study is suitable for representing the characteristics of the at-
mospheric water budget and land–atmosphere interactions over
the TRH region.

Figure 6 shows the average monthly precipitation during
the dry and wet periods based on CN05.1, ERA5, and WRF.
It shows that ERA5 always overestimates the precipitation of
more than 0.5 mm day21 for every month, during both the dry
and wet periods. The WRF model results (both WRFD01 and
WRFD02) show comparatively good agreement with the ob-
servation data in March (wet bias less than 0.1 mm day21).
The largest wet bias occurs in May when the South Asia
summer monsoon onset leads to strong remote water vapor
transport, but the topographic drags in the model result in ex-
cessive water vapor transport (Beljaars et al. 2004; Wang et al.

FIG. 4. Spatial pattern of mean spring precipitation (mm day21) based on CN05.1 during the (a) dry and (b) wet pe-
riods; absolute difference of spring precipitation between ERA5 and CN05.1 during the (c) dry and (d) wet periods.
(e)–(h) As in (c) and (d), but with WRFD01 and WRFD02.
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2020). This is also the reason why the wet bias of WRFD01 is
larger than WRFD02 (Fig. 3). Nevertheless, the WRF model,
especially the results from the nested domain, still out-
performs ERA5 for the representation of precipitation in
monthly scales because of the high resolution (Fig. 3).

Figure 6c shows the differences in monthly precipitation in
spring between the wet and the dry periods from CN05.1,
ERA5, and WRF, respectively. The WRF model shows a
higher (smaller) difference in precipitation compared to the
observations in May (April). It is noted that the difference

FIG. 5. Spatial pattern of mean spring evapotranspiration (mm day21) based on GLEAM during the (a) dry period
and (b) wet period; absolute difference of spring evapotranspiration between ERA5 and GLEAM during the (c) dry
period and (d) wet period. (e)–(h) As in (c) and (d), but with WRF.

FIG. 6. Comparison of monthly precipitation during (a) the dry period (1979–88) and (b) the wet period (2009–18) based on CN05.1,
ERA5, WRFD01, and WRFD02; (c) time series of monthly precipitation difference between the wet and dry periods based on CN05.1,
ERA5, WRFD01, and WRFD02. The shadows indicate the standard deviation of the mean value. The asterisks (*) with different colors
represent that the differences of the respective variables between the dry period and the wet period in every month are statistically signifi-
cant at the 95% confidence level.
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presented by the parent domain and nested domain is almost
the same. Nevertheless, the WRF model, ERA5, and the ob-
servations all demonstrate the highest precipitation increase
in May during the South Asian summer monsoon onset. The
remarkable increase of precipitation in May from 1979 onward
over the southeastern TP has been reported in other studies,
which suggests that it may be related to the earlier onset of the
South Asian summer monsoon (e.g., W. Zhang et al. 2017).

Figure 7a shows the spatial pattern of the difference of
spring precipitation between the wet period and the dry pe-
riod based on CN05.1. Significant positive values are observed
in the northeast of the TRH region (lower elevation areas),
while there is no increase along the southern border of the
TRH region. The maximal increase of spring precipitation
mainly occurs in the eastern TRH region (more than 0.5 mm
day21) and the northern part. In contrast, the pattern in
ERA5 only shows some resemblance to the observation in
the very southeast corner of the domain and indicates that the
increase of spring precipitation in ERA5 mainly occurred in
the southeastern and western TRH regions (Fig. 7b). ERA5
overestimates the observed increase of the spring precipita-
tion in the western TRH region, whereas it underestimates it
in the north. The overestimation may be due to the high ter-
rain in the western TRH region (above 5000 m; see Figs. 1
and 3), which is not properly resolved in the reanalysis. The
spatial pattern of difference between the dry and wet periods
based on ERA5 excluding the year 2009 is further examined
and the result is similar to before (Fig. S2), which indicates
that the wetting trend in ERA5 is not entirely defined by only
one year but wetting is recurrent in the recent decade. The
above results indicate that although ERA5 captures the wet-
ting trend in the current decade, it cannot correctly capture
the spatial pattern of the observed spring precipitation
change. WRF also does not perform well in reproducing the
pattern of the precipitation change. The pattern of WRFD01
is similar to WRFD02, which indicates that the higher resolu-
tion of the WRF model benefits only from the reduction of
the precipitation wet bias but does not change the pattern of
difference between the dry and wet periods (Figs. 7c,d and 6c).

