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Abstract Including the sub-grid terrain solar radiative effect (STSRE) of East Asia in the convection-
permitting Weather Research and Forecasting model can clearly improve the forecast skill of Meiyu rainfall in
the Yangtze-Huaihe River Basin (YHRB). However, the STSRE of which region mainly leads to the
improvement of Meiyu rainfall forecast remains unclear. This study systematically explores the impacts of local
and remote STSRE on the Meiyu rainfall forecast, their relative importance, and underlying physical
mechanisms. Results show that relative to the remote STSRE of Tibetan Plateau (TP), the local STSRE of
YHRB leads to relatively larger improvement of Meiyu rainfall forecast with the root mean square error
decreased by 6.24% and Taylor score increased by 2.76%. Further mechanism analysis indicates that the STSRE
of the TP weakens the TP heat source, leading to weakening and westward shifting of the South Asian High,
which in turn suppresses the divergence in the upper troposphere and the ascending motion over the YHRB and
thereafter improves Meiyu rainfall forecast. In contrast, the STSRE of the YHRB decreases surface incident
solar radiation and surface thermal conditions, producing a cold anomaly and anticyclonic circulation difference
in the lower troposphere over the YHRB. This anticyclonic difference directly weakens southwesterly water
vapor transport, thereby reducing the overestimation of Meiyu rainfall. This study highlights the importance of
local terrain (rather than the TP) in enhancing Meiyu rainfall forecast accuracy for 3—4 days weather forecasts.

Plain Language Summary The topography of China is complex, featuring plateaus, mountains, and
hills. The sub-grid terrain solar radiative effect (STSRE) not only influences the simulations of land surface
processes and precipitation in the Tibetan Plateau (TP) but also affects those in downstream regions. However,
the physical mechanism and evolution process of how the STSRE in different regions regulate the precipitation
forecast in the plain regions remain unclear. This study explores the impacts of local and remote STSRE on the
Meiyu rainfall forecast in the Yangtze-Huaihe River Basin (YHRB). Results show that the STSRE of TP
remotely suppresses the divergence in the upper troposphere and ascending motion in the lower troposphere
over the YHRB to improve the Meiyu rainfall forecasts. In contrast, the decrease of the surface incident solar
radiation and surface thermal condition induced by the local STSRE of YHRB leads to a local cold anomaly in
the lower troposphere, which directly weakens the southwesterly water vapor transport, finally reducing the
overestimation of Meiyu rainfall. Overall, the local terrain (rather than the TP) plays a crucial role in reducing
such overestimation during 3—4 days weather forecasts.

1. Introduction

The Meiyu rainfall is the product of the northward movement of the East Asian summer monsoon, which is the
main precipitation system in the Yangtze-Huaihe River Basin (YHRB) during summer (Ding, 1992; Ding &
Chan, 2005; Ding et al., 2021; Tao & Chen, 1987; Zeng et al., 2022). Previous studies have shown that
convection-permitting models can reproduce the general pattern of the Meiyu rainband (Guo et al., 2020; Jin
et al., 2016; Luo & Chen, 2015; Xu et al., 2021; Xue et al., 2018). However, the Meiyu rainfall is significantly
overestimated, both in terms of extreme values and in the spatial extent of heavy rainfall (Li et al., 2020; Yun
et al., 2020; Zhu et al., 2018).
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As shown in previous studies, the Tibetan Plateau (TP) could affect Meiyu rainfall systems by changing the
surrounding atmospheric circulation through its dynamic and thermal effects (Wang et al., 2009; Xu et al., 2010).
Also, the low vortices and shear lines originating from the TP are closely related to the heavy precipitation during
Meiyu rainfall period (Chen et al., 2015; Wu et al., 2020; Xu et al., 2000). Thus, accurate representation of
weather and climate over the TP is essential for Meiyu rainfall forecasts and simulations (Ma et al., 2022). Shi
et al. (2024) found that the overestimation of Meiyu rainfall is associated with overestimated southwesterly
winds, resulting in more water vapor transported to the YHRB, thereby producing excessive precipitation. Further
analysis indicates that the warm bias over the TP and the cold bias in southeastern China enhance the air tem-
perature gradient from northwest to southeast, leading to the overestimated southwesterly winds. The warm bias
over TP may take 2-3 days to affect the YHRB while the cold bias can induce a local cold high pressure,
generating an anticyclonic wind bias that intensifies the southwesterly flow, leading to overestimated Meiyu
rainfall in YHRB. Similar conclusions have also been mentioned in study of Hu et al. (2024). Although these
studies proposed a possible mechanism, they did not validate it through sensitivity experiments.

