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Abstract

Based on the hourly gauge-satellite merged precipitation data with the spatial resolution of 0.1°x0.1° during 2013 ~2018, we
have evaluated the performance of the convection-permitting Weather Research and Forecasting model at Nanjing University
(WRF_NIJU) in forecasting the precipitation diurnal variation and the associated atmospheric circulation over the eastern
Tibetan Plateau and its surrounding regions during summer. Results indicate that WRF_NJU model can well reproduce the
diurnal cycle of the summer precipitation in terms of the diurnal peak time, duration and magnitude. In addition, the eastward
propagation of rainfall systems with long duration along the eastern Tibetan Plateau (ETP) and its adjacent areas can also
be properly captured. The WRF_NJU model can reasonably reproduce the relevant atmospheric circulation during summer
as well. However, the model tends to underestimate the summer precipitation amount (PA) and precipitation frequency (PF)
over most time of a day. Relatively larger biases in the occurring time and magnitude of PA and PF diurnal peaks can be
noted over the ETP and Sichuan Basin. Further analysis suggests that the underestimation of PA over the ETP is attributed
to the much lower moisture supply, weaker low-level southwesterly winds and less convective available potential energy
(CAPE) in the WRF_NJU model than in ERAS. Over Sichuan Basin, the underestimated PA is related to the weaker upward
motion, which is corresponding to the cold biases of surface air temperature in WRF_NJU. Findings of this study provide
the basic model biases and may be helpful to further improve the model physical processes.

