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Model
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!School of Atmospheric Sciences, Nanjing University, Nanjing, China, 2CMA Key Laboratory of Transportation
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Abstract we have successfully incorporated a 3-dimensional sub-grid terrain solar radiative effect (3D
STSRE) parameterization scheme into a convection-permitting Weather Research and Forecasting model
(WRF_CPM) in this study. Impacts of 3D STSRE scheme on the ability of WRF_CPM in forecasting the
precipitation in summer over the Tibetan Plateau (TP) and nearby regions with complex terrain have been
systematically addressed by conducting experiments without and with the 3D STSRE scheme. Results show
that the application of 3D STSRE scheme can obviously mitigate the overestimation of surface solar radiation
(SSR) and rainfall over TP and nearby regions, especially over the areas with much more rugged terrain

(i.e., southern TP) in the WRF_CPM without 3D STSRE scheme. Further mechanism analyses indicate

that the decreased surface heating induced by the reduction of SSR reduces the intensity of the thermal-low
pressure over the TP, which leads to the diminished strength of southwesterly winds and thereafter the weaker
convergence of moisture flux over the southern TP. Moreover, the weakened surface thermal forcing makes the
local atmosphere more stable, suppressing the vertical water vapor transport and local convection. These effects
greatly alleviate the overestimation of precipitation over the southern TP produced by the WRF_CPM without
the 3D STSRE scheme.

Plain Language Summary The sub-grid terrain solar radiative effect (STSRE) is crucial to land-air
interaction, especially over the regions with complicated terrain, such as the Tibetan Plateau (TP). While the
plane-parallel radiative scheme which neglects the STSRE on the surface solar radiation (SSR) is used in most
current weather models. Inaccurate depiction of SSR would cause large biases in the surface temperature and
precipitation forecast. In this study, a newly developed 3-dimensional (3D) STSRE scheme with solid physical
processes and accurate sub-grid terrain features is introduced into a convection-permitting Weather Research
and Forecasting (WRF_CPM) model. Results indicate that the adoption of 3D STSRE scheme can reduce

the overestimation of the SSR and precipitation over the TP. Findings of this work emphasize the importance
of considering the STSRE in high-resolution weather models and provide an effective way to improve the
short-range precipitation forecast over regions with complex terrain.

1. Introduction

The Tibetan Plateau (TP) covers a vast area and has a mean elevation of 4,000 m, which is regarded as the “third
pole.” It is crucial to global climate simulation and weather forecasting (Y. C. Gao & Liu, 2013; Qiu, 2008; C.
Zhang et al., 2017). Inaccurate parameterizations of the thermal and dynamical effects of the inhomogeneous
topography lead to large forecast or simulation biases over the TP (Lin et al., 2018; R. Yu et al., 2014).

In recent decades, adopting parameterization schemes and increasing the model horizontal resolution substan-
tially improved the precipitation forecast on the TP (Y. Gao et al., 2017; Kan et al., 2015; Y. Wang et al., 2020;
Xu et al., 2018). However, the precipitation simulations over TP still display obvious wet biases (P. Li et al., 2021;
X. Wang et al., 2018). The wet biases are attributed to the unreasonable representations of thermo-dynamical
processes caused by the sub-grid terrain (Y. Gao et al., 2017; Jiménez & Dudhia, 2013; Lee et al., 2015; Wu
& Chen, 1985; Zhou et al., 2019). Dynamical parameterizations including the gravity wave drag and turbulent
orographic form drag have been developed to improve sub-grid orographic drag processes (Kim & Doyle, 2005;
McFarlane, 1987; Wooding et al., 1973). Due to the better description of the unresolved sub-grid orographic
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drag, the wind fields and background circulation are more realistically simulated (Choi et al., 2017; Lindvall
et al., 2013). Inaccurate simulation of the surface thermal condition is another important factor for the large wet
biases over the TP (Helbig & Lowe, 2012; Manners et al., 2012; Y. Zhang et al., 2006). Most numerical models
adopt the plane-parallel radiative transfer schemes, where the topography is supposed flat without consider-
ing the influences of sub-grid orographic factors (i.e., terrain slope, orientation, sky visibility and reflection of
nearby terrains) on surface solar radiation (SSR). Thus, the SSR calculated by plane-parallel radiative schemes
mainly varies with latitude and cannot reflect the inhomogeneous distribution of SSR over rugged regions (Gu
et al., 2022; Hao et al., 2022; Liou et al., 2013; Miiller & Scherer, 2005).

Several sub-grid terrain solar radiative effect (STSRE) parameterizations have been developed and implemented
into climate and weather models. Y. Zhang et al. (2006) used the 2-dimensional (2D) STSRE scheme that includes
the effects of terrain slope and aspect to explicitly correct the original SSR in a regional climate model. The modi-
fied model reproduced more realistic temperature on the TP and mitigated the overestimation of summer rainfall
over southern China. Gu et al. (2020) proposed a 2D STSRE scheme by averaging the sub-grid orographic factors
onto the model grid before the model integration. Their results showed that the adoption of the 2D STSRE scheme
in the Regional Climate Model (RegCM) reduced the net SSR and led to a weaker west (Chinese mainland)east
(tropical oceans) thermal contrast and thereafter a weakened East Asian summer monsoon, which resulted in less
moisture transport and improved precipitation simulation over most areas of China.