A recent study of Cai et al. (2023) showed that adopting a three-dimensional sub-grid terrain solar radiative effect
(STSRE) scheme developed by Huang et al. (2022) into the convection-permitting Weather Research and
Forecasting model (WRF_CPM) can effectively reduce the warm bias over TP. The reduced TP heating weakens
the southwesterly winds, thereby reducing the convergence of moisture flux over the southern TP. Moreover, the
weakened thermal low stabilizes the local atmosphere and suppresses the local convection. These effects greatly
alleviate the overestimation of precipitation over the southern TP produced by the WRF_CPM without consid-
ering the STSRE. They also pointed out that including the STSRE scheme can improve the downstream Meiyu
precipitation forecast, but the underlying causes and mechanisms were not discussed in that study. Most previous
studies on how the STSRE over the TP influences downstream regions primarily focus on long-term climate
simulations (Gu et al., 2020; Hao et al., 2023; Lee et al., 2019; Zhang et al., 2024). Since these simulations span
several months to several years, the TP's thermal effects have sufficient time to influence downstream regions
(Chenetal.,2015; Duan et al., 2012; Shi & Wen, 2015; Wu et al., 2007; Xu et al., 2002). Gu et al. (2020) indicated
that the STSRE can greatly reduce the warm bias over the TP, thereby reducing the land-sea thermal contrast at a
large scale and thereafter weakening the East Asian summer monsoon, and ultimately improving the Meiyu
precipitation simulations at a long-term scale.

However, in weather forecasting, the forecast period is typically 3—4 days, prompting the question of how the
improvements of TP's thermal condition forecasts influence the Meiyu rainfall forecast in the downstream YHRB
within such a short forecast period. Moreover, the YHRB contains numerous small- to medium-scale terrain,
including the Wuyi Mountains and Dabie Mountains, whose radiation budgets are also affected by the STSRE.
How the local STSRE affects the Meiyu rainfall forecasts over the YHRB remains unclear. The purpose of this
study is to figure out to what extent the remote STSRE of TP and local STSRE of YHRB can mitigate the Meiyu
precipitation overestimation and to clarify their influencing mechanisms. We will focus on addressing the
following scientific questions: How do the local STSRE and remote STSRE affect the Meiyu precipitation
forecasts? What is their relative importance? And what are the possible underlying mechanisms? The findings of
this study may deepen the understanding of the roles of STSRE from different regions in improving the Meiyu
rainfall forecasts.

The rest of this paper is organized as follows: In Section 2, we briefly introduce the WRF_CPM and the STSRE
scheme, as well as the observation data, experimental design, and the evaluation metrics. Then, how the STSRE
scheme affects the performance of WRF_CPM to forecast the Meiyu precipitation in the YHRB is presented in
Section 3. Section 4 indicates the influences of the local and remote STSRE on the Meiyu precipitation forecast,
their relative importance, and underlying physical mechanisms. The conclusions are given in Section 5.

2. Model, Data, Experimental Design, Method
2.1. Model

In this study, we used the WRF version 4.2 model with a horizontal resolution of convection-permitting (~4 km),
which is called as WRF_CPM. It can well portray the spatial distribution of the complicated terrains at model grid
scale, but the impact of sub-grid terrain features on the surface downward solar radiation (SDSR) cannot be
described by the current plane-parallel radiation scheme. To depict the STSRE more realistically, a three-
dimensional STSRE (3D-STSRE) scheme developed by Huang et al. (2022) has been incorporated into the
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Table 1
Details of Data Sets

Name

Variable Temporal resolution Spatial resolution

SRTM

Terrain elevation / 37 (~90 m)

East Asia-Pacific longwave/shortwave downward radiation data set SDSR 10-min 0.05° x 0.05°

CMA rain gauge and CMORPH combined data set

NCEP-GFS

precipitation 1-hr 0.05° x 0.05°
All forecast variables 3-hr 0.25° x 0.25°

WRF_CPM (Cai et al., 2023). Compared with the plane-parallel radiation scheme, the 3D-STSRE scheme fully
considers the impact of 3D structure (terrain slope and aspect, sky view factor, shadowing and reflecting effects of
nearby terrains) of the sub-grid terrains on the SDSR within a given model grid, and can significantly improve the
SDSR simulations over rugged areas (Gu et al., 2024; Zhang et al., 2022, 2024). Study of Cai et al. (2023) in-
dicates that adopting the 3D-STSRE scheme in the WRF_CPM can greatly alleviate the overestimation of SDSR
and precipitation by weakening the surface heating in the TP region with complicated terrains.

2.2. Data
The data sets used in this study are as follows:

1. To incorporate the 3D-STSRE scheme into the WRF_CPM, the sub-grid topographic parameters are needed.
These parameters are based on the digital elevation model data. We used the Shuttle Radar Topography
Mission data of 3” (~90 m) (Jarvis et al., 2008) to figure the sub-grid terrain parameters.

2. The East Asia-Pacific longwave/shortwave downward radiation data are utilized to evaluate the SDSR pro-
duced by the model. This data set is derived from the Himawari-8 geostationary satellite data with considering
effects of factors such as clouds, aerosols, and terrains (Letu et al., 2022). It shows high accuracy when
compared with ground observations in the East Asia region.

3. The China Meteorological Administration rain gauge and Climate Prediction Center's morphing technique
(CMORPH; Joyce et al., 2004) merged data set is used to assess the Meiyu rainfall forecast. Preceding studies
implied that this merged rainfall product could provide detailed rainfall features and exhibit smaller systematic
biases and root mean squared errors versus the original CMORPH data set (Li et al., 2021; Shen et al., 2014;
Wu et al., 2018). This data set is dependable for analysis of annual and summer precipitation in both plain and
complicated regions of China (Cai et al., 2021; Yu et al., 2020; Zhu et al., 2021).