1 Introduction

The diurnal variation of precipitation can modify the tem-
poral averaged energy budget of the earth’s climate system
(Dai et al. 2004; Chakraborty et al. 2008). Many previous
studies have studied the characteristics, influence factors and
propagation of rainfall diurnal cycles over different regions
(Kishtawal et al. 2001; Zhou et al. 2008; Dai et al. 1999; Li
et al. 2008; Yin et al. 2009; Chen et al. 2013; Yuan et al.
2010; Higgins et al. 1997; Wang et al. 2000; He et al. 2010).
Revealing the spatial and temporal characteristics of rainfall
diurnal variation not only helps us to understand the physi-
cal mechanism of precipitation and the formation of local
climate but also offers us valuable information for evaluat-
ing the performance of models and identifying the physical
sources of model errors.
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Tibetan Plateau (TP) with an area of about 2.5 million
km? is the largest plateau in the world. Owing to its large
and complicated terrain, it exerts great influence on local
rainfall diurnal evolution through dynamical and thermal
effects (Nan et al. 2009; Zhou et al. 2009; Wu et al. 2012).
Precipitation over TP usually falls in summer (60-70% of
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the annual total) and decreases from the southeastern part
to the northwestern part (Wang et al. 2018). In summer,
the precipitation often reaches its diurnal peak during late
afternoon to midnight (midnight to early morning) over most
TP and the downstream plains (such as the Sichuan Basin),
respectively (Geng et al. 2007; Chen et al. 2009; Yu et al.
2009; Yin et al. 2009; Jin et al. 2013; Wu et al. 2018). Early
studies have revealed the mechanisms of the formation and
propagation of rainfall diurnal peaks over TP in summer.
Mountain-valley breeze and convective activities induced
by the favorable thermal and moist conditions can enhance
the afternoon to midnight rainfall over TP (Yuan et al. 2011;
Fujinami et al. 2005; Singh et al. 2009). In addition, the
radiative cooling of the stratiform cloud top may trigger
the precipitation over the lee side of TP during night (Yu
et al. 2004). It is found that the precipitation shows obvi-
ous eastward phase delay of diurnal peak starting from TP,
e.g., the diurnal peak time of rainfall is several hours later
over Sichuan Basin than over TP (Jin et al. 2013; Zhang
et al. 2019). The nocturnal precipitation over Sichuan Basin
are attributed to several reasons, i.e. the unique topography
and the heat flux provided by the underlying surface and
the indirectly thermal lift of airflow and eastward convec-
tive systems from TP in the evening (Lu et al. 2003; Huang
et al. 2010; Jin et al. 2013). Recently, Zhang et al. (2019)
emphasized that the diurnal oscillation of boundary low-
level jet plays a key role in modulating the diurnal cycles of
precipitation in Sichuan Basin. Overall, the spatial distribu-
tion, diurnal cycle and propagation features of precipitation
over and around TP are complicated and can exert potential
influences on the climate and ecosystem of East Asia.
However, due to the complex terrain, harsh climate and
scare field stations, it is difficult and challenging to study
the detailed feature of precipitation diurnal cycle and related
physical mechanisms over TP. Nowadays, high resolution
satellite products are preferred to analyze the diurnal vari-
ation of precipitation with much more detailed structures
(Wang et al. 2018; Wu et al. 2018; Chen et al. 2013, 2018;
Zhao et al. 2020). While the satellite estimated rainfall prod-
ucts show relatively large biases over the TP (Huang et al.
2016). Fortunately, apart from the gauge records and satellite
products, the development of high-resolution General Circu-
lation Model (GCM) and Regional Climate Model (RCM)
can present the continuous rainfall diurnal evolution and the
related atmospheric circulations. Generally, the RCMs can
reproduce more detailed features of precipitation and outper-
form the GCMs, particularly over the regions with complex
terrain such as the TP (Hu et al. 2014; Jiang et al. 2015;
Zhang et al. 2005; Shi et al. 2011; Wang et al. 2013). The
most evident biases are the overestimation of rainfall in the
southern slope of TP and the spurious rainfall center (Wang
et al. 2018). The biases of simulation are significantly model
dependent and mostly come from the improper horizontal
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resolution and the uncertainties in physical parameterization
schemes (Yu et al. 2014; Kang et al. 2014; Wang et al. 2018;
Yang et al. 2018, 2020). Revealing the model biases in simu-
lating the rainfall diurnal cycle and the associated reasons
are important aspects in model evaluation, which may be
helpful to further improve the physical processes in models.
In recent years, the uncertainties in the physical param-
eterizations can be partially reduced by adopting convection-
permitting models (CPMs) with the horizontal resolution
of 0.05° or less, in which the convection parameterization
is switched off. CPMs can well represent the deep convec-
tion and land-surface interactions (Prein et al. 2013, 2020;
Rasmussen et al. 2014). Correspondingly, the forecasts of
the life cycles of mesoscale convective systems, heating flux,
snowpack, the intensity of hourly precipitation extremes and
sub-daily precipitation variations are well improved (Clark
et al. 2007; Fowle et al. 2003; Weisman et al. 1997; Weis-
man et al. 2008; Ban et al. 2014; Chan et al. 2014; Liu et al.
2016). So far, the CPMs, particularly the WRF model have
been widely used in the weather and climatic evaluation
studies of several regions around the world (Browning et al.
2007; Weisman et al. 2008; Kouadio et al. 2018; Chang
et al. 2018; Prein et al. 2017; Scaff et al. 2020; Kramer
et al. 2018). Relatively, under the influences of the sum-
mer monsoon, the convective systems and the land surface
inhomogeneity over the vast area of TP, the performance of
WRF_CPM models may differ from those in the previous
studies. Therefore, evaluating and understanding the perfor-
mance of the WRF_CPM model over TP is needed.
Previous studies have proven that the WRF model with
convection-permitting resolution show good accuracy in
simulating the seasonal or diurnal cycle of precipitation over
TP (Maussion et al. 2011; Lin et al. 2018; Li et al. 2020a; Ou
et al. 2020). Nevertheless, due to the expensive computing
cost of CPMs, those published studies either have limited
domain coverage or short period forecasts. None of them
have systematically evaluated the performance of the real-
time CPM models over the eastern TP and adjacent areas
with a long period. Using 6-years real-time forecasts of the
convective-permitting WRF model at Nanjing University
(WRF_NJU), this study evaluates the predicted precipita-
tion features over and around the TP in summer, which is the
main rainy season with active meso-and micro-scale systems
affected by the monsoonal circulation (Lin et al. 2014). Zhu
et al. (2018) have shown that the WRF_NJU model performs
better in predicting the precipitation diurnal variation, dis-
tribution and as well as intensity than other global forecasts
over China region (e.g. the NCEP Global Forecasting Sys-
tem, the Japanese Meteorological Agency, and the European
Centre for Medium-Range Weather Forecasts) in 2013 and
2014 over China. However, how well does the WRF_NJU
model in producing the detailed climatic and diurnal features
of rainfall over and around TP with much longer period have
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not been evaluated yet. What are the main factors causing
the precipitation forecast bias over complex terrain have not
been well indicated. To answer such questions may be help-
ful to further improve the model physics.