However, the 2D STSRE scheme only includes the terrain slope and aspect of itself (Kondrat'yev, 1965). Large
overestimation of the SSR are found during sunrise or sunset due to the ignorance of the reflecting and shading
effects from the nearby terrains (Arthur et al., 2018; Y. Zhang et al., 2006). Recently, a 3D Monte Carlo ray
tracing method was developed by Chen et al. (2006) and simplified by Lee et al. (2011). Compared with the 2D
STSRE scheme, the 3D Monte Carlo program considers both influences of self-shadowing and multiple reflec-
tion from surrounding terrains. This 3D Monte Carlo scheme has been incorporated in the Community Climate
System Model and alleviated the underestimation of surface temperature by 13% through reducing the biases of
upward shortwave fluxes on the southern and central of TP (Lee et al., 2019). Gu et al. (2012) also applied the 3D
Monte Carlo program into the WRF model and conducted a case simulation in March. They found that deviations
of SSR were up to +50 W-m~2, which lead to the increasing of surface temperature, snowmelt and soil moisture
on sunny slope. The cloud water path decreased due to the changes in surface heat and energy fluxes.

Although the 3D Monte Carlo method considers the combined effects of the self and nearby terrains on SSR, this
scheme was only tested in the TP region and Rocky Mountains (Gu et al., 2012; Liou et al., 2007). The regression
coefficients of the parameterized equations were merely tested at specific regions with several surface albedo and
solar elevation angles (Huang et al., 2022).

Beside the deficiencies in STSRE modeling, studies mostly focused on the climatic impacts of STSRE (Gu
et al., 2012, 2020, 2022; Hauge & Hole, 2003; Liou et al., 2013). The STSRE has direct impact on the surface
temperature forecast and thus can directly influence the weather, such as the precipitation diurnal variation
(Colette et al., 2003; Huang & Qian, 2008; Miiller & Scherer, 2005). Though the influence of sub-grid terrain on
SSR intensifies with the increasing horizontal resolution (Hao et al., 2021; Huang et al., 2022), the performance
of STSRE in high resolution weather forecasting has not been systematically evaluated. For these reasons, a 3D
STSRE scheme with more accurate sub-grid terrain features and easier for coupling is in need, and the impacts of
3D STSRE on the capability of the WRF model at a convection-permitting scale (WRF_CPM) deserves further
study.

Recently, we have developed a 3D STSRE scheme to involve the sub-grid topographic inhomogeneity, shadowing
and reflecting effects of surrounding terrains on each sub-grid according to the mountainous radiation theory
(Huang et al., 2022). Based on the elevation data with high resolution, we calculate the sub-grid topographic
factors and aggregate them onto the model grid before the model integration. This can ensure the precision
of the sub-grid topographic traits without adding computing resources. X. Zhang et al. (2022) has applied the
3D STSRE scheme into the Common Land Model (CoLM) and significantly improved the simulations of soil
temperature and moisture. In this work, the 3D STSRE scheme is introduced in the WRF_CPM model to enhance
the representation of surface radiation processes over TP with steep mountainous regions. Impacts of 3D STSRE
scheme on the precipitation forecast over TP and nearby areas in summer and underlying mechanisms have been
systematically examined.
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2. Data, Model and Methodology
2.1. Observation Data
The datasets for model evaluation are listed as follows.

1. The 5-km East Asia-Pacific surface longwave/shortwave downward radiation based on the Himawari-8
obtained from National Tibetan Plateau Data Center (Letu et al., 2022). The influences of cloud, topography
and high aerosol loadings on the SSR are fully considered in this data set. Evaluation using ground observa-
tions shows that this data set has higher accuracy compared with other reanalysis or satellite-derived datasets
over the entire East Asia—Pacific (Letu et al., 2022).

2. The 0.05° x 0.05°, hourly precipitation is derived from the merged rainfall product which combines more
than 30,000 rain-gauge observations with the rainfall estimation of the Climate Prediction Center's morphing
rainfall estimates (CMORPH; Joyce et al., 2004). The data set owns the merits of the satellite measured rain-
fall and rain gauge record. The systematic errors and RMSE of this gauge-satellite merged data set are much
smaller when compared to the original CMORPH data (Shen et al., 2014). Previous validations showed that
this merged precipitation data is reliable for annual and summer rainfall study over China (Shen et al., 2010; B.
Yu et al., 2020; Zhu et al., 2021). Several recent studies have used this product to conduct model evaluations
and mechanism analysis of precipitation over the TP (Cai et al., 2021; P. Li et al., 2021; Y. Wu et al., 2018).

2.2. The WRF_CPM and 3D STSRE Scheme

The official Advanced Research WRF Version 4.2 (WRF-ARW V4.2; Skamarock et al., 2019) at a
convection-permitting scale (~4 km; WRF_CPM) is used in this study. Though the WRF_CPM model proved
well to resolve the complicated terrain (Lin et al., 2018), the current radiation scheme used in WRF_CPM model
is the plane-parallel scheme, which cannot well reflect the STSRE. The inconsistency between the high reso-
lution and unreasonable depiction of the STSRE would cause large errors. Thus, the plane-parallel scheme in
WRF_CPM model is not suitable for steep mountainous regions such as the TP. According to Huang et al. (2022),
we couple the 3D STSRE scheme within the WREF_CPM model. The core of the coupling procedure is to correct
the original SSR components using the STSRE parameters based on Equations 1-3. Here, we briefly summarize
the 3D STSRE scheme. Detailed definitions and calculations can be referred to Huang et al. (2022).

First, the terrain slope ay (0 ~ 90°), aspect g (0 ~ 360°) and sky view factor SVF, (0 ~ 1) of each sub-grid k are
derived from the Shuttle Radar Topography Mission (SRTM) global elevation data set with the resolution of 3 arc
seconds (~90 m) (Jarvis et al., 2008) for the subsequent calculation of STSRE parameters.