4. The initial and lateral boundary conditions of WRF_CPM in each experiment are derived from the NCEP
Global Forecast System (NCEP-GFS) real-time forecast data (NCEP, 2015).

The details of each data can be found in Table 1.

2.3. Experimental Design

To determine whether the enhanced accuracy of Meiyu rainfall forecasts results from the STSRE in the TP region
or the STSRE within the YHRB, we carried out 4 sets of numerical experiments. Figure 1 shows the spatial
distribution of where the STSRE is enabled in the sensitive experiments, using the sky view factor (SVF) as an
example. The relatively lower SVF indicates much more complex terrain (Huang et al., 2022). The details of each
experiment are shown as follows: (a) the CTRL experiment with the WRF_CPM adopting the plane-parallel
radiation scheme in the whole model domain, (b) the STSRE_ALL experiment with WRF_CPM adopting the
3D-STSRE scheme in the whole domain (Figure 1a), (c) the STSRE_TP experiment with the 3D-STSRE scheme
(plane-parallel radiation scheme) activated in the TP region indicated by the shadings (other regions of the model
domain) (Figure 1b), and (d) the STSRE_YHRB experiment with the 3D-STSRE scheme (plane-parallel radiation
scheme) activated in the YHRB indicated by the shadings (other regions of the model domain) (Figure 1c¢). For all
of the experiments, the model domain covers the entire China and has 1,408 X 1,080 in horizontal direction and
50 layers in vertical direction. The horizontal resolution is set to 4 km.

Three Meiyu rainfall episodes in 2020 were selected for testing. These rainfall centers were primarily located in
the YHRB, characterized by substantial precipitation amounts (Zeng et al., 2022). Each of the three events spans
96 hr. The forecast periods are from 00:00 UTC on 10 June to 00:00 UTC on 14 June 2020, from 00:00 UTC on 18
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Figure 1. The spatial distribution of where the sub-grid terrain solar radiative effect (STSRE) is activated in the STSRE_ALL
experiment (a), STSRE_TP experiment (b), and STSRE_YHRB experiment (c) using the sky view factor (SVF, shadings) as
an example.

June to 00:00 UTC on 22 June 2020, and from 00:00 UTC on 28 June to 00:00 UTC on 1 July 2020, respectively.
In all of the experiments, the WRF_CPM utilizes the same physical parameterization configuration as follows: the
Yonsei University planetary boundary layer scheme (YSU; Hong et al., 2006), the NOAH land surface model
(Chen & Dudhia, 2001), the CAM shortwave and longwave radiation schemes (Collins et al., 2004), and the WRF
Single-Moment 5-class microphysics (WSMS5; Hong et al., 2004). We used NCEP-GFS real-time forecast data
(NCEP-GFS; NCEP, 2015) as the initial and lateral boundary conditions of WRF_CPM. To explore the time
evolution of the remote and local impacts of STSRE on the Meiyu rainfall forecast, the hourly output data of all
the 96 hr for each rainfall process are used for analysis.

2.4. Method

Four statistical metrics were used to assess the model performance: the mean bias (MB), the relative error, the
RMSE, and the Taylor score (TS; Taylor, 2001). Mean bias represents the arithmetic mean error between the
model results and the observations. Relative error is the percentage form of the deviation between the model and
observations, which can reflect the model bias more intuitively. Root mean squared error indicates the degree of
deviation of the model results compared with the observation. The smaller RMSE indicates the better model
performance. TS ranging from O to 1 denotes the model ability in simulating the amplitude and variability of
observations, higher TS implies better skill. The detailed calculations of these metrics are given as follows:
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Where M; (O;) represents the simulation (observation) at the ith point. M (O) are the mean value of simulations
(observations) for the n samples. o is the standard deviation of simulations normalized by that of observations. R is
the correlation between simulations and observations. As an achievable maximum correlation, R, is set to 1.

Additionally, the bootstrap resampling technique is used to estimate the confidence intervals (Pan et al., 2014; Wu
et al., 2025). In all cases, the bootstrapped estimates are generated using nBoot = 1,000. For these samples, their
mean and a two-tailed 90% confidence interval is calculated. When the bounds of a 90% confidence interval for
RMSE (TS) percentage changes lie entirely below (above) zero, it indicates that the improvement resulting from
the sensitive experiment relative to the CTRL experiment is statistically significant at the 90% confidence level.
Conversely, if the interval includes zero, the improvement is not statistically significant (Pan et al., 2014).

3. Model Evaluation
3.1. Impact of the STSRE on the SDSR Forecast

Figure 2 shows the distribution of the observed and forecasted SDSR and the SDSR differences during the three
rainfall events in June 2020. As shown in Figure 2a, strong SDSR can be observed in the central and western TP
region with higher altitude, where the air is thin and has a much weaker attenuation effect on the SDSR; however,
the magnitude of SDSR in the Meiyu rainfall region and Sichuan Basin is much weaker due to the frequent rainfall
and thick clouds. Compared with the observation, the CTRL experiment generally reproduces the distribution of
SDSR, but overestimates the SDSR in most areas, with the largest bias up to 100 W m™2 (Figures 2b and 2d). With
the application of 3D-STSRE scheme in the STSRE_ALL experiment, the overestimation of SDSR over the
Sichuan Basin and YHRB in the CTRL experiment (Figure 2d) can be clearly reduced by up to 40 W m™2
(Figure 2f).

