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Abstract Reliable precipitation simulation over the Tibetan Plateau (TP) remains a challenge, manifested
by a prominent systematic wet bias in the warm season. Previous studies have generally neglected the potential
linkage between surface radiation energy budget and precipitation bias. Prevalent scattered cumulus and
thunderstorms over the TP in summer strongly influence surface radiation. A cloud fraction scheme considering
subgrid temperature and humidity fluctuations is implemented in the WRF model and tested for a month-long
simulation. It is found that the scheme better reproduces the surface solar radiation compared to a default cloud
fraction scheme in the WRF model. Using abundant surface observations, we find that overestimation of the
downward surface shortwave radiation (DSSR) would lead to wet bias. DSSR overestimation contributes to
higher surface temperature and larger evaporation and enhanced atmospheric instability, which favor more
simulated convective precipitation. The study suggests that a better simulation of clouds and surface radiation
would benefit precipitation simulation over the plateau.

Plain Language Summary Summer precipitation over the Tibetan Plateau (TP) is generally
overestimated in general circulation models as well as regional weather forecasts and climate models. The
prevailing “popcorn-like” clouds over the TP in summer would strongly impact surface radiation. Considering
the potential linkage between surface radiation energy budget and precipitation bias, a statistical cloud fraction
and subgrid condensation scheme (GS-PDF scheme) is implemented in the WRF model and tested for a month-
long simulation. The GS-PDF scheme better captures clouds over the TP with more mid-low cloud water (ice)
than the default Xu-Randall scheme. Increased mid-low cloud water in the GS-PDF scheme reduced simulated
downward surface shortwave radiation, reduced simulated surface temperatures, atmospheric instabilities and
convective precipitation, leading to alleviated wet bias over the TP. This study suggests that better simulations
of cloud and surface radiation would be beneficial for simulations of hydrological cycles over the TP.

1. Introduction

Located in the eastern part of the subtropical Afro-Eurasian continent, the Tibetan Plateau (TP), regarded as “the
Roof of the World,” is the highest plateau in the world with an area of about 3.1 X 10° km? and an average eleva-
tion over 4,000 m above sea level. Its dynamic and thermodynamic effects have great impacts on the downstream
and global climate (Fu et al., 2020; Liu et al., 2020; Wu et al., 2020; Zhao et al., 2019). The TP also has the most
massive glacier and ice outside the polar regions, and plays a critical role in the hydrological cycle and the water
supplies in Asia (Qiu, 2008; Xu et al., 2008, 2019). It is the headstream of more than 10 of Asia's major rivers,
which provide critical freshwater for nearly 40% of the world's population for domestic, agricultural, and indus-
trial use (L. Wang et al., 2021; Yao et al., 2019). Called as “the Water Tower of Asia,” the TP is one of the most
sensitive regions to climate change. The ecosystem and glacier over the TP have been threatened by the warming
and moistening (Yang et al., 2014; Yao et al., 2019). In order to make well-planned policies for protecting the
Water Tower of Asia and ensure the accuracy of downstream weather simulations, it is of great significance to
simulate atmospheric circulation and precipitation over the TP in a reasonable manner.

Despite decades of efforts to improve model performances, reliable simulation of precipitation over the TP
remains a challenge. An overall overestimation of summer precipitation over the TP has been found in both general
circulation models (Cui et al., 2021; Duan et al., 2013; Lun et al., 2021; Su et al., 2013; Zhu & Yang, 2020) and
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regional weather prediction model and climate models (Gao et al., 2015; Gu et al., 2020; Maussion et al., 2014;
X. Wang et al., 2021). Several studies had identified the sources of wet bias over the TP, such as the unreason-
able water vapor transport owing to relative coarse model resolution and unrealistic terrain representation (Lin
et al., 2018; Rahimi et al., 2019; Wang et al., 2020a; Zhou et al., 2019), excessive convective activity resulted
from cumulus parameterization scheme (Ou et al., 2020), inaccurate land-atmosphere interactions associated with
soil moisture and soil frozen-thawing (Fu et al., 2020; Lv et al., 2020; Yang & Wang, 2019; Yang et al., 2018).
Wet bias was also noted in reanalysis data sets (Wang et al., 2018). Convection-permitting models (CPMs), with
a horizontal resolution less than 4 km, were constructed to avoid the error-prone convective parameterization and
a better representation of complex terrain, small-scale physical and land—atmosphere process, yielding improved
precipitation simulations (Prein et al., 2015). Gao et al. (2020) and Zhou et al. (2021) had demonstrated the added
value of the CPMs in wind, temperature, and precipitation (including frequency and intensity) simulation over
the TP. Li et al. (2020) showed that 4-km CPMs could significantly reduce the wet bias over the TP compared to
the 13- and 35-km mesoscale models. Such an improvement was mainly due to turnoff of convective parameteri-
zations and more realistic convective available potential energy (CAPE) simulation. Y. Zhao et al. (2021) showed
that CPMs had more reasonable precipitation recycling ratio owing to a better representation of convection,
resulting in smaller bias over the TP compared to low-resolution models. Although the magnitude of summer
wet bias over the TP had been reduced to a large extent in CPMs, it still remains to be further improved (Li
et al., 2021; Zhou et al., 2021). Improved representation of other factors, such as clouds and radiation, should be
considered.