Second, the sub-grid (~90 m resolution) terrain parameters related to the 3D STSRE scheme are upscaled to the
model grids with the horizontal resolution of ~4 km based on the method of Huang et al. (2022) before the model
integration. The Ug, Vg, Wg, DIFg and REFg (Equations 1-5) at each model grid g are calculated based on the
mountain radiation theory (Dozier & Frew, 1990; Huang et al., 2022; J. Li & Luo, 2015). These parameters are
only associated with the 3D sub-grid topographic features (terrain slope a, aspect f, and sky view factor SVF) and
are time-invariable. The U, is linked with area of the rugged surface, V, and W, are related to the solar incident
angle on the rugged surface. The DIF, and REF, are relevant to the diffuse and reflected radiation respectively.
Other two parameters including the shading factor SF, and parameter DIR, are achieved by the combination of
time-invariant STSRE parameters and the time-variant solar azimuth angle ¢, and the solar zenith angle Z, at
every model time step (Equations 6 and 7). C,, is the adjustment factor and is 0.071 under the grid spacing (dx)
of 4 km in this paper (Equation 8). The operator < >_., represents averaging the values of all the sub grids within
the model grid g. Huang et al. (2022) have indicated that results from the offline calculation of 3D STSRE param-
eterization is equivalent to the explicit calculation of the SSR components on each sub-grid point.

1 k=n
U, =<secay >og=— Zk | Seca 1)
n -

1 k=n
Ve =< tan i CoS fk >og = — E tan ay cos P 2)
n k=1

'11 tan oy sin f 3)

. 1 k=
Wy =< tanag sin fix >ig=— Zk
n =
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Figure 1. The spatial distributions of topography (a) and sky view factor (b)
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at the horizontal resolution of ~4 km.

1

Sdif,tergT = (Sdif,tergl + Sref,tergl) . (ag +

Third, the original downward SSR components in the plane-parallel scheme
is corrected using the STSRE parameters based on Equations 9-11 during
the model integration. Here, the Sqirer, | (Sdirg ) and Sait ger,y (Sait,1) on the
left (right) hand of Equations 9-10 are the corrected (original) direct and
diffuse solar radiation fluxes on the rugged (plane) surface. The S,ef,le,g 1is the
reflected radiation from surrounding terrains on rugged surface. The .S, and
ag are the solar constant and surface albedo.

S ,gl

Sdir,tergl = max <SFg - DIRg /Ug, 0. 0) (©)]

Sir terg |

Sir, |
+DIFg<1— :
)

Sif, | [ >/Ug] ,if DIR, >0

Sit eyl = (10)

Sir | )
Sait, |DIF | 1 — S /U,|, otherwise
0
Sretier,t = (Sair,1 + Sait,1 ) a;REF, /U, (11)

Finally, based on the energy conservation theory, the differences of down-
ward SSR components between the plane parallel scheme and the 3D STSRE
scheme should be returned to the atmosphere via the upward solar radiation
fluxes. Therefore, the upward SSR components are adjusted by the equiva-
lent albedo at the bottom level of atmosphere (Huang et al., 2022):

Sdirgl - Sdir,tergl )

12
S, dir,tergl ( )

Sdir,lergT = Sdir,tergl . (ag

St — (St tergl + Sref ter,1) (13)
Sdif,tergl + Sref,lergl

where the S er,1 and Saif ger, 1 are the corrected upward direct and diffuse radiation components. Note that the
reflected radiation flux Stet tery | in the 3D STSRE scheme is added to the downward diffuse radiation flux Sif gerg|
in Equation 13 since the reflected radiation fluxes from nearby terrains are not considered in the plane-parallel
scheme (Arnold et al., 2006; Hock & Holmgren, 2005).

2.3. Methodology

2.3.1. Experiment Design

In this study, two experiments namely CTRL (without the 3D STSRE scheme) and STSRE (with the 3D STSRE
scheme) are carried out to explore the influences of STSRE on the precipitation forecast. Here, we primarily
focus on the TP and nearby regions with complex terrain.
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Table 1 The simulation domain covers the whole China with the horizontal resolution

The Contingency Table

at 4 km (Figure 1a). It has 1,080 grids south-north and 1,408 grids east-west

with the center at 105.5°E, 36.0°N, and 50 vertical levels. From Figure 1a,
Observed

Forecast

Yes
Hits
Misses

Observed yes

the terrain height ranges from 0 to 6200m over the model domain. Figure 1b
No Total shows the distribution of SVF which reflects topographic relief. Lower SVF
False alarms Forecastyes  denotes much more rugged terrains. Clearly, the SVF shows much smaller
Correct negatives  Forecast no values along the northwestern, southern and eastern slopes of TP, where the

Olsared i Total terrain undulates violently (Figure 1b).

The main physical parameterization schemes are the CAM shortwave and

longwave radiation schemes (Collins et al., 2004), the NOAH land surface
model (Chen & Dudhia, 2001), the Yonsei University planetary boundary layer scheme (YSU; Hong et al., 2006)
and the WRF Single-Moment 5-class microphysics (WSMS5; Hong et al., 2004). Since the convection is mostly
resolvable at 4 km grid resolution (Weisman et al., 1997; Zhu et al., 2018). Also, the cumulus parameterization
scheme if not scale adaptive, will produce excessive rainfall at ~4 km grid (Prein et al., 2015). Thus, we switch
off the cumulus parameterization scheme. The model is driven by the initial and lateral boundary conditions
of the 3 hourly, 0.25° X 0.25° NCEP Global Forecast System real-time forecasts (NCEP, 2015). We conduct
rolling forecast of 36 hr starting at 00:00 UTC on each day in June 2020 for each experiment. The first 12 hr is
taken as the model spin-up time. The results of the last 24 hr for each forecast are used for analysis.