Figure 3 further gives the MB and RMSE of the SDSR in the regions with different SVF categories produced by
the two experiments. The grids with SVF less than 0.85 are generally distributed in the regions with complicated
terrain (Figure 1a). The CTRL experiment can roughly reproduce the SDSR distribution. However, it over-
estimates the SDSR under all SVF categories (Figure 3a). The MB and RMSE of SDSR produced by the CTRL
experiment are larger in the rugged regions with smaller SVF (Figures 3a and 3b). With the adoption of STSRE
scheme in the STSRE_ALL experiment, the overestimation of SDSR under each category of SVF in the CTRL
experiment is mitigated and the improvement is much more noticeable at the grids with smaller SVF (Figures 3a
and 3b). When the SVF < 0.8, the RMSE (MB) of SDSR simulated by the CTRL experiment can be reduced by
28 W m™2 (35 W m™2) by the adoption of STSRE scheme. Although RMSE improvement is smaller in plain
regions (SVF > 0.97) than in rugged regions (SVF < 0.97), the reduction remains between 6 and 8 W m™>
(Figure 3b).
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Figure 2. The mean surface downward solar radiation (SDSR) from the Himawari-8 observations (a), predictions of the CTRL (b), and STSRE_ALL (c) experiments
during the three Meiyu rainfall events in June 2020. The mean SDSR differences between the CTRL experiment and Himawari-8 (d), between the STSRE_ALL
experiment and Himawari-8 (e) and between the STSRE_ALL and CTRL experiments (f) during the three Meiyu rainfall events in June 2020, respectively. The gray
solid lines denote the Tibetan Plateau region and the purple solid lines indicate the Yangtze River and Yellow River. The black rectangles denote the Yangtze-Huaihe
River Basin.
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Figure 3. The biases (a) and root mean square errors (b) of the mean surface downward solar radiation forecasted by the
CTRL and STSRE_ALL experiments against the Himawari-8 observations during the three rainfall events in June 2020
averaged within each category of SVF.
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Figure 4. The mean precipitation from the observations (a) and simulations from CTRL (b) and STSRE_ALL (c) experiments during the three Meiyu rainfall events in
June 2020. The mean precipitation differences between CTRL and observation (d), between STSRE_ALL experiment and observation (e) and between STSRE_ALL
and CTRL experiments (f) during the three Meiyu rainfall events in June 2020. The gray lines denote the Tibetan Plateau region and the purple solid lines indicate the
Yangtze River and Yellow River. The black boxes represent the Yangtze-Huaihe River Basin.

3.2. Impact of the STSRE on the Meiyu Rainfall Forecast

As illustrated in Figure 4a, the observed precipitation mainly locates at eastern TP region and YHRB, with the
maximal mean precipitation during the three Meiyu rainfall events in June 2020 up to 1.5 mm hr™'. Compared
with the observation, the CTRL experiment can reproduce the rainfall distribution in the YHRB (Figure 4b).
However, it produces much more (less) precipitation over southern (northeastern) YHRB (Figure 4d). The
adoption of 3D-STSRE scheme in the STSRE_ALL experiment can clearly reduce precipitation biases produced
by the CTRL experiment in most parts of the YHRB (Figure 4f). Due to the application of 3D-STSRE scheme, the
MB and RMSE of Meiyu rainfall forecast over the YHRB can be reduced by 31.48% and 10.43%, respectively.

Figure 5 further shows the time series of the RMSE of each precipitation event in the YHRB produced by the
CTRL and STSRE_ALL experiments. We calculated the RMSE of each grid point of three Meiyu rainfall events
in the YHRB and then took the average of three events. Results show that for all three events, the STSRE_ALL
experiment demonstrates lower RMSE values compared with the CTRL experiment. In the earlier stage of
forecast, the RMSEs of precipitation produced by the two experiments are close to each other. For Events 1 and 3,
the STSRE_ALL experiment shows consistently lower RMSE than the CTRL experiment after 12 hr. For Event 2,
the RMSE improvement becomes particularly evident after 40 hr. These findings suggest that the influence of
STSRE on Meiyu rainfall forecast requires a certain response time to manifest clearly.

As the analysis above, consideration of the STSRE in East Asia can obviously improve the Meiyu rainfall forecast
in the YHRB (Figure 4f); however, the STSRE of which region mainly leads to the improvement of Meiyu rainfall
forecast remains unclear. In addition to the strong STSRE in the TP with complex terrains, the STSRE can also
induced by the mountains and hills in the YHRB (Figure 1a). To identify whether the improvement of Meiyu
rainfall forecast comes from the remote STSRE of the TP or the local STSRE of the YHRB, two sensitive ex-
periments were carried out using WRF_CPM with the 3D-STSRE scheme applied only in the TP (Figure 1b) or
YHRB (Figure 1c).