The rest of this paper is organized as follows: The obser-
vation and forecast data are given in Sect. 2. In Sect. 3, the
summer mean and the diurnal cycle of precipitation from the
observation and the WRF_NJU model forecast product will
be systematically compared. In Sect. 4, the possible reasons
related to the modeled precipitation biases are presented.
Finally, we give the summary and discussions in Sect. 5.

2 Data and methodology

2.1 The observation data and WRF_NJU model
forecast product

The data used in this study are listed as follows:

(1) The gauge-satellite merged precipitation data combines
quality-controlled hourly surface rainfall records at
more than thirty thousand automatic weather stations
with the precipitation product derived from the Cli-
mate Prediction Center’s morphing rainfall estimates
(CMORPH, hereafter; Joyce et al. 2004), which are
available at http://data.cma.cn/data/cdcdetail/dataC
ode/SEVP_CLI_CHN_MERGE_CMP_PRE_HOUR _
GRID_0.10.html. The CMORPH precipitation product
is firstly corrected for the biases via matching prob-
ability density function with those of the rain-gauge
measurements (Yu et al. 2013). Afterwards, the cor-
rected CMORPH dataset is merged with the rain-gauge
records by using the optimal interpolation method
(Shen et al. 2014). This data has both the advantages
of the field station records and the satellite estimated
precipitation. Compared to the limited distributed rain-
gauge measurements or the Tropical Rainfall Measur-
ing Mission (TRMM 3B42 dataset, 3-h, 0.25° % 0.25°),
this gauge-satellite merged precipitation product is able
to present much more detailed rainfall characteristics
(Wu et al. 2018; Li et al. 2020a). Shen et al. (2013,
2014) pointed that this gauge-satellite merged precipi-
tation data has much smaller root mean square errors
and systematic or random biases compared with the
automatic weather stations and CMORPH data. In
recent years, this gauge-satellite merged precipitation
data has been proven to be reliable for warm-season
and annual precipitation research over China, including
the TP (Shen et al. 2010; Ji et al. 2017; Wu et al. 2018,;
Li et al. 2020a, b; Zhao et al. 2020).

(2) The forecast data was produced by the WRF_NJU
model based on the WRF-ARW model Version 3.3.1

3)

(Skamarock et al. 2005) which was run real-time with
4 km grid spacing during summer since 2013 (Zhu
et al. 2016; Zhu et al. 2018; Xue et al. 2018; Zhang
et al. 2019). The model domain of WRF_NJU model
covers the entire China (Fig. 1). It has 1408 x 1080
horizontal grid points and 50 vertical levels. The 48 h
forecasts are produced twice daily at 00:00 and 12:00
UTC with the initial and lateral boundary conditions
derived from the 3 hourly NCEP Global Forecast Sys-
tem real-time forecasts. To avoid the initial spin-up
period, we used the results with the forecast period of
12~36 h predicted by WRF_NJU model initialized at
12:00 UTC to obtain 24 h predictions and to investigate
the precipitation diurnal cycle issues. In this study, the
physical parameterization schemes used in WRF_NJU
model include the Morrison 2-moment microphysics
(Morrison et al. 2005), the Asymmetrical Convective
Model version 2 (ACM2) planetary boundary layer
scheme (Pleim 2007), the Pleim-Xiu land surface and
surface layer schemes (Pleim 2006), and the CAM
short- and long-wave radiation schemes (Collins et al.
2004). The cumulus parameterization scheme is turned
off to conduct convection permitting forecast. Details
of the model configuration are listed in Table 1. The
WRF_NIJU model shares the same source code as the
official WRF version. But the configurations of WRF_
NJU model are specially tuned for the heavy rainfall
prediction in China (Zhu et al. 2016). In general, in the
east of 100° E (mainly outside TP), the WRF_NJU well
reproduces the spatial distribution and diurnal variation
of precipitation (Zhu et al. 2018).