Clouds play important roles in the atmospheric system not only for the radiation but also for controlling the forma-
tion of precipitation. Strong surface radiative heating, limited moisture and complex terrain interactions, make the
TP a region with prominent “popcorn-like” convective clouds in summer (Chen et al., 2015; Li & Zhang, 2016;
Xu et al., 2002). The diurnal cycle of cloud fraction is obvious over the TP (Fujinami & Yasunari, 2001) with a
peak at 18:00 LST and a minimum at 10:00 LST (Shang et al., 2018). Failure of model to capture these clouds and
associated radiation would impact the surface energy budget and thus influence the triggering and development
of these convections. It is assumed that cloud and radiation bias and the wet bias might be related. As a result,
reliable precipitation over the TP required well simulated cloud and radiation.

In this study, we first implemented the joint-Gaussian probability distribution function (PDF) cloud scheme of
Qin et al. (2018) into the WRF model, and then analyzed the effect of cloud and radiation simulation on the wet
bias over the TP. The remainder of the article is organized as follows. The default and new cloud schemes are
described in Section 2. The data, numerical model setup, and methods are introduced in Section 3. The benefits of
the new cloud scheme on the TP precipitation are described in Section 4 with the potential physical mechanisms
discussed in Section 5. Conclusions and discussion are in Section 6.

2. Description of Cloud Fraction Scheme

In the present WRF model, the default cloud fraction parameterization scheme is the Xu and Randall (1996)
(call as Xu-Randall hereafter) scheme, which calculates the cloud fraction using an empirical formula related to
relative humidity and cloud water content. Obviously, the empirical formula in Xu-Randall scheme is unlikely to
encompass all natural situations (Tompkins, 2005). For example, the same relative humidity over the TP and east-
ern China corresponds to rather different cloud fractions (Wang, Zeng, et al., 2020), and it is difficult to reflect
this difference using the Xu-Randall scheme. More importantly, Xu-Randall scheme is just a diagnostic cloud
fraction scheme and does not consider subgrid condensation. However, the scale of the “popcorn-like” cloud over
the TP is less than 1 km, which cannot be resolved even in CPMs. Both cloud fraction and subgrid condensation
may directly affect the earth's energy budget by modulating both longwave and shortwave radiation.

As a widely used shortwave radiation scheme in WRF model, the Dudhia scheme, which is used in this study, is a
simple shortwave parametrization that considers the effects of solar zenith angle, albedo and absorption of clouds
(including rain, snow and graupel particles), and clear-sky scattering and water vapor absorption (Dudhia, 1989).
Extinction by other molecules (such as aerosols, ozone) are implicitly included in an empirical scattering param-
eter (Ruiz-Arias et al., 2013). The albedo and absorption of clouds is calculated from tabulated functions related
to the vertically integrated liquid and ice water path. Thus, the subgrid condensation directly affects the shortwave
radiation. The longwave radiation scheme used is the RRTM scheme (Mlawer et al., 1997), which uses a look-up
table method to calculate longwave radiative transfer of 16 spectral bands in each cloud layer. The longwave
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radiative transfer is accomplished by combining gaseous (such as ozone, water vapor, carbon dioxide) and cloud
optical thickness, which is related to the cloud water and cloud ice. Thus, the subgrid condensation also directly
affects the longwave radiation in RRTM scheme. Therefore, neglecting the subgrid condensation, the Xu-Randall
scheme could not capture the impact of “popcorn-like” clouds on radiation over the TP.