2.3.2. Validation Metrics and Analysis Method

The criterion of valid precipitation is over 0.1 mm-hr~! at 1 hour in each day. We use equitable threat score
(ETS) and frequency bias (FBIAS) for evaluation of the precipitation forecast. FBIAS is the ratio of the correctly
predicted rain area (frequency) to the observed rainfall area (frequency), which ranges between zero to infinity
and the best score is 1.0 (Equation 14). ETS stands for the accuracy of forecasting, it includes the influences
of regions, climate and environment on precipitation forecast. The perfect score for ETS is 1.0 (Equations 15
and 16). First, we use 0.1 and 10 mm thresholds to evaluate the occurrence of rainfall based on the 12 hr accumu-
lated rainfall of each day. Then, the forecasts are stratified into four categories shown in Table 1. Finally, we sum
up the four kinds of results of each day and calculate the ETS and FBIAS scores according to Equations 14-16
(Ebert et al., 2003; Mesinger & Black, 1992; C. C. Wang, 2014). We use the Model Evaluation Tools (MET)
package established by the Development Testbed Center to calculate FBIAS and ETS scores (Brown et al., 2009).
FBIAS — hits.+ false.alarms (14)

hits + misses

_ hits — hitSrandom
" hits + misses + false alarms — hitSrandom

ETS (15)

where

HitSyangon = (hits + misses)(tl(l)itt:1+ false alarms) (16)

To better investigate the change of moisture transport on precipitation, we conduct a moisture budget analysis
by following the previous studies (Chou & Lan, 2012; P. Li et al., 2020; Lin et al., 2014). The moisture budget
equation at the p level coordinate is:

P:a Py - Pfa
P=—1/ —"dp—l/ V,,-<th>dp—l/ M ap+E+s a7
8y, 0t g, gJp, b

g5
ot

where “P” on the left side of Equation 17 denotes the precipitation rate, “q” is the specific humidity. indi-

cates the changes of local moisture. “ -V, - (q V;,)” is the convergence of horizontal moisture flux. “w” is the

vertical velocity at the p level coordinate and “"aﬂ” denotes the vertical transport of moisture flux. /,, "’ A” indi-
» s

@ 9

cates a vertical integration from the surface (p,) to the top of the tropopause (p,) and “g” represents the gravity
acceleration. “E” represents the evaporation rate. The residual term “3” includes the surface processes linking
with topography and model bias (Ma & Zhou, 2015; Seager et al., 2010).
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Figure 2. The spatial distributions of the mean surface solar radiation in June 2020 from the Himawari-8 (a), CTRL (b) and sub-grid terrain solar radiative effect
(STSRE) experiments (c) with the differences between CTRL and Himawari-8 (d), between STSRE and Himawari-8 (e) and between STSRE and CTRL (f). The black
(gray) lines denote the terrain height of 3,000 (500) m.

3. Results
3.1. Downward Surface Solar Radiation

The mean SSR in June 2020 derived from the Himawari-8 observation, forecasts from the CTRL and STSRE
experiments and their differences are presented in Figure 2. The observed SSR increases from the southeastern
to northwestern TP with relatively larger values over Hengduan Mountains, northern TP as well as relatively
flat areas in the northwest of the domain (Figure 2a). Both CTRL and STSRE experiments can properly repro-
duce the distribution of SSR but overestimate the magnitude (Figures 2b and 2c). Compared to the Himawari-8
retrieved SSR, the CTRL experiment clearly overestimates the intensity of SSR, with the domain-averaged bias
up to 64 W-m~2 (Figures 2b and 2d). As shown in Figure 2e, the implementation of the STSRE can obviously
reduce the overestimated SSR by a reduction of ~50 W-m~2 along the Hengduan Mountains and Sichuan basin.
The large decrease in SSR is mainly contributed by the shadowing effects from the surrounding terrains on direct
solar radiation flux (not shown) over the steep regions.

The SSR is smaller (larger) when the target point is obstructed (unobstructed) by surrounding terrains with SVF
approaching 0 (1). To investigate the impacts of 3D STSRE on the SSR under different openness of terrains, the
mean diurnal variations of the SSR and RMSE between the Himawari-8 and two experiments averaged within
each category of SVF are shown in Figure 3. According to the Himawari-8 observation, the diurnal cycle of
SSR has a prominent peak at 14:00 Beijing time (BJT) during the afternoon. The peak value is ~790 W-m~2
under the condition of SVF greater than 0.99, yet the peak value is decreased to ~558 W-m~2 when the SVF is
less than 0.8, suggesting the topographic shading effects on the SSR (Figures 3a and 3g). Both the CTRL and
STSRE experiments well capture the diurnal patterns of the SSR under different categories of SVF but show a
general overestimation. It is notable that the evident overestimation of SSR in the CTRL experiment is mitigated
after implementing the 3D STSRE scheme, and such improvement is more obvious under smaller SVF condi-
tions. When the SVF is smaller than 0.8, the CTRL experiment shows a maximal diurnal bias of ~303 W-m~2
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Figure 3. Mean diurnal variations of surface solar radiation (SSR) in June 2020 from the Himawari-8 (black curves), simulations from the CTRL (blue curves) and
sub-grid terrain solar radiative effect (STSRE) (red curves) experiments averaged within each category of SVF(a-g). Root mean square errors (RMSEs) for the mean
SSR from the CTRL and STSRE experiments relative to the Himawari-8 observation averaged within each category of SVF in June 2020 (h). The RMSE percentage
change (STSRE-CTRL/CTRL) for the mean SSR produced by the STSRE experiment relative to the CTRL experiment averaged within each category of SVF in June