The ERAS hourly reanalysis data include the zonal
wind (u), meridional wind (v), vertical velocity (o),
temperature (T) and specific humidity (q) from 1000 to
100 hPa with the horizontal resolution of 0.25° (avail-
able at https://www.ecmwf.int/en/forecasts/datasets/
reanalysis-datasets/eraS). The ERAS is the next gen-
eration of ERA-Interim which is now based on a hybrid
incremental 4D-Var system. It incorporates 10 years of
R&D for all its components (atmosphere, land, ocean,
observation operators and additional observations) as
well as improvements in the data assimilation meth-
odology (Bonavita et al. 2016; Hersbach et al. 2020).
Studies have shown that ERAS can well capture the
physical characteristics of the upper-air and sur-
face layer (Randel et al. 2016; Maycock et al. 2018;
Belmonte Rivas and Stoffelen 2019; Olauson 2018;
Kalverla et al. 2019). Many studies (e.g., Zhang et al.
2013; Gao et al. 2014; Li et al. 2020a; Yue et al. 2020)
have already used the ERA-Interim or ERAS reanal-
ysis to evaluate the model performance over the TP.
Verification using independent sounding observations
showed that ERA-Interim (Dee et al. 2011) matches
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Fig. 1 Spatial distribution of 45°N
terrain height over the Tibetan
Plateau and its surrounding
regions (shaded) in the model.
The thick black squares sketch
the sub-regions mentioned

o
in Sect. 3. (sub-region 1: the 40°N
ETP; sub-region 2: the Sichuan
Basin; sub-region 3: the Yun-
nan—Guizhou Plateau)
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Table 1 WRF_NJU model

. Map and resolution settings
configuration

Map projection

Horizontal grid spacing

Vertical layers

Staggered grid points

Initial and lateral boundary conditions
Timing

Staring hour

Forecasting period

Time step

Physical parameterization schemes
Long-wave radiation

Short-wave radiation

Land surface

Planetary boundary

Microphysics

Lambert

4000 m

50 levels

1408 x 1080

NCEP GFS real-time forecast (3-hourly, 0.25°%x0.25°)

00:00 UTC, 12:00 UTC (12:00 UTC is selected)
48 h (12-36 h are selected)
25s

CAM scheme (Collins et al. 2004)
CAM scheme (Collins et al. 2004)
Pleim-Xiu (Pleim et al. 1995)

Asymmetrical Convective Model version 2 (ACM2,
Pleim et al. 2007)

Morrison 2-moment (Morrison et al. 2005)

the observation very well over the TP, especially at low
level (Bao and Zhang, 2013). We have also calculated
the root mean square errors at 500-200 hPa (not shown)
against 5 sounding observations over ETP (29 ~34° N,
96 ~102° E). The root mean square errors of u and v
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wind components, temperature, water vapor mixing
ratio of ERAS5 are smaller than 1.4 ms™', 0.8 K and 0.5
g kg~!, respectively. Meanwhile, the observation error
for corresponding variables of radiosondes are nearly
2ms~!, 1K, 1 gkg™!, respectively. The current ERAS
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reanalysis is reliable and can be used for model evalu-
ation.

2.2 Analysis methods

In this study, we stipulate 0.1 mm h~! for each hour of one
day (00:00 ~23:00 BJT) at every grid point as a thresh-
old of valid precipitation. Following Zhou et al. (2008)
and Wu et al. (2018), the summer average of PA is calcu-
lated as the valid accumulated precipitation divided by the
total hours of all summer months (June—August) during
2013-2018, PF is the percentage of the total precipitat-
ing hours to the total hours in summer, and precipitation
intensity (PI) is the accumulated precipitation divided by
the total precipitating hours (PI=PA/PF).

In addition, following Yu et al. (2007), the rainfall dura-
tion is defined as the number of hours from the beginning
to the end of a rainfall event with no intervals that have
rainfall amount below 0.1 mm h~!. Then, the precipita-
tion is divided into short-duration (<3 h) precipitation,
which is mostly triggered by strong solar heating with the
diurnal maximum rainfall around late afternoon, and long-
duration (> 6 h) precipitation that is mainly caused by the
organized rainfall systems closely related to the large scale
circulation rather than isolated convection and generally
shows midnight to early morning peak (Yu et al. 2007; Li
et al. 2008). The standardized PA, PF and PI are derived
according to the formula D(h) =(R(h) — Rm)/Rm (Yu et al.
2007), in which h is the hour of a day and varies from
00:00 to 23:00 Beijing time (BJT). R is the hourly PA, PF
and PI, and Rm is the daily mean of PA, PF and PI.

To evaluate the amplitude and pattern of variability
between the observation and simulation quantitatively, we
adopt the Taylor score (Taylor 2001) given by

4(1+R)
(0'+ £>2(1 +R,)

where R is the pattern correlation (PC) between the observa-
tion and model prediction, o is the ratio of spatial standard
deviation of the model prediction to that of the observation.
R, is an available maximal correlation which is set to 1. The
forecast skill is high as S approaches 1. On the contrary, as
the correlation becomes negative or ¢ towards O or infinity,
the skill is bad.