Statistical cloud fraction schemes assume a subgrid-scale PDF of potential temperature and total water mixing
ratio to calculate the condensation and cloud fraction (Mellor, 1977; Olson et al., 2019a, 2019b; Sommeria
& Deardorff, 1977). This scheme takes into account the subgrid impacts of dynamic and thermodynamical
conditions. That is, subgrid condensation would occur even if the grid box average relative humidity is below
100%. Application of a PDF cloud scheme in the NCAR Community Atmosphere Model (CAMS) improved the
simulation of marine low cloud and alleviated double Intertropical Convergence Zone (ITCZ) problem (Qin &
Lin, 2018; Qin et al., 2018). In this study, we implement the Gaussian PDF cloud scheme of Qin et al. (2018)
(called as GS-PDF hereafter) into the WRF model with subgrid-scale variance diagnosed from the UW boundary
layer turbulence scheme and UW shallow convection scheme in WREF.

The GS-PDF cloud scheme has two basic variables: the total water specific humidity (g;) and the liquid water
potential temperature (0;). The scheme assumes that the probability distribution of both g,, and 6, are Gaussian
distributed around their grid mean values. In addition, we made the following modifications.

First, considering prominent mixed-phase clouds over the TP due to its high altitude, we include cloud ice
(g,) into the total water specific humidity (g,) and the liquid water potential temperature (¢,) following Cusack
et al. (1999) as

l]x=111;+11c+t]i (1)

L  (Lo+ Lo

0, =0- e
c,T c,T

gi @

where ¢q,, g,, and g, are the specific humidity of water vapor, cloud water and cloud ice, respectively. 6 is the
potential temperature, T is the absolute temperature, ¢, is the specific heat capacity at constant pressure, L, and
L is the latent heat of vapourization and fusion, respectively. The saturation vapor pressure over water and ice is
calculated using Murray (1967) method.

Second, the subgrid condensation is simply partitioned into g. and g; according to the linear approximation of
Hobbs et al. (1974):

Woer = MAX (0, MIN(1, - _5254 )) 3)
Wice = 1 = Wiater @
Then
ge = R # O % Wiaeer ®
g =R Q * Wi (6)
where W and W, are the weight coefficients of cloud water and cloud ice, respectively. T is the air tempera-

ture (units: K). R is the cloud fraction and Q is the subgrid cloud condensation determined by the PDF scheme.
The subgrid condensation ¢, and ¢; are added to their respective preexisting resolved scale components for the
radiation calculation, and the subgrid condensation g, and ¢; have not been passed to cloud microphysics for
resolved scale moisture conservation as Olson et al. (2019a).

3. Simulation Setup and Evaluation Data
3.1. Simulation Setup

The WRF-ARW version 4.2.1(Skamarock et al., 2019), a fully compressible, non-hydrostatic model, is used in
this study. The model has 50 uneven vertical levels with the model top at 50 hPa, and the center of the model
domain locates at (32°N, 83°E) with a grid spacing of 0.1° (approximately 11 km) and 540 x 280 horizontal grid
points. Both the initial and lateral boundary conditions were derived from ERA5 (Hersbach et al., 2020). WRF
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Table 1 simulation started from 1 to 31 July 2016 using a daily re-initialization strat-
Summary of Station Information in This Study egy (Dong et al., 2018; D. Zhao et al., 2021). Specifically, simulations for
Latitude Longitude  Altitude each day were coTlducted by 1ntegrat1ng the mode? for 36 hr starting at .1 200
Number Station_Name N) CE) (m) UTC on the previous day. The first 12 hr were discarded as model spin-up
and the remaining 24 hr were stitched together to have a full month output.