2020 ().
at 12:00 BJT and a RMSE of ~91 W-m~2 compared to the observation, and the maximal diurnal bias (RMSE)
is largely reduced to ~175 W-m~2 (~62 W-m~2) in the STSRE experiment (Figures 3a and 3h). It could also be
found that the RMSEs for the CTRL and STSRE experiments are not monotonical over relatively flat regions
starting from SVF >0.95 (Figure 3h). This indicates that the RMSE of SSR simulation is more subjected to the
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Figure 4. The spatial distributions of mean precipitation in June 2020 from the OBS (a), CTRL (b) and STSRE (c) experiments with the differences between CTRL
and OBS (d), between sub-grid terrain solar radiative effect (STSRE) and OBS (e) and between STSRE and CTRL (f). The black (gray) lines denote the terrain height
of 3,000 (500) m and the black rectangles sketch the sub-region with much larger differences. The dots indicate the differences over 95% significant confidence level of

1 test.

sub-grid topographic inhomogeneity under SVF <0.95. But for the cases with the SVF >0.95, the RMSE of the
SSR produced by the CTRL and STSRE experiments becomes more erratic with SVF, likely due to the compli-
cated effects of the land-atmosphere interactions on the large number of scattered-distributed grid points over
these flat regions (not shown). Overall, the inclusion of 3D STSRE scheme can improve the simulation of SSR
under all categories of SVF and the improvement is more significant over the regions with more complicated
terrains (Figure 3i). Beside the improvement in simulated SSR, the inclusion of 3D STSRE scheme also mitigates
the overestimation of surface skin temperature over the north and south edges of TP and Sichuan Basin and the
surrounding regions with complex terrain (not shown).

3.2. Precipitation

Figure 4 presents the mean precipitation in June 2020 from observation, forecasts of the two experiments and
their differences. As shown in Figure 4a, the observed precipitation increases from northwest to the southeast
with two rainfall centers located in the trumpet-shaped region of the southern TP and the southeastern of Sichuan
Basin. Compared to the observation, the two experiments can well depict the precipitation pattern and maximal
centers, but both show overestimation in the magnitude of rainfall, especially over the southern TP (Figures 4b
and 4c¢). The adoption of 3D STSRE scheme significantly undermines the excessive rainfall over most regions
in the CTRL experiment and reduces the positive biases by 30.2% over the whole TP (Figure 4e). Two obvious
weakening centers locate on the southeast of Sichuan Basin and the southern TP with the intensity exceeding
—0.6 mm-hr~!. Slightly increased precipitation in the STSRE experiment relative to the CTRL experiment is
observed along the margin of the southern slope of TP and southeast of the focused area (Figure 4e).

Figure 5 presents the mean ETS and FBIAS scores of 12-hr accumulated rainfall for each experiment over the
whole domain. For the two thresholds of 0.1 and 10 mm, the ETS scores in the STSRE experiment are clearly
higher than those of the CTRL experiment (Figures 5a and 5b). The inclusion of 3D STSRE scheme clearly reduces
the FBIAS in the CTRL experiment, particularly at the threshold of 10 mm (Figure 5d). This is corresponding to
the subjective comparison of rainfall in Figure 4e, which indicates that the overestimated rainfall over the south-
ern TP and the southeast of Sichuan Basin are obviously reduced by the adoption of STSRE scheme.
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Figure 5. Mean equitable threat score and frequency bias scores of 12-hr accumulated precipitation with thresholds of
0.1 mm (a and b) and 10 mm (c and d) over the whole domain in June 2020. The black dashed lines in (¢ and d) denote the
reference line of 1.0.
Overall, the forecasts in SSR and precipitation can be clearly improved over the TP by introducing the 3D STSRE
scheme into the WRF_CPM model, especially over the regions with steep terrains.
4. Discussion
4.1. Impacts of 3D STSRE on Surface Heat
As mentioned above, the adoption of 3D STSRE scheme decreases the SSR, which would influence the surface
energy and heat exchanges (Gu et al., 2022; X. Zhang et al., 2022). Apart from surface radiation processes,
the surface energy balance is also subjected to the sensible heat, latent heat, and the ground soil heat (soil heat
energy change between soil and the ground layer), which can be written as NR = SH + LH + GFLX. Here,
NR = NSW — NLW represents the surface net radiation flux. NSW is net shortwave flux and NLW is net long-
wave flux. LH, SH and GFLX denote the latent heat flux, sensible heat flux and the ground soil heat. NLW, SH
and LH are positive upward, while NR, NSW and GFLX are positive downward. Figure 6 shows the differences
CAIET AL. 9of 18
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Figure 6. The mean differences of the surface radiation and heat fluxes between the sub-grid terrain solar radiative effect
experiment and CTRL experiment in June 2020. The black (gray) lines denote the terrain height of 3,000 (500) m.

in the above heat and radiation fluxes between the STSRE experiment and CTRL experiment. Similar to the SSR
in Figure 2f, the application of 3D STSRE scheme diminishes the overestimated NSW over almost the whole
region, particularly along steep mountainous regions (e.g., the Hengduan mountains, the Himalayas and moun-
tainous areas surrounds the Sichuan Basin) with values up to ~25 W-m~2 (Figure 6a). The magnitude of NLW
is much smaller than that of the NSW, which implies the change of mean radiation flux is principally dependent
on the shortwave radiation in daytime (not shown). Thus, the spatial pattern of NR resembles that of the NSW
(Figure 6b). The negative differences of latent heat and sensible heat can also be observed in the eastern and
southern margins along the TP with the magnitude of about —15 W-m~2 (Figures 6¢ and 6d). Compared to the
differences of the above surface energy and heat components, the difference in ground heat flux between the two
experiments is not evident, ranging from —8 to 4 W-m~2 (Figure 6¢).