The pattern of the WRF model along the east of the TRH re-
gion looks good, but there is another large area with increments
around 948E, north of the southern border, where high moun-
tains should have blocked or diminished any extra advection in
wet years. The increments in the north of the southern border
may be related to the poor representation of the moisture flux
because of the complex terrain in the model (Fig. 3). The spatial
pattern of WRFD02 is similar to WRFD01, while the wet bias
of WRFD02 is reduced significantly. Therefore, the results of
WRFD02 are used for the water budget analysis and compari-
son with ERA5 in the following.

b. Moisture budget for spring precipitation change

Figure 8 shows the moisture transport and moisture conver-
gence during the dry and wet periods based on ERA5 and
WRF. ERA5 and WRF show similar results for the pattern of
moisture fluxes. They both show two moisture transport path-
ways toward the TRH region: southwesterly moisture trans-
port along the south edge of the TP across the southern
boundary and the midlatitude westerlies moisture transport
across the western boundary (Simmonds et al. 1999; Shang
et al. 2021). The westerly moisture fluxes prevail over the
TRH region. The positive moisture convergence over the
TRH region is sustained by the westerly and southerly inflow
across the western and southern boundaries, which exceeded
the eastward outflow across the eastern boundary. It should
be noted that the moisture convergence here is the average
across a lot of noise. ERA5 and WRF both display intense
moisture convergence over the southern region of the eastern
Himalayas due to the blocking of the southerly water vapor
by the high terrain. The difference is that the WRF Model
shows strong moisture divergence along the Himalayas whereas
this is not obvious in ERA5.

To understand the individual components of the atmospheric
moisture budget governing the spring precipitation change over
the TRH region, Fig. 9 shows the spatial patterns for the differ-
ences of evapotranspiration, moisture convergence, and the re-
sidual between the wet period and the dry period based on

FIG. 7. Spatial pattern of the differences of spring precipitation (mm day21) between the wet period (2009–18) and
the dry period (1979–88) based on (a) CN05.1, (b) ERA5, (c) WRFD01, and (d) WRFD02. Dotted regions indicate
that differences are statistically significant at the 95% confidence level.
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ERA5 and WRF, respectively. The results for ERA5 show a
large increase of evapotranspiration in the area around
968–988E and 318–328N (Fig. 9a). The WRF simulations show
an increase of evapotranspiration in the eastern TRH region

(east of 988E) and almost no change in other areas. For the dif-
ference of moisture convergence (Figs. 9b,c), the ERA5 and the
WRF Model both show a similar spatial pattern to their pattern
of precipitation change (Figs. 7b,d). The differences of the

FIG. 9. Spatial pattern of the differences of individual atmospheric water budget items in spring corresponding to the
change of precipitation between the wet period (2009–18) and the dry period (1979–88) based on (a),(c),(e) ERA5 and
(b),(d),(f) WRF. Dotted regions indicate that differences are statistically significant at the 95% confidence level.

FIG. 8. Spring integrated moisture transport (vectors; kg m21 s21) and moisture convergence (color; mm day21)
based on (a),(b) ERA5 and (c),(d) WRF during (left) the dry period and (right) the wet period. The red rectangle
denotes the location of our study region (D02).
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residual from ERA5 show positive values in the eastern TRH
region and small negative values in the northwestern TRH re-
gion (Fig. 9e), which may be related to numerical uncertainties
in the budget evaluation method from ERA5 (Dee et al. 2011).
The differences of the residual from WRF are very small (close
to 0) across the entire study region, which demonstrates the ad-
vantage of the online calculation of the atmospheric water bud-
get. In general, the spatial change of the moisture convergence
dominates the change of spring precipitation over the TRH
region.

The difference of the integrated moisture transport between
the wet and dry periods based on ERA5 (Fig. 10a) indicates
that the westerly moisture transport enhanced over the TRH
region, resulting in the strengthened moisture convergence in
the eastern region of the study region. The WRF Model shows
an intense enhancement of the southerly moisture transport

across the southern boundary and an enhancement of westerlies
over the TRH region during the wet period, leading to en-
hanced moisture convergence in the eastern region (Fig. 9d).
Compared to ERA5, the enhancement of the southerly water
fluxes described by WRF is stronger.