1 Lhasa Tibet 29.67 91.13 3,649
) e TS 31.48 92.07 4,508 As suggested by Lv et al. (2020),. I.ICW Thompson microphysics scheme
3 G Sich 3162 100.00 3304 (Thompson et al., 2008), and the unified Noah land-surface model (Chen &
arze Sichuan : : : Dudhia, 2001) are used in this study. Following Zhou et al. (2021), we use
4 Yushu Qinghai 33.00 96.96 3718 RRTM (Rapid Radiative Transfer Model) model (Mlawer et al., 1997) for
5 Hongyuan Sichuan 32.80 102.55 3,493 longwave and Dudhia scheme (Dudhia, 1989) for shortwave radiation calcu-
6 Seng-ge Kambab Tibet 32.50 80.08 4,281 lations. UW shallow convection and its corresponding UW planetary bound-
7 Qamdo Tibet 31.15 97.17 3,309 ary layer (PBL) scheme (Bretherton & Park, 2009) are used here because
3 it Qtared 36.73 101.75 2297 shallow c?onvectlon is important for the low cloud formation by transporting
0 Ganecha Oineha 3733 100.13 330 heat, moisture and momentum from boundary layer to the free atmosphere.
angeha Qinghal ' ' ’ Ou et al. (2020) demonstrated that simulation of summer precipitation with-
10 Golmud Qinghai 36.41 94.9 2,808 out a cumulus parameterization scheme performs better than those with a
11 Ma Qin Qinghai 34.46 100.25 3,719 cumulus parameterization at the gray-zone grid space over the TP. There-

Note. Station 1-7 have hourly DSSR and 6 hourly (1200 LST and 1800 fore, the deep convection parameterization was turned off. Other model setup
LST) sounding profile observations. Station 8-11 only have hourly DSSR includes the Eta surface layer scheme (Janji¢, 1994) and the 21-class MODIS

observations.

land-use data (Friedl et al., 2010). As there are more than 1,000 lakes with

area greater than 1 km? over the TP (Lazhu et al., 2021; Zhang et al., 2019),

the CLM 4.5 lake model (Gu et al., 2015; Subin et al., 2012) is used in this
study. The Turbulent Orographic Form Drag (TOFD) parameterization scheme (Beljaars et al., 2004; Zhou
et al., 2018) is also used to describe the subgrid-scale orographic impacts.

Two groups of simulations are conducted, one with the GS-PDF cloud fraction scheme and the other using the
Xu-Randall scheme. Both simulations used the same setup and configurations described above except the cloud
fraction scheme.

3.2. Surface Observations

Surface observations, including hourly precipitation, 2-m temperature (T2) and 6-hourly radiosonde profiles over
the TP from 1 to 31 July in 2016 are acquired from the China Integrated Meteorological Information Service System
(CIMISS). These data have passed quality control measures (Shen & Xiong, 2016; Sun et al., 2020; Zhao et al., 2017)
with unreliable observations set as missing values. There are 847 precipitation and 588 T2 observation stations used
in this study with their missing ratios less than15% according to Li (2018). Seven stations have both 1200 LST (0600
UTC) and 1800 LST (1200 UTC) radiosonde profiles over the TP. The corresponding ground-based hourly downward
surface shortwave radiation (DSSR) data from 11 stations are obtained from China Meteorological Administration
(CMA) (Shi et al., 2008; Tang et al., 2011, 2013). Locations of these stations are summarized in Table 1 and Figure 1.

3.3. Height Correction for Simulated 2-m Temperature

Given the complex terrain over the TP, height between simulations and real terrain might differ significantly.
The temperature height correction method of Sheridan et al. (2010) is conducted in this study following D. Zhao
et al. (2021). Specifically, for a given station, we use the nearest model grid if its model height discrepancy was
less than 25 m. Otherwise, we select the point with the smallest height discrepancy in the surrounding 9 nearest
grid points. After the model grid point is selected, the height correction is applied as T, = T, + y(h,, — h,), where
T, is the corrected simulated T2, 7,

m’

h,, are the simulated T2 and terrain height of selected grid point, &, is the
terrain height of station observations. y is the local value of lapse rate calculated as the linear regression coeffi-
cient between the simulated T2 and height variations within the 8 X 8 grid points nearest to that station.