To quantify the magnitude of each component, the regionally averaged surface radiation and heat fluxes of the
STSRE and CTRL experiments with their differences are examined. The domain-averaged NSW is over 210 W-m 2
in both experiments (Figure 7a) and plays a dominant role in the left side of the equation of surface energy
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(a) balance. When incorporating the 3D STSRE scheme, the domain-averaged
240 3 L NSW decreased by 14.4 W-m~2 exhibits the largest change among all surface
B STSRE : heat flux components. The difference in NLW is much smaller with an inten-
200 7 - sity of —1.4 W - m~2 (Figure 7b). For the right hand of the surface energy
1 I CTRL r . . .
160 r balance equation, the regionally averaged SH and LH are comparable with
"'E the intensity around 60~70 W-m~2, while ground heat flux is only about
= 120 n ~5 W - m~2 (Figure 7a). Among three surface heat flux components, the
- 80 E 3 difference in LH is the largest with an intensity of —6.0 W-m~2, implying that
] the reduction of the NR in the STSRE experiment is primarily compensated
40 - o by the LH (Figure 7b). Since the LH is relevant to the phase transition of
0 2 a water, this large decreasing of LH coheres with the substantial decreasing of
NSW  NLW NR SH LH GF precipitation (Figures 4f and 71?)..Overa11, the incorporation. of .3D STSRE
scheme reduces the surface radiation and heat fluxes, resulting in a weaker
(b) surface heating. It can be noted that the difference of the surface radiation
0 flux on the left side of the surface energy balance equation is not equal to the
surface heat flux of the right, which is mainly due to the interactions among
3 - the plant canopy, the atmosphere and the soil layer (Chen & Dudhia, 2001).
« 67 5
€ [ 4.2. Possible Mechanisms for the Improvement of Precipitation
= 9 - - Forecast
12 - B By incorporating the 3D STSRE scheme into the WRF_CPM model, the
= overestimation of SSR in the CTRL experiment is obviously reduced and the
45 4 B precipitation forecast is clearly improved especially over the southern TP. In
T T T T T T this subsection, the possible mechanism how the improved SSR affects the
NSW  NLW NR SH LH GF precipitation forecast is investigated. Here, the sub-region marked as rectan-

Figure 7. The domain-averaged surface heat balance components from the
simulations of the CTRL experiment and sub-grid terrain solar radiative effect

gles in Figures 4d and 4e, where the largest precipitation difference between
the STSRE and the CTRL experiments is selected. Yao et al. (2017) showed

(STSRE) experiment in June 2020 (a). The differences of each component that the sub-region is influenced by the India summer monsoon and the west-

between the STSRE experiment and the CTRL experiment in June 2020 (b). erly. The background circulation as well as the local vertical motion and ther-

mal condition from the two experiments are compared and discussed in the
following sections.

4.2.1. Background Circulation

During the summer period, the atmospheric heating generates a positive vortex source in the low troposphere,
resulting in a stable cyclonic circulation on TP (G. X. Wu et al., 2002). Figure 8 shows the temperature and wind
field and their difference between STSRE and CTRL experiments. At 14:00 BJT, there exist thermal-low pressures
over the central TP in both experiments. One branch of the airflow comes from the west and flows into the north-
ern TP. The other branch encounters the southern TP from the southwest, providing warm and moist water vapor to
the sub-region marked in blue rectangles (Figures 8a and 8b). The temperature difference between the two experi-
ments is the largest compared to other time of a day (Figure 8c). Then, at 20:00 BJT, the intensity of thermal-lows
enhances in both experiments (Figures 8d and 8e). The westerly over the northern TP turns to northeasterly winds
and the two branches converge at the central TP motivated by the intense thermal-low (Figures 8d and 8e).

By 02:00 BJT, though the thermal-low weakens, easterly winds pools into the northern TP and southwesterly winds
come from the southern TP, both contribute to a cyclonic circulation with associated convergence (Figures 8g
and 8h). It is notable that the southwesterly winds directing into the sub-region are much stronger at 20:00
BJT-02:00 BJT compared to other times, which is related to the occurrence of the cyclonic circulation over the
central TP in both experiments (Figures 8d and 8e and 8g and 8h). Correspondingly, more moisture flux is trans-
ported into that sub-region and the diurnal precipitation peak occurs during night (not shown). With the inclusion
of the 3D STSRE, the difference in wind field turns to anticyclonic and the water vapor transportation into the
sub-region is depressed during 20:00 BJT-02:00 BJT (Figures 8f and 8i). At 08:00 BJT, the cyclonic circulation
vanishes and westerly winds flows into the central TP in both experiments (Figures 8j and 8k). The temperature
difference is not evident and the anticyclonic difference of wind field disappears between the STSRE experiment
and CTRL experiment (Figure 8l).
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Figure 8. The spatial distribution of the hourly wind field (vectors, units: m s~!) and temperature (shadings, units: °C) at 500 hPa from the CTRL and sub-grid terrain
solar radiative effect (STSRE) experiment and their differences (STSRE-CTRL) in June 2020. The white (gray) lines denote the terrain height of 3,000 m and the blue
dashed rectangles sketch the sub-region shown in Figures 4d and 4e. The rows are for 14:00 BJT, 20:00 BJT, 02:00 BJT and 08:00 BJT, respectively.