Figure 6 displays the differences of Meiyu rainfall forecast between sensitive experiments and the CTRL
experiment over the YHRB. We can observe a large area of precipitation reduction in both the STSRE_ALL and
STSRE_YHRB experiments (Figures 6a and 6¢), whereas the STSRE_TP experiment shows a large area of
increased precipitation in the south of YHRB (Figure 6b). The spatial pattern of rainfall differences in
STSRE_YHRB resembles that in STSRE_ALL more closely than in STSRE_TP. This indicates that the reduction
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Figure 5. Time series of the root mean squared error (RMSE) of each precipitation event forecasted by the CTRL and
STSRE_ALL experiments against the observation during June 2020 regionally averaged over the precipitation center in the
Yangtze-Huaihe River Basin region.

in Meiyu precipitation is primarily driven by the STSRE of the YHRB region. The results align well with the
subsequent physical mechanism explaining the contributions of remote TP and local terrain effects.

To quantify the relative importance of STSRE in the TP and YHRB to the improvement of Meiyu rainfall forecast,
we calculated the TS and RMSE of the rainfall forecasted by all experiments against the observation. The per-
centage changes of the RMSE and TS of precipitation produced by each sensitive experiment relative to the CTRL
experiment were also revealed. In general, the RMSEs (TSs) produced by three sensitive experiments are lower
(higher) than the CTRL experiment at the 90% confidence level (see the percentage change in the bottom panel of
Figure 7), implying that the adoption of STSRE scheme can well improve the Meiyu rainfall forecast. Compared
with the CTRL experiment, the percentage changes of RMSE and TS of precipitation produced by the
STSRE_YHRB experiment are 6.24% and 2.76%, respectively. However, the changes of RMSE and TS of
precipitation produced by the STSRE_TP experiment are only 2.25% and 0.6%, respectively. This suggests the
improvement of the Meiyu precipitation forecast induced by the local STSRE in the YHRB is much higher than
that resulted from the remote STSRE in the TP.

4. Physical Mechanisms

The following section will discuss the mechanisms of how the local (remote) STSRE in the YHRB (TP) affects
the Meiyu rainfall forecast and the evolution processes. Figure 8 illustrates the evolution of SDSR deviations
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Figure 6. The mean rainfall differences between the STSRE_ALL and CTRL experiments (a), STSRE_TP and CTRL
experiments (b), and between STSRE_YHRB and CTRL experiments (c) in the Yangtze-Huaihe River Basin region during
three rainfall events in June 2020.
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tailed 90% confidence intervals over the Yangtze-Huaihe River Basin region, and the percentage changes produced by the
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Figure 8. The differences in surface downward solar radiation between the STSRE_ALL and CTRL experiments (the first row), between the STSRE_TP and CTRL
experiments (the second row), and between the STSRE_YHRB and CTRL experiments (the last row) at 09:00 BJT (the first hour forecast, the first column), 14:00 BJT
(the sixth hour forecast, the second column) and 08:00 BIT (the 24th hour forecast, the last column) during three Meiyu rainfall events in June 2020. The gray lines
denote the Tibetan Plateau region and the black lines indicate the Yangtze River and Yellow River. The black rectangles denote the Yangtze-Huaihe River Basin.

produced by each sensitive experiment relative to the CTRL experiment. In the first 1-hr forecast, the SDSR
differences between the STSRE_ALL and CTRL experiments are mainly located in rugged areas with complex
terrains, such as the southern and eastern edge of TP, the Hengduan mountainous regions and hilly area of eastern
China, due to the strong STSRE in these regions (Figure 8a). Similarly, the relatively higher SDSR differences
between the STSRE_TP (STSRE_YHRB) and CTRL experiments are limited to the rugged areas of the TP
(YHRB) (Figures 8b and 8c). In the 6-hr forecast, the SDSR differences between the STSRE_ALL and CTRL
experiments become much more noticeable and expand to almost the whole domain relative to the situations in the
1-hr forecast (Figure 8d). Likewise, as shown in Figures 8e and 8f, the SDSR differences between the STSRE_TP
(STSRE_YHRB) and CTRL experiments become much higher and spread to the surrounding regions around the
TP (YHRB). Overall, in the 6-hr forecast, most differences still stem from the local impact of STSRE on nearby
terrains. It can be seen that the spatial distribution of SDSR differences between the STSRE_TP (STSRE_YHRB)
and CTRL experiments is consistent with that over the TP (YHRB) in the STSRE_ALL experiment relative to the
CTRL experiment (Figures 8d—8f).

It is not until 24-hr forecast that the SDSR differences caused by the remote STSRE in the TP spread to the YHRB
(Figure 8h). Compared with the CTRL experiment, the STSRE_TP experiment increases the SDSR in most
eastern China. The increase of SDSR is mainly originated from the eastern TP, which may be caused by the
decrease of precipitation (Figure 6a) and clouds therein. The obvious SDSR differences between the
STSRE_YHRB and CTRL experiments are still limited to the YHRB (Figure 8i), similar to the SDSR differences
over the YHRB between the STSRE_ALL and CTRL experiments (Figure 8g). In the 30-hr forecast, the
STSRE_ALL and STSRE_YHRB experiments both reduce the SDSR in the eastern China with a regionally mean
decrease of —93.7 W m~2 and —103.1 W m™2, respectively (figure not shown).