3.4. The Surface Energy Budget

A surface energy budget was conducted following previous studies (Chen et al., 2019; Oehri et al., 2022; Sellers
et al., 1997). The surface energy budget consists of the most relevant components:

R, =NSW + NLW = SH + LH - GH @)
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Figure 1. The domain configuration and topography over the Tibetan Plateau and adjacent areas in Weather Research and
Forecasting (WRF) simulation. Blue solid dots denote the locations of rainfall gauge stations. Seven white pentagrams
indicate the stations with the hourly DSSR and 6 hourly (1200 LST and 1800 LST) sounding profile observations. Four cyan
pentagrams indicate the stations only with the hourly DSSR observations.

where R, is the net radiative flux absorbed by the earth's surface, balanced by sensible heat flux (SH), latent
heat flux (LH), and ground heat flux (GH). The net radiative flux (R, = NSW + NLW) is the sum of the net
shortwave radiation flux (NSW) and the net longwave radiation flux (NLW). The net shortwave radiation flux
(NSW = (1 — albedo) * DSSR) is the downward shortwave radiation reached earth's surface minus the short-
wave radiation reflected upward from the surface. The net longwave radiation flux (NLW = GLW — £86T%) is the
downward ground surface longwave radiation emitted by the overlying atmosphere (GLW) minus the longwave
radiation emitted by the earth's surface (¢5T*). albedo is the surface albedo, ¢ is the surface emissivity, T is the
surface skin temperature (units: K), § is the Stefan-Boltzmann constant. SH, LH, and GH are positive upward.

4. Improved Precipitation Simulation

The daily average precipitation in July (Figure 2a) over the TP gradually decreases from southeast to northwest.
The nearest grid simulated daily average precipitation are compared with observations in Figures 2b and 2c. The
average precipitation bias of all stations during July 2016 over the TP is 0.58 mm/day with a root mean square
error (RMSE) of 3.30 mm/day in Xu-Randall (Figure 2b). By contrast, the wet bias is reduced substantially to
0.06 mm/day with the RMSE of 3.03 mm/day using the new cloud scheme (Figure 2c).

The wet bias is prominent in the central eastern and southern part of the TP with several stations showing a wet
bias greater than 3 mm/day (Figure 2). The wet bias and RMSE are reduced from 1.22 to 2.32 mm/day in the
central eastern (32°N—36°N, 98.5°E—103.5°E, hereafter “east area”) in Xu-Randall to 0.60 and 1.77 mm/day
in GS-PDF. The wet bias and RMSE in central southern (27°N—33°N, 90°E—96°E, hereafter “south area”) in
Xu-Randall are 0.63 and 2.23 mm/day, which are reduced to 0.15 and 2.13 mm/day in GS-PDF. Wet biases persist
along the southern plateau margin in both experiments, and this might be related to overestimated moisture trans-
port due to the coarse model resolution as suggested by Lin et al. (2018) and Wang et al. (2020a).

Figure 3 shows observed and simulated diurnal cycle of average precipitation in the east and south areas during
July 2016. The observed precipitation peaks in the late afternoon and early evening in the east area, captured by
the model reasonably well (Figure 3a). Xu-Randall significantly overestimates the amount of precipitation in the
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Figure 2. Geographical observed daily precipitation (a, units: mm/day) and biases in Xu-Randall (b) and GS-PDF (c)

simulations during July 2016. The red boxes represent two areas with large wet bias. Values outside brackets represent the
BIAS and RMSE of all stations, the first (second) values in brackets represent the BIAS and RMSE in east (south) red box.
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Figure 3. The observed and simulated diurnal cycle of average precipitation (units: mm/h) in east (a) and south (b) red box in
Figure 2 during July 2016 over the Tibetan Plateau.

late afternoon, while GS-PDF reduces the overestimate by about an half (Figure 3a). In the south area, observed
precipitation peaks around midnight with a minimum around 10:00 LST, but the simulated precipitation peaks
much earlier around 20:00 LST (Figure 3b). This may be related to the unresolved local valley winds (Barros
et al., 2000; Kuo & Qian, 1981; Ye, 1981; Zhao et al., 2022) and moisture transport (Liu et al., 2022). In terms of
precipitation amount, the large overestimation in Xu-Randall is reduced in GS-PDF. Overall, the GS-PDF cloud
scheme effectively improve precipitation simulation with an obvious reduction of precipitation in the late after-
noon and early evening. The following analysis will focus on the mechanisms for such an improvement.