To assess the dynamic and thermodynamic contributions
to the change of the moisture convergence and fluxes, the de-
composition results of the moisture convergence based on
ERA5 and WRF are shown in Fig. 11. The dynamic compo-
nent of the moisture convergence based on ERA5 and WRF
both display a similar spatial pattern to their patterns of mois-
ture convergence differences between the wet period and the
dry period (Figs. 9c and 8d). The dynamic water fluxes display
easterly anomalies in the TP, implying the weakened westerlies
in the recent decade. The easterly anomalies over the TRH re-
gion are favorable for convergence in this region (Sun et al. 2020;

FIG. 10. Differences of the spring integrated moisture transport (vectors; kg m21 s21) and moisture convergence
(color; mm day21) between the wet period and the dry period based on (a) ERA5 and (b) WRF. Dotted regions indi-
cate that differences are statistically significant at the 95% confidence level.

FIG. 11. The moisture convergence (color; mm day21) and integrated moisture transport (vectors; kg m21 s21) con-
tributed by (a),(c) the dynamic term related to the change of winds and (b),(d) the thermodynamic term related to
the change of the specific humidity based on (top) ERA5 and (bottom) WRF.
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Zhou et al. 2019; Lin et al. 2013; Shang et al. 2021). Compared to
the dynamic term, the changes in the magnitude of the thermo-
dynamic term are smaller. The thermodynamic terms based on
ERA5 and WRF both show moisture divergence in the TP. But
the thermodynamic water fluxes reveal enhanced westerly mois-
ture transport, which implies the enhancement of the specific hu-
midity in the TP. In conclusion, the decomposition results based
on ERA5 and WRF indicate that the enhanced moisture inflow
is sustained by enhanced mass flux (dynamic component), and
the enhanced moisture outflow is sustained by increased mois-
ture (thermodynamic component).

Figure 12 shows the individual mean monthly atmospheric
water budget components (precipitation, evapotranspiration,
moisture convergence, residual) during the dry and wet peri-
ods from ERA5 and WRF. Both ERA5 and WRF show the
largest evapotranspiration, net atmospheric water transport,
and precipitation in May. The monthly budget from ERA5
shows a similar magnitude for the moisture convergence
and the evapotranspiration over the TRH region, whereas
the WRF budget suggests that the total evapotranspiration
is much larger. The atmospheric moisture convergence is
additionally calculated with the input/output of the water
fluxes across the lateral boundaries (the four boundaries
of our studied rectangle region). For the TRH region, the

moisture inflow is mainly from the southern and western
boundaries, and the fluxes from the north only play a minor
role. The moisture outflow predominates at the eastern bound-
ary (Figs. S3 and S4). For May, the moisture inflow from
the southern direction dominates, both for the wet and dry peri-
ods. This month corresponds to the onset of the South Asian
monsoon.

Figures 13a and 13b further show the differences of the
monthly individual atmospheric water budget components be-
tween the wet and dry periods from ERA5 and WRF, respec-
tively. The ERA5 and the WRF Model show similar results,
which display the highest increase of moisture convergence in
May, while there is almost no change for evapotranspiration
in the whole spring. Figures 13c and 13d show the differences
of the monthly water fluxes across four lateral boundaries in
our study region between the wet period and the dry period.
The atmospheric water transport change mainly occurs in
May with the onset of the South Asian summer monsoon
bringing abundant atmospheric water. The ERA5 and WRF
model both show enhanced water transport across the south-
ern and western boundaries in May during the wet period,
which is an increase in the main contribution of atmospheric
water to the TRH region. Enhanced output from the eastern
boundary in May is also found with both ERA5 and WRF.

FIG. 12. Mean monthly precipitation, evapotranspiration, net moisture transport, and the residual during the dry and
wet periods based on (a),(b) ERA5 and (c),(d) WRF. The shadows indicate the standard deviation of the mean value.
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The enhanced moisture output to the east can be interpreted
as a consequence of the increased atmospheric water input
from the western and southern boundaries. Nevertheless, the
increase in moisture output across the eastern boundary is not
as great as the increase in inflows at the western and southern
boundaries. In general, this differential budget analysis shows
that the enhancement of the spring precipitation observed in
recent years over the TRH region is mainly because the en-
hanced southerly water fluxes across the southern boundary
exceeded the enhanced moisture outflow across the eastern
boundary. The enhanced moisture inflow is related to the east-
erly wind anomalies and enhanced southerly winds (Fig. 11). The
easterly anomalies may be associated with an anticyclone to the
north of the TRH region and the enhanced southerly moisture
transport may be caused by the La Niña pattern in the Pacific
(Sun andWang 2018).