In general, the thermal-low is strong during afternoon to early night and motivates a cyclonic circulation at late
night over the TP. Influenced by the cyclonic circulation, the southwesterly winds flowing into the sub-region
is more intense at night, which conveys moisture to the sub-region and promotes the precipitation there. The
adoption of the 3D STSRE scheme attenuates the thermal-low by reducing the surface thermal forcing. Then, the
cyclonic circulation weakens with much weaker peripheral southwesterly winds and less water vapor transpor-
tation to the sub-region (Figures 8f and 8i). Hence, the precipitation is depressed. In the morning, the difference
of temperature between the two experiments is small but the southwesterly winds are still weaker in the STSRE
experiment, which also lead to less water vapor transported to the sub-region and cause less precipitation.

To better understand the difference of the moisture transport to the sub-region between the two experiments,
we perform a moisture budget analysis. Figure 9 displays the mean precipitation rate and the moisture budget
components regionally averaged over the sub-region from the two experiments during day and night in June
2020. The primary rainfall diurnal peak emerges around 04:00 BJT and the other peak occurs at 14:00 BJT

CAIET AL.

12 of 18

85U80|7 SUOWLLIOD aA1e8.D 8|qeo [dde au Aq peusenob afe sapie YO ‘SN JO '3y 10} AreIqi8UIUO A8]IM UO (SUORIPUOD-pUe-SWBYLID" A3 1M ARIq U1 UO//SdNL) SUORIPUOD pue Swid 1 8y} &8s *[£202/90/0T] uo AreiqiTauliuo A8|im ‘Aisieaiun BuifueN Aq SOT8E0ArZZ0z/620T 0T/10p/wo A8 im AriqijeutjuosqndnBey/sdny wouy pepeojumoq ‘TT ‘€202 ‘96686912



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

10.1029/2022JD038105

(2)22:00-06:00 BJT

(figure not shown). The inclusion of 3D STSRE reduces the magnitude of

(mmh™

0.0

precipitation through the whole day, but the main factors that influence
the moisture supply differ in each period. During 22:00 BJT ~ 06:00 BJT,
the decrease of precipitation in the STSRE experiment (—0.30 mm - hr~!)

= STSRE
mmm CTRL

is mainly compensated by the weakened convergence of moisture flux
(—0.17 mm - hr~') and vertical transport of moisture flux (—0.25 mm - hr~!')in
the sub-region (Figure 9a). This is corresponding to the reduced thermal-low
and peripheral southwesterly winds during night in the STSRE experiment
(Figures 8g—8i).

LU B B B B |

In the afternoon, the reduction of precipitation (—0.19 mm - hr™') is contrib-

(0)09:00-15:00 BJT

P  Conv(qV) -dg/dt -dwg/dp E Res

T | T
uted by the less evaporation (—0.03 mm - hr™') and weaker vertical mois-

ture transport (—0.41 mm-hr~'; Figure 9b), which is related to the decreased
surface skin temperature and weaker upward motion in the STSRE experi-

15 4
1.0

0.5 -

(mmh™

m=m STSRE - ment respectively. We can infer that the decrease of the afternoon rainfall in
= CTRL | the STSRE experiment mainly results from the weaker local solar heating.
This will be discussed in Section 4.2.2.

- Overall, adopting the 3D STSRE scheme leads to the decrease of the surface
: heating. Influenced by the weaker surface heating, the thermal-low over the
central TP is attenuated and the peripheral southwesterly winds motivated
by the thermal-low also weaken in the STSRE experiment. Thus, the conver-
gence of moisture flux in the sub-region is weaker in the STSRE experiment,

especially during night (Figures 8i and 9a). In the afternoon, compared to

-1.0

Figure 9. The mean precipitation and moisture budget components
during 22:00 ~ 06:00 BJT (a) and 09:00 ~ 15:00 BJT (b) from the

P  Conv(qV) -dg/dt -dwg/dp E Res

T | | . . .
the CTRL experiment, the surface temperature is lower and less moisture

is evaporated. The decreased local surface heating also causes the weaker
vertical moisture transport in the STSRE experiment (Figure 9b). Therefore,
the precipitation is reduced over the sub-region in the STSRE experiment

CTRL and sub-grid terrain solar radiative effect (STSRE) experiments (Figures 4e and 9b).
regionally averaged in the sub-region in June 2020. Here, P and E denote .
the precipitation and evaporation rate. The “Conv(qV)” is convergence of 4.2.2. Local Thermal Conditions

vertically integrated moisture flux, “—dg/df” indicates the changes of local
moisture, “—dwg/dp” is the vertical transport of moisture flux. “Res” denotes

the residual term.

Previous studies have shown that the annual rainfall of the sub-region is
primarily composed of convective precipitation (Maussion et al., 2014). The
local thermo-dynamic conditions play key roles in the formation and evolu-
tion of convective precipitation.