5. Possible Mechanisms

5.1. Alleviated DSSR Overestimation

Figures 4a and 4b shows simulated diurnal cycle of weighted total cloud water (TCW) mixing ratio during July
2016 over the TP in two experiments. Based on Dudhia shortwave radiation scheme, the weighted TCW can be
written as

TCW =g, + 0.1 % g; + 0.05 * g, + 0.02 * g, + 0.05 * g, )

where q.. g,, q,. 4, g, are the mixing ratio of cloud water, cloud ice, rain, show and graupel particles, respectively.
As shown in Figure 4a, the weighted TCW is mainly distributed in the middle and lower troposphere, with the
0.005 g/kg contour rising from about 400 hPa in the late morning to approximately 300 hPa in the late afternoon
in Xu-Randall. This rise in afternoon is also obvious in GS-PDF (Figure 4b), probably related to the prevalent
afternoon convection simulated. The weighted TCW in GS-PDF is about 20% greater than that in Xu-Randall
(Figure 4c). The different TCW between GS-PDF and Xu-Randall principally results from the additional cloud
water (or ice) formed by subgrid condensation (Figure 4d).

The TCW could directly impact the downward surface shortwave and longwave radiation (Letu et al., 2020). The
simulated DSSR diurnal cycle during July 2016 is compared with surface observations over the TP (Figure 5).
The DSSR of Xu-Randall is greater than the ground observations, with the largest bias reaching 100 W/m? near
noon. The DSSR overestimation in the WRF model has been documented in several previous studies (Ruiz-Arias
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Figure 4. The simulated diurnal cycle of weighted total cloud water mixing ratio (units: g/kg) during July 2016 over the Tibetan Plateau in Xu-Randall (a), GS-PDF (b)
simulations and their difference (GS-PDF minus Xu-Randall, (c), and additional cloud water formed by subgrid condensation in GS-PDF scheme (d), which is already
included in panel (b).

et al., 2016; Thompson et al., 2016; Yun et al., 2020). In contrast, the overestimate is significantly reduced with
a slight underestimate (~10-15 W/m?) near noon in the GS-PDF. The much-reduced DSSR bias is related to the
increased albedo and absorption of shortwave radiation by the increased TCW. The simulated GLW in GS-PDF
is about 15 W/m? larger than that in Xu-Randall in the morning, also due to the increased TCW (not shown).

5.2. Reduced Latent and Sensible Heat Flux

To explore the impact of simulated DSSR on the atmosphere over the TP, the surface heat budget described in
Section 3.4 is presented here. Similar to the diurnal cycle of DSSR shown in Figure 5, all heat flux terms in
Xu-Randall are greater than those in GS-PDF. The highest NSW at noon in Xu-Randall is above 600 W/m?, about
70% of the total DSSR due to ground reflection (Figure 6a). Affected by the incoming solar radiation, the surface
skin temperature gradually increases, and the NLW reaches its maximum of about 110 W/m? at noon (Figure 6b).
Most of the solar radiation received by the ground is transmitted to the atmosphere in the form of sensible heat
and latent heat. The SH peak is ~210 W/m? (Figure 6¢), greater than the LH peak of 155 W/m? (Figure 6d).
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GS-PDF reduced DSSR would reduce surface skin temperature and canopy transpira-
Xu-Randall [~ tion (Chen & Dudhia, 2001), lead to reduced surface longwave emission, SH
OBS i and LH. The significant decreased NLW (upward) in GS-PDF in the morning

(Figure 6b) is due to the increased GLW (downward) and decreased surface
longwave emission (upward). Reduction of SH (about 27.80 W/m?) is larger
than LH (about 21.80 W/m?) at noon (Figures 6¢ and 6d).

The sensible heat flux heats the overlying air column and raises the
near-surface atmospheric temperature (Sellers et al., 1997). Although advec-
tion and precipitation also impact air temperature (Mazhar et al., 2021; D.
i Zhao et al., 2021), SH strongly impacts atmospheric temperature in the PBL.
L Larger SH in the afternoon in Xu-Randall would increase low-level atmos-
- pheric temperature. Given the land-cover types and land surface process
are the same in both experiments, more evaporation and transpiration in
Xu-Randall would moisten the boundary layer.