In short, the STSRE of the TP can remotely influence the SDSR in the downstream YHRB after a 24-hr forecast.
While the STSRE in the YHRB first influences the local region, gradually spreading across East China through
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Figure 9. The differences in surface air temperature (shadings) and 850 hPa wind field (vectors) between the STSRE_ALL and CTRL experiments (the first row),
between the STSRE_TP and CTRL experiments (the second row), and between the STSRE_YHRB and CTRL experiments (the last row) at 09:00 BJT (the first hour
forecast, the first column), 14:00 BJT (the sixth hour forecast, the second column) and 08:00 BJT (the 24th hour forecast, the last column) during three Meiyu rainfall
events in June 2020. The gray lines denote the Tibetan Plateau region and the light brown lines indicate the Yangtze River and Yellow River. The black rectangles
denote the Yangtze-Huaihe River Basin.

integration. It has negligible impact on the upstream TP region. The SDSR changes can directly affect surface
thermal properties through the surface energy balance process, subsequently altering the wind circulation patterns
(Cai et al., 2023).

Figure 9 presents the differences of surface air temperature and 850 hPa wind field between each sensitive
experiment and the CTRL experiment in different forecast time. The evolution of surface air temperature dif-
ferences are consistent with the evolution of SDSR differences. In the 1-hr forecast, relatively higher negative
surface air temperature differences between the STSRE_ALL experiment and CTRL experiment can be found
only in the rugged regions (Figure 9a). Likewise, the surface air temperature differences only occur in the
mountainous regions of the TP (YHRB) (Figures 9b and 9¢). Meanwhile, the differences of low-level circulation
between each sensitive experiment and the CTRL experiment are relatively weaker in the 1-hr forecast
(Figures 9a—9c). In the 6-hr forecast, the magnitude of surface air temperature difference induced by the STSRE in
all the sensitive experiments between the CTRL experiment increases and extends to surrounding regions. The
850 hPa wind differences induced by the STSRE also become apparent (Figures 9d-9f). In the 24-hr forecast,
negative surface air temperature differences induced by the STSRE in both the STSRE_ALL and STSRE_YHRB
experiments are located in the YHRB (Figures 9g and 9i). Meanwhile, the northeastern wind differences at
850 hPa between the STSRE_ALL and CTRL experiments are apparent in the YHRB, which attenuate the
southwesterly moisture transport to the YHRB (Figure 9g). Likewise, the STSRE of the YHRB in the
STSRE_YHRB experiment leads to northeastern wind differences there (Figure 9i). The STSRE of TP in the
STSRE_TP experiment induces warm surface air temperature differences in the YHRB (Figure Sh), which
correspond well with the SDSR differences (Figure 8h). Also, the remote STSRE of TP region weakly influences
the low-level circulation in the Meiyu rainfall region at 24-hr forecast (Figure Sh). Overall, the 850 hPa wind
differences between the STSRE_ALL and the CTRL experiment in the YHRB is mainly affected by the local
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Figure 10. Same as Figure 9, but for the differences of 200 hPa air temperature (shading; units: °C) and wind field (vector; units: m s7h.

STSRE of YHRB, which can be identified by the differences between the STSRE_YHRB and CTRL
experiments.

The above analysis mainly focuses on the impact of local and remote STSRE on the lower troposphere over
YHRB. Apart from the impacts of the STSRE on the surface thermal condition and wind field in lower tropo-
sphere, the STSRE can also regulates the air temperature in the upper troposphere and circulations (Gu
et al., 2020, 2022). Figure 10 displays the evolution of the 200 hPa air temperature and wind differences between
each sensitive experiment and the CTRL experiment during the three Meiyu rainfall events in June 2020. In the
1-hr forecast, the 200 hPa air temperature and wind differences induced by the STSRE in the three sensitive
experiments are very slight (Figures 10a—10c). In the 6-hr forecast, the STSRE leads to decreases in the 200 hPa
air temperature over most areas (Figure 10d). Relatively more obvious cold differences induced by the STSRE of
TP (YHRB) are located over the eastern TP (YHRB) (Figures 10e and 10f). In the 24-hr forecast, the air tem-
perature and wind differences at 200 hPa between each sensitive experiment and the CTRL experiment become
much more apparent with the forecast time increasing (Figures 10g—10i). A cyclonic circulation differences at
200 hPa induced by the STSRE of East Asia (TP) are located over the TP and YHRB (Figures 10g and 10h),
implying weakening and westward shifting of the South Asian High. While the negative air temperature dif-
ferences and anomalous cyclone difference at 200 hPa between the STSRE_YHRB and CTRL experiments are
mainly located over the YHRB (Figure 10i).

From the above, the STSRE of the TP region can not only affect the local air temperature and circulation, but also
has a remote impact on the air temperature and atmospheric circulations in the upper troposphere over down-
stream YHRB after 24-hr forecast. Yet the STSRE of the YHRB mainly influences the local surface thermal
condition and the atmospheric circulations in the lower troposphere during the forecast time.