c. Spring atmospheric water budget differences between
WRF and ERA5

Figures 14a and 14b show the differences in monthly precipi-
tation, evapotranspiration, moisture transport, and the residual
between WRF and ERA5 during the wet and dry periods

separately. In agreement with previous results, the WRF model
simulates less precipitation than ERA5, associated with a re-
duced wet bias relative to observations (Figs. 2 and 4). The lesser
precipitation in WRF compared to ERA5 is due to the weaker
simulated moisture convergence (Figs. 14a,b), which is evidence
of the potential of high-resolution modeling for evaluating cli-
mate change in this unique domain (Fig. 3; Zhou et al. 2021).
The evapotranspiration simulated from WRF remains close
to that from ERA5. Figures 14c and 14d, as well as Fig. S3c,
show the differences of monthly and yearly atmospheric water
fluxes through four lateral boundaries between WRF simulations
and the ERA5 data during the dry and wet periods separately.
Both during the dry and wet periods, the WRF model simulates
more atmospheric water input from the northern boundary in
the whole spring and more moisture output from the eastern
boundary in May compared to the ERA5 data. Meanwhile, less
southerly water fluxes are found with WRF both in the dry and
wet periods (Figs. 14c,d; see also Fig. S3c). Thus, the reduced
spring precipitation in WRF compared to ERA5 is due to a
weaker simulated southerly water flux entering the TRH region,
which is assumed to be a consequence of the higher resolution
and a better representation of orographic barrier effects in the
Himalayan region (Fig. 3; Bhatt and Nakamura 2005).

FIG. 13. Differences in monthly precipitation, evapotranspiration, net moisture transport, residual, and boundary
water fluxes between the wet and dry periods based on (a),(c) ERA5 and (b),(d) WRF. The asterisks (*) with differ-
ent colors indicate that the differences of the respective variables between the dry period and the wet period in every
month are statistically significant at the 95% confidence level.
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d. Regional precipitation recycling differences between
the wet period and the dry period

The evaluation of WRF results indicates that the setup of
the WRF Model in this study is suitable for representing the
variability of the land–atmosphere system in our study area.
The ET-tagging method embedded in WRF allows us to
quantify the contribution of regional land evapotranspiration
to regional precipitation, which is usually measured with the
precipitation recycling ratio. Figure 15 displays the spatial pat-
tern of mean-tagged precipitation during the dry period, the
wet period, and their corresponding difference (wet minus
dry). The tagged precipitation is in the northeastern TRH re-
gion and decreases from northeast to southwest. This distribu-
tion of tagged precipitation is attributed to the prevailing
westerly winds in the TP (Fig. 8; Ma et al. 2018; Dong et al.
2010; Yang et al. 2014; Shang et al. 2021) and is influenced by
the topography (Figs. 1 and 3), resulting in the tagged precipi-
tation falling in the eastern TP. The difference of tagged pre-
cipitation between the wet and dry periods shows that the
tagged precipitation has increased largely in the eastern TRH
region (Fig. 15c) related to the enhancement of evapotrans-
piration during the wet period (Fig. 9b). Figure 16 further

displays the spatial pattern of the spring precipitation re-
cycling ratio during the dry and wet periods and their corre-
sponding difference (wet minus dry). The precipitation recycling
ratio displays a decrease from the northeast to the southwest,
similar to the tagged precipitation during both the dry and wet
periods. The mean precipitation recycling ratio averaged over
the TRH region is about 12%. For comparison, Gao et al. (2020)
obtained a regional precipitation recycling of 30% in spring for
the TP region, which covers an area about 3 times larger than
our TRH region. Such a scale effect is expected (Trenberth 1999;
Arnault et al. 2016). The reasonable representation of evapo-
transpiration and precipitation in our simulations implies that
our estimation reasonably captures the precipitation recycling
process in this case study.

The area means precipitation recycling ratio decreased dur-
ing the wet period (about 11.5% during the dry period and
10.7% during the wet period). The difference in precipitation
recycling ratio between the wet and dry periods reveals that
the recycling process is weakened over most of the TRH region
in the recent wet years, although the total spring precipitation
has increased. This indicates that the spring precipitation in-
crease over the TRH region is mainly dominated by the external

FIG. 14. Differences in monthly precipitation, evapotranspiration, net moisture transport, residual, and boundary
water fluxes between (left) ERA5 and (right) WRF during (a),(c) the dry period and (b),(d) the wet period. The as-
terisks (*) with different colors indicate that the differences of the respective variables between the dry period and the
wet period in every month are statistically significant at the 95% confidence level.
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atmospheric water transport related to the large-scale circu-
lations. Accordingly, the large increase of spring precipitation
produced by the external moisture decreases the relative contri-
bution of evapotranspiration to precipitation in recent wet years,
so the recycling process is more important during relatively dry
years. Nevertheless, the contribution of the local evapotranspira-
tion cannot be ignored as the tagged precipitation has increased
during the wet period.