T
8

12 16 20 24 5.3. Reduced Atmospheric Instability

Time (LST) The influence of different SH on low-level atmospheric temperature is

mirrored in the T2 distribution. Figure 7a shows the geographical distribu-

Figure 5. The observed and simulated diurnal cycle of average DSSR during  tjon of averaged T2 in Xu-Randall at 1500 LST during July 2016. Generally,

July 2016 at 11 stations over the Tibetan Plateau.

the geographic distribution of T2 is elevation-dependent. T2 is lower in the
afternoon in the western part and Himalayas area, followed by the central and
eastern plateau. The highest T2 occurs in the Qaidam Basin. The simulated
T2 in GS-PDF (Figure 7b) is lower than that of Xu-Randall over most of the TP by about 1.0°C with a few regions
showing slightly higher values. Different LH can be partially mirrored in the specific humidity distribution.
Low-level specific humidity can be strongly influenced by inherent complexity of land-atmosphere interactions.
500-hPa (roughly represents the boundary layer over the TP) specific humidity in Xu-Randall at 1500 LST during
July 2016 decreases from south to north (Figure 7¢), similar to the aridity index pattern over the TP (not shown).
GS-PDF has smaller (greater) 500 hPa specific humidity than Xu-Randall in areas approximately east (west) of
90°E.

CAPE (calculated from the surface along a pseudoadiabat) at 1500 LST decreased from southeastern to north-
western TP in Xu-Randall (Figure 7e), related to the distribution of surface temperature and specific humidity
(Figures 7a and 7c¢). The differences of CAPE between GS-PDF and Xu-Randall (Figure 7f) mostly reflect the
differences in T2. In the eastern and southern TP, CAPE is significantly reduced in GS-PDF due to obviously
colder T2. However, in the western TP, CAPE is larger in GS-PDF due to larger T2 and specific humidity.

Figure 8 compares simulated T2 at 1500 LST with surface observations. T2 was overestimated in most stations
with the mean bias (RMSE) of 0.46°C (1.93°C) in Xu-Randall (Figure 8a), but reduced to —0.36°C (1.82°C) in
GS-PDF (Figure 8b). In the two regions with large wet bias in Xu-Randall (Figure 2b), T2 bias (RMSE) is 0.15°C
(1.24°C) and 0.40°C (2.18°C) in the east and south region. With reduced DSSR, T2 is significantly reduced over
these two regions, with most stations having a cold bias in the east (—0.78°C) and south (—0.64°C) region in
GS-PDF. This would influence simulated CAPE and thus afternoon convection and precipitation accordingly.

Simulated CAPE is compared with observed at 7 sounding stations at 1200 and 1800 LST (Figure 9). The CAPE
over the TP is very small in the early morning and increased rapidly before noon and then gradually decreased in
the afternoon. At Lhasa, Nagqu and Garze stations (Figures 9a—9¢), Xu-Randall overestimates the CAPE at noon,
while the overestimation is alleviated in GS-PDF, in better agreement with observed. At Yushu and Hongyuan
stations (Figures 9d and 9e), the simulated CAPE is close to observed. But both simulations did not capture the
large CAPE value at1800 LST at Hongyuan station. At Seng-ge Kambab and Qamdo stations (Figures 9f and 9g),
the simulated CAPE is smaller than observed, may be related to the altitude difference between the nearest model
grid and stations. The altitude of Seng-ge Kambab and Qamdo Station is 4281 and 3309 m, but the altitude of
the grid point closest is 4412 and 3936 m, respectively. Nevertheless, the notable feature is the reduced CAPE in
GS-PDF at all stations and times except at Seng-ge Kambab. This is probably related to the reduced DSSR and
T2 as discussed above.
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July 2016, and the difference of T2 (b), specific humidity (d) and CAPE (f) between GS-PDF simulation and Xu-Randall simulation.

5.4. Dependence of Wet Bias on Atmospheric Instability

In general, larger simulated CAPE might lead to more frequent convection and thus overestimated precipitation.
To explore a possible connection between CAPE and rainfall, we plot the CAPE bias at 12 LST and the subse-
quent 6-hr average rainfall bias at 5 representative stations (2 stations with large altitude bias were excluded) in
Xu-Randall and GS-PDF (Figure 10). A strong correlation (> = 0.65,p < 0.005) between the two biases is evident
and robust in both simulations. This indicates that the overestimated CAPE could lead to wet bias. With reduced
CAPE bias in GS-PDF, it is expected that the rainfall bias will be reduced too. Note that both rainfall frequency
and intensity are reduced in GS-PDF (Figures S1 and S2 in Supporting Information S1).