Figure 11 presents the mean differences in the SDSR, and the mean differences of the air temperature and at-
mospheric circulations in the lower and upper troposphere during the three Meiyu rainfall events in June 2020
between each sensitive experiment and the CTRL experiment. The negative SDSR differences induced by the
STSRE in the STSRE_ALL experiment are evident in the Sichuan Basin and YHRB (Figure 2f). As for the
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Figure 11. Mean differences of surface downward solar radiation between the STSRE_TP and CTRL experiments (a), and between STSRE_YHRB and CTRL
experiments (b). Mean differences of surface air temperature (shadings) and 850 hPa wind field (vectors) between STSRE_ALL and CTRL experiments (c), STSRE_TP
and CTRL experiments (d), and between STSRE_YHRB and CTRL experiments (). Mean differences of 200 hPa air temperature (shadings) and wind field (vectors)
between the STSRE_ALL and CTRL experiments (f), STSRE_TP and CTRL experiments (g), and between the STSRE_YHRB and CTRL experiments (h) during three
Meiyu rainfall events in June 2020. The gray lines (light brown lines) denote the Tibetan Plateau region (the Yangtze River and Yellow River). The black rectangles
denote the Yangtze-Huaihe River Basin. The white contours in (c)—(e) indicate the difference in surface pressure (>0, with contour interval of 1 hPa) between three
experiments and CTRL experiment.

STSRE_TP experiment, the SDSR decreases in the TP while increases in the YHRB relative to the CTRL
experiment (Figure 11a). In the STSRE_YHRB experiment, the negative SDSR differences induced by the
STSRE of YHRB mainly concentrated in the YHRB (Figure 11b). As a whole, the STSRE of the TP can remotely
affect the SDSR in its downstream YHRB. While the STSRE of the YHRB is merely limited to local impact on
SDSR. By contrast, the negative SDSR differences in the YHRB induced by the STSRE of East Asia in the
STSRE_ALL experiment are similar to those induced by the STSRE of YHRB in the STSRE_YHRB experiment,
suggesting that the SDSR differences in the YHRB mainly comes from the local influence of STSRE in the
YHRB.

The SDSR changes directly affect the surface thermal condition through the surface energy balance process.
Hence, in the STSRE_ALL experiment, the surface air temperature over the YHRB decreases compared with
CTRL (Figure 11c). This cooling aligns with the reduced SDSR shown in Figure 2f. The primary driver of the
surface air temperature decline is the local STSRE within the YHRB (Figure 11e). The STSRE over the YHRB
region generates a local cold high-pressure center (white contours) north of the Yangtze River (Figure 11e), which
subsequently induces a local anticyclonic circulation anomaly in that area. East-northeasterly winds can be
observed on the southern flank of this anticyclonic anomaly, weakening the southwesterly moisture transport
there. Similarly, the 850 hPa wind difference between the STSRE_ALL and CTRL experiments also shows
anomalous east-northeastward winds south of the Yangtze River, which inhibits the southwesterly moisture
transport to the YHRB (Figure 11c¢). It should be noted that the remote STSRE over the TP region has minimal
impact on the low-level circulation during the initial forecast period (Figures 9b, 9e, and 9h). After 36 hr, the local
anticyclonic circulation anomaly driven by the STSRE_YHRB shifts eastward, inducing easterly wind differ-
ences. Meanwhile, the STSRE over the TP region weakens the South Asian High and induces a downward
anomaly that propagates downstream (Figure not shown). This anomaly leads to airflow divergence toward the
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Figure 12. Mean water vapor transport flux (vectors) and its convergence (shadings) vertically integrated from the surface to
100 hPa during the three Meiyu rainfall events in June 2020 in the CTRL experiment (a), along with the differences between
the STSRE_ALL and CTRL experiments (b), between the STSRE_TP and CTRL experiments (c), and between the
STSRE_YHRB and CTRL experiments (d). The gray lines denote the Tibetan Plateau region and the light brown lines
indicate the Yangtze River and Yellow River. The black rectangles denote the Yangtze-Huaihe River Basin.

surrounding regions and partially contributes to the northeasterly wind differences in southwest of the Meiyu
rainfall region (Figure 11d).

In brief, the decrease in SDSR caused by local STSRE of the YHRB induces a surface cooling, generating a local
cold anomaly and thereafter an anomalous anticyclone. This anticyclonic circulation then diminishes the
southwesterly moisture transport, which directly alleviates the overestimation of Meiyu rainfall forecast. In
contrast, the impact of TP STSRE gradually becomes apparent after 36-hr forecast, its influence is less pro-
nounced than that of local STSRE.

In the upper troposphere, there exists a warm center at 200 hPa that is favorable for the maintenance of the South
Asian high and airflow divergence (figure not shown). The STSRE in the STSRE_ALL experiment induces a
strong cold difference at 200 hPa over almost the whole domain, attenuating the intensity of the warm center and
South Asian High at 200 hPa. Affected by the weakened South Asian High, the circulation differences between
the STSRE_ALL and the CTRL experiments presents an anomalous cyclone over the whole domain. Similarly,
the STSRE of TP also induces negative air temperature differences and cyclonic wind differences at 200 hPa
(Figures 11f and 11g). Hence, the 200 hPa air temperature and wind differences between the STSRE_ALL and
CTRL experiments mainly come from the remote STSRE of the TP. In contrast, the 200 hPa air temperature and
atmospheric circulation differences between the STSRE_YHRB and the CTRL experiments are mainly
concentrated in YHRB, indicating the local impact of STSRE of YHRB (Figure 11h).