4. Summary and conclusions

In this study, the characteristics of spring precipitation over
the TRH region from 1979 to 2018 have been investigated
based on the high-resolution daily China gridded dataset
(CN05.1). The observational data showed that the spring pre-
cipitation in our study region increased significantly from the
beginning of the 2000s. The global reanalysis ERA5 and the
regional climate model WRF were further applied to investi-
gate the atmospheric water budget related to the change of

the spring precipitation in this region. Therefore, two 10-yr
subperiods (the relatively dry period from 1979 to 1988 and
the relative wet period from 2009 to 2018) were simulated by
WRF. For the temporal change of the spring precipitation,
the ERA5 data captured the precipitation trend but with con-
siderable overestimation (about 0.6 mm day21). The WRF
model performed better than ERA5 by decreasing the wet
bias (the overestimation decreased from 0.6 to 0.14 mm
day21). For the spatial pattern of the spring precipitation
change (wet period minus dry period) over the TRH region,
ERA5 and WRF both do not perform well.

Both ERA5 and the WRF model indicated that the recent
increase of spring precipitation over the TRH region is mostly
related to a change of moisture convergence in May, while
ET was barely changed. The decomposition of the moisture
convergence and fluxes based on ERA5 and WRF both re-
vealed that the dynamic component related to the change
of horizontal winds dominates the enhanced moisture inflow,
while the enhanced moisture outflow is sustained by the

FIG. 16. Spatial pattern of the precipitation recycling ratio during (a) the dry period and (b) the wet period, and
(c) their corresponding differences.

FIG. 15. Spatial pattern of the tagged precipitation during (a) the dry period and (b) the wet period, and (c) their
corresponding differences (mm day21). Dotted regions indicate that differences are statistically significant at the
95% confidence level.
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increased moisture (thermodynamic component). The net
atmospheric moisture transport calculated by the input/
output of the water vapor fluxes across the four lateral
boundaries in our study region showed that the moisture in-
flow is mainly from the southern and western boundaries,
and the outflow is from the eastern boundary. The change of
atmospheric moisture transport between the wet and dry
periods mainly occurred in May during the South Asian
summer monsoon onset. The water fluxes across the southern
boundary mostly contributed to the enhancement of the mois-
ture convergence over the TRH region, as demonstrated by
both ERA5 and the WRF model.

Regarding the comparison of the atmospheric water budget
simulated by WRF and ERA5, the moisture convergence sim-
ulated by WRF was lower than that in ERA5. The reduced
moisture convergence from WRF was related to a reduction
of simulated water fluxes from the southern boundary com-
pared to ERA5, leading to a reduction of the wet bias in
WRF.

Based on the ET-tagging method embedded in the WRF
model, the contribution of land evapotranspiration to regional
precipitation (regional precipitation recycling) was further
quantified. The result showed that spring precipitation from
evapotranspiration was mainly distributed in the northeastern
TRH region because of the prevailing westerly winds in the
TP. The precipitation recycling ratio decreased in the recent
wet period, as the recent increase of spring precipitation over
the TRH region was mainly dominated by external moisture
transport. But the contribution of the local evapotranspiration
should not be ignored as the tagged precipitation increased
during the wet period.

It is concluded that the ERA5 reanalysis data overesti-
mated the moisture convergence and precipitation in spring
due to the influence of the complex terrain, which is not prop-
erly represented in the reanalysis. The comparison of the at-
mospheric water budget from ERA5 and WRF evidenced
that the dynamical downscaling offers a sophisticated method
for refining and improving the description of the regional at-
mospheric water budget in the unique high mountainous re-
gion. Nevertheless, ERA5 is still suitable for large-scale
analysis of long-term climate change research because of the
expensive computation for the downscaling model. The down-
scaling model can provide a more accurate estimate of regional-
scale climate change, such as land–atmosphere interactions. In
the future, the model can be used to assess the potential impacts
of other factors on precipitation change over the TRH region,
such as the land-use change, including lake expansion and per-
mafrost degradation due to global warming. Further studies
should also be conducted to couple the “tagging method” with
comprehensive land surface schemes to enhance the under-
standing of the land–atmosphere interaction.
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