In conclusion, the mechanism for alleviated wet bias over the TP in this study can be summarized as a cloud
radiation-low level temperature/moisture-CAPE-precipitation loop in Figure 11. Compared with Xu-Randall
scheme, the subgrid condensation in GS-PDF increased the water content of middle and low clouds (Figure 4),
which alleviated the DSSR overestimation (Figure 5) and reduced the sensible and latent heat flux (Figure 6).
Reduced sensible and latent heat flux lowered the low-level temperature and moisture, lead to reduced atmos-
pheric instability (Figure 7), which result in reduced rainfall over the TP (Figure 2). In addition, overestimated
DSSR also lead to larger rainfall recycling rate (i.e., the proportion of precipitation formed by the condensation
of local evaporative water vapor to the total precipitation (Brubaker et al., 1993; Yang et al., 2022)) in Xu-Randall
(not shown), demonstrating the close connection between local surface energy budget and hydrological cycle over
the TP (Allen & Ingram, 2002; Wu et al., 2013).

6. Discussion and Conclusions

Despite the ongoing efforts to alleviate the wet bias over TP, further improvements are still needed. Considering
the strength of the hydrological cycle is closely related to the surface energy budget and prevailing “popcorn-like”
clouds over the TP in summer would impact surface radiation, in this study, the statistical cloud fraction and
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Figure 8. Geographical biases of average T2 (a—d, units: °C) at 1500 LST in Xu-Randall (a) and GS-PDF (b) simulations
during July 2016. The green boxes represent two areas with large wet bias in Figure 2. Values outside brackets represent the
BIAS and RMSE of all stations, the first (second) values in brackets represent the BIAS and RMSE in east (south) green box.

subgrid condensation scheme (GS-PDF scheme) of Qin et al. (2018) is implemented and tested in the WRF
model. In contrast to the default Xu-Randall scheme, the GS-PDF scheme effectively mitigates the wet bias over
TP. The diurnal cycle of precipitation in the two regions with prominent wet bias shows that the GS-PDF scheme
clearly suppresses the convective precipitation in the late afternoon and early evening.

This study then explores the physical mechanisms responsible for the alleviation of wet bias. Considering the
subgrid variation of temperature and humidity, the GS-PDF scheme better captures clouds over the TP with
more mid-low cloud water (ice) than the Xu-Randall scheme. The default Xu-Randall scheme in WRF tends to
overestimate the DSSR, surface temperature, low-level humidity, CAPE, and convective precipitation in summer
over the TP. Increased mid-low cloud water in the GS-PDF scheme reduced simulated DSSR, improved surface
temperatures and atmospheric instabilities, leading to alleviated wet bias over the TP.

Although the new cloud fraction scheme had been proved to be effective in reducing the wet bias, further explora-
tions are warranted. The statistical cloud scheme only works with the UW boundary layer and shallow convection
schemes at present. A more flexible scheme considering subgrid perturbation of temperature and humidity is
needed in the future. The GS-PDF scheme may slightly over-reduce the NSW, resulting in cooler temperatures,
which should be further explored. Similar to previous studies (Li et al., 2021; Liu et al., 2022; Ou et al., 2020),
the simulated precipitation peaks in the southern TP are still earlier than gauge observation in this study. The
coarse-resolution may be one of the reasons, but other avenues for the wrong precipitation diurnal peak need to
be explored.
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GS-PDF (green) simulations during July in 2016.
Other model deficiencies, such as microphysical parameterizations (Caldwell et al., 2009; Gao et al., 2016; Xu
et al., 2020), the deep or shallow convection schemes (Li et al., 2021; Ou et al., 2020), water vapor transport (Y.
Zhao et al., 2021) and the misrepresented land-atmosphere interactions associated with soil physical properties
(including soil moisture, temperature and soil type classification) and soil frozen-thawing (Fu et al., 2020; Lv
et al., 2020; Yang & Wang, 2019; Yang et al., 2018), might also be able to initiate or amplify the wet bias. In order
to obtain a more realistic simulation of cloud and precipitation over the TP, all these should be carefully analyzed
to better understand and simulate the hydrological cycle over the TP.
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Figure 11. A schematic of physical mechanisms for the alleviated wet bias over the Tibetan Plateau.
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