Figure 12 shows the mean vertically integrated moisture flux and its convergence from the CTRL experiment and
the differences between each sensitive experiment and the CTRL experiment. During the three Meiyu rainfall
events, strong southwesterly moisture transport and explicit moisture flux convergence can be found in the CTRL
experiment over the YHRB (Figure 12a). Compared with the CTRL experiment, the STSRE_ALL and
STSRE_YHRB experiments both decrease the convergence of airflow and attenuate the southwesterly water
vapor transport over the YHRB (Figures 12b and 12d). Whereas the STSRE_TP experiment does not display
explicit difference in the moisture flux convergence and transportation against the CTRL experiment. Hence,
compared with the STSRE of TP, the STSRE of YHRB contributes more to the decreases in the column-
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Figure 13. The conceptual figure of the main influences of remote in the Tibetan Plateau and local sub-grid terrain solar
radiative effect in Yangtze-Huaihe River Basin on the Meiyu rainfall forecast.

integrated (surface to 100 hPa) water vapor transport flux and its convergence over the YHRB (Figures 12b
and 12d). This is consistent with the results of precipitation evaluation in Figure 7.

Figure 13 displays the different impacts of STSRE of the TP and YHRB on Meiyu rainfall forecast. To sum up,
the STSRE in the TP region influences the upper air temperature and circulation pattern at a regional scale
(Figure 13). The air temperature and circulation deviations at 200 hPa over the YHRB are primarily caused by the
remote influence of STSRE of TP. The remote STSRE of TP decreases the SDSR and modulates the radiative and
heat fluxes between the land surface and the atmosphere, which leads to the attenuated warm center at 200 hPa
across the entire China region, leading to weakened divergence at 200 hPa which impedes the development of the
ascending motion over the YHRB (Figure 13). For the lower troposphere, although the remote STSRE over the
TP partly contributes to the northeasterly wind anomaly at 850 hPa over the YHRB region after 36-hr forecast, the
differences in air temperature and circulation at 850 hPa between the STSRE_ALL and CTRL experiments over
the YHRB are mainly driven by the local STSRE. The decrease in near surface air temperature over the YHRB
leads to a local cold anomaly and an anticyclonic circulation anomaly, which weakens the southwesterly water
vapor transport there (Figure 13). The combined effects of the local and remote STSRE alleviate the over-
estimation of Meiyu rainfall forecast over the YHRB. Overall, the local STSRE in the YHRB contributes rela-
tively more mitigation of the short-term Meiyu rainfall forecast.

5. Summary

The STSRE plays an important role in affecting local and remote land-atmosphere processes. This study ad-
dresses the impact of local and remote STSRE on the Meiyu rainfall forecast and the related mechanisms. Main
findings are as follows:

The application of the 3D-STSRE scheme can relieve the overestimation of SDSR in the YHRB. The reduced
SDSR directly affects the surface air temperature forecast and thereby influences wind circulation through surface
energy balance processes. Corresponding to the weakened southwesterly wind induced by the STSRE, the
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weakened moisture transport to the YHRB reduces the overestimation of Meiyu rainfall. Consideration of the
3D-STSRE in the whole model domain can lead to the RMSE of Meiyu rainfall forecast over the YHRB reduced
by up to 10.43%. Moreover, the improvements are more significant as the forecast period extends.

Compared with the CTRL experiment, the decrease in the SDSR and the surface air temperature over the YHRB
produced by the STSRE_ALL experiment is primarily attributed to the impact of local STSRE of the YHRB,
which causes weakened surface thermal condition to activate a local anomalous anticyclonic circulation in the
lower troposphere over the YHRB, leading to weakened southwesterly water vapor transport there and reduction
of the overestimated Meiyu rainfall forecast. Although the remote STSRE of the TP begins to affect low-level
wind circulation over the YHRB after a 36-hr forecast, its impact is still less significant than that of the local
STSRE. In contrast, the differences of the air temperature and circulation in the upper troposphere over the YHRB
between the STSRE_ALL and CTRL experiments are mainly induced by the remote impact of STSRE in the TP.
The SDSR in TP reduced by the STSRE of TP weakens the atmospheric heating near the surface there.
Consequently, the air temperature structure of the entire layer adjusts, exhibiting a weakened warm center and,
thereby, a weakened South Asian High in the upper troposphere, leading to weakened divergence in the upper
troposphere and suppressed ascending motion in the lower troposphere over the YHRB.

Overall, the combined influence of the STSRE in both TP and YRHB can mitigate the overestimation of Meiyu
precipitation forecast. Compared with the TP, although the terrain of the YHRB is relatively flatter, the local
STSRE of YHRB can lead to much larger improvement of the Meiyu rainfall forecast over the YHRB for
3—4 days short-range weather forecasts.

This study only provides a method to alleviate Meiyu rainfall bias by depicting more realistic terrain and land-air
interactions. In fact, many factors may influence Meiyu rainfall forecasts. For example, studies show that most
microphysics parameterizations fail to accurately represent microphysical characteristics (e.g., droplet size and
number concentration), ultimately resulting in high precipitation forecast biases, especially for extreme rainfall
events (Chen et al., 2023; Zhu et al., 2023). In future work, other potential solutions will be tested.
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