Figure 10 gives the spatial distribution of the convective available potential energy (CAPE) in the sub-region
to investigate the impacts of 3D STSRE scheme on the local thermal condition. In the both experiments, the
CAPE larger than 780 J kg~ exists over the sub-region, which corresponds to the regions with more precipitation
(Figures 4a—4c and 10a and 10b). The STSRE experiment produces smaller CAPE over the sub-region, resulting
in a much more stable atmospheric condition and weaker upward motion there (Figure 10c). Hence, the develop-
ment of convection is inhibited, causing less precipitation over the sub-region in the STSRE experiment than in
the CTRL experiment (Figure 4e).

The south-north oriented transect of local meridional circulation along with equivalent potential temperature
over the sub-region from the two experiments and their differences are presented in Figure 11. Strong upward
movement is found in the lower troposphere along 27°-29°N in both experiments, which can trigger local
convection (Figures 11a and 11b). The intensive updraft extends to the upper troposphere and the equivalent
potential temperature is high along 28°-29°N in the CTRL experiment (Figure 11a). Clearly, the implementa-
tion of 3D STSRE scheme reduces the surface heating, leading to more stable atmosphere and weaker upward
motion relative to the CTRL experiment (Figure 11c). This corresponds to the weakened vertical moisture
transport in Figure 9. Thus, the precipitation is suppressed over the sub-region in the STSRE experiment
(Figure 4e).

To sum up, the inclusion of 3D STSRE scheme weakens the surface heating and stabilizes the atmosphere, which
leads to weaker upward motion and less active convection over the sub-region. Thus, the total precipitation
largely decreases therein.
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Figure 10. The mean convective available potential energy in June 2020 (shading, units: J kg~!) from the CTRL (a) and sub-grid terrain solar radiative effect (STSRE)
(b) experiments, and the difference between the STSRE experiment and CTRL experiment (c) over the sub-region. The black lines denote the terrain height of 3,000 m.
The dots indicate the differences over 90% significant confidence level of ¢ test.

5. Summary and Discussion

In this study, a 3D STSRE scheme is introduced into the WRF_CPM model to improve the summer rainfall
forecast on the TP and surrounding regions featured by complex terrains. Two experiments with and without
STSRE are conducted to inspect the effects of the 3D STSRE scheme on the ability of WRF_CPM in forecasting
precipitation in summer.

Compared to the CTRL experiment, the application of 3D STSRE largely reduces the overestimation of SSR, espe-
cially over the steep terrains with much smaller SVF. The improved SSR in the STSRE experiment influences the
surface energy balance, which finally leads to a reduction in the wet biases on the TP. Overall, adopting the 3D STSRE
scheme can reduce the overestimation of the mean precipitation over the TP in the CTRL experiment by 30.2%.

Taking a part of the southern TP with complex terrain as a sub-region, we then investigate the possible reasons
for the improvement of rainfall forecast. The reduced SSR acts to weaken the surface heating, which results in the
attenuated thermal-low over the central TP in the STSRE experiment. Subsequently, the peripheral southwesterly
winds around the thermal-low are weakened and the convergence of moisture flux is weaker in the sub-region,
especially at night. Also, the reduced SSR results in lower surface skin temperature and weaker upward motion,
which accordingly decreases the surface evaporation and vertical moisture transport during daytime. The weak-
ened convergence of moisture flux, vertical moisture transport together with reduction of evaporation in the
STSRE experiment eventually alleviate the overestimation of the precipitation in the CTRL experiment. Moreo-
ver, the suppressed surface heating stabilizes the local atmosphere and inhibits the convection, which is another
reason for the decrease of precipitation over the sub-region.

It should be noted that, the positive bias of SSR in the CTRL experiment is evident over the whole domain, which
is a common issue for the current WRF simulations and many CMIP6 model simulations (Z. Gao et al., 2022; He
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Figure 11. Height-latitude cross section of the mean vertical circulation (units: m s~!; with the vertical velocity scaled by
100) and equivalent potential temperature (shading, units: K) in June 2020 averaged along 92° ~ 98°E from the CTRL (a)
and sub-grid terrain solar radiative effect (STSRE) (b) experiments, and their differences between the STSRE experiment and
CTRL experiment (c).

et al., 2023; Yang et al., 2020). Clouds and aerosols are known as the primary sources of model biases of SSR
(Boers et al., 2017; Cherian & Quaas, 2020; Moseid et al., 2020). Although we found that the bias of total cloud
cover negatively correlates with the bias of SSR over most of the regions, it cannot absolutely explain the SSR
bias over the entire domain. In this study, we emphasize the thermal effects of sub-grid topographic inhomoge-
neity on the SSR and alleviate the overestimation of SSR over steep regions by depicting more realistic terrain
and land-surface interaction. In addition, the incorporation of the 3D STSRE scheme in WRF_CPM provides an
effective way to promote the precipitation forecast over the regions with complicated terrains. Due to the limita-
tion of computing resource, the short-range forecast of WRF_CPM model is conducted for only 1 month. Clearly,
the forecast skill of WRF_CPM model at synoptic time scale obviously improved by adopting the 3D STSRE
scheme is encouraging and the results are consistent with previous studies (Gu et al., 2022; Y. Zhang et al., 2006).
Subsequent studies on how the 3D STSRE affect the performance of WRF_CPM model at longer time scale are
also needed. Additionally, the incorporation of 3D STSRE scheme would influence the atmospheric circulation
downstream as the integration time increases (Huang & Qian, 2008). In the future, we will investigate to what
extent of the 3D STSRE scheme can affect the synoptic processes downstream and the underlying physical driv-
ers. This may provide another approach to improve the downstream weather prediction in the future.
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