Given that the calculated PF and PI are sensitive to the
spatial resolution (Chen et al. 2018), we apply the local
area averaging method to interpolate both the model data
and the reanalysis data onto the grids of gauge-satellite
merged precipitation product with the horizontal resolu-
tion of 0.1°x0.1°.

)

e))

Additionally, the moist static energy (MSE) which
demotes the total static energy of the atmosphere is used to
indicate the instability associated with rainfall (Neupane and
Cook 2013; Li et al. 2018). MSE is divided into dry static
energy and latent static energy and given by:

MSE = DSE + LSE, 2
DSE=CP><T+g><Z, 3
LSE=L,6Xgq, 4

where C,, and L, is the specific heat of dry air at constant
pressure and the latent heat of vaporization of water in
Eq. (3) and Eq. (4), respectively. T is the air temperature, q
is the specific humidity, g X z is the geopotential. When the
profile of the MSE decreases with the altitude, the atmos-
phere is unstable.

3 The predicted precipitation in WRF_NJU

3.1 Spatial distribution of the PA, PF and PI
in summer

Figure 2 gives the observed and modeled summer mean PA,
PF and PI over and around the ETP. In observation, the sum-
mer mean observed PA (Fig. 2a) increases from northwest
to southeast and reaches a maximum (0.5 mm h™') at the
margin of the western Sichuan Basin and the north Yun-
nan—Guizhou Plateau. The spatial pattern of the observed PF
(Fig. 2b) is similar to PA, which is consistent with the pre-
vious findings (Ji et al. 2017; Guo et al. 2019). The largest
PF appears over the southwest Sichuan Basin and north of
Yunnan—Guizhou Plateau with the maximum value of ~21%.
In Fig. 2c, the observed PI decreases from the Sichuan Basin
to the ETP with the largest PI (~2.2 mm h™!) located over
the south slope of the ETP.

Overall, the model can well capture the general spa-
tial features of the summer precipitation over the entire
domain. The pattern correlations between the prediction
and observation are 0.87, 0.89, 0.92 for PA, PF and PI
(Fig. 2d-f), respectively. However, PA and PF are evidently
underestimated over the ETP, the Sichuan Basin and Yun-
nan—Guizhou Plateau (Fig. 2d, e). Compared to PA and PF,
the model shows better agreements in the magnitude of PI
over most regions although some overestimation is noted
over the southeast corner of the study domain.

The Taylor score (Eq. 1) is used to quantify the model
performance of the model in reproducing the summer pre-
cipitation over the complicated terrains. We divide the
study area into three sub-regions according to their char-
acteristics and rainfall features. The sub-regions are the
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Fig.2 The spatial distribution of the observed and WRF_NJU predicted summer mean PA, PF and PI averaged over 2013 ~2018. The black
(gray) lines denote the terrain height of 3000 (500) m
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ETP (sub-region 1), the Sichuan Basin (sub-region 2) and
the Yunnan—Guizhou Plateau (sub-region 3), respectively
(Fig. 1). As indicated in Fig. 3, the Taylor scores of PA
and PF (Fig. 3a, b) all exceed 0.6 in the three sub-regions
(Fig. 3a), suggesting that the model can well reproduce the
pattern and magnitude of the observed precipitation vari-
ability. The Sichuan Basin shows the highest scores among
the three sub-regions. Based on Ji et al. (2017), we sort the

rainfall into four categories as follows: 0.1 ~0.25 mm h!,
0.25~1 mmh™!, 1~4 mm h™! and>4 mm h~!. Figure 4
displays the model biases of PA and PF for the total rainfall
and rainfall at each intensity category. From Fig. 4a, b, the
model errors in PA and PF over the ETP are mainly contrib-
uted by the largely underestimated rainfall of 1 ~4 mm h™".
In Sichuan Basin and Yunnan—Guizhou Plateau, the under-
estimated total PA and PF are also mainly attributed to the

TS scores
(a)Amount (b)Frequency (c)Intensity
] 0
0.8 0.8 0.8
06 - 06 - 0.6 -
04 - 04 4 0.4 -
0.2 4 02 - 0.2
0.0 - 0.0 0.0
Reg1 Reg2 Reg3 Reg1 Reg2 Reg3 Reg1 Reg2 Reg3

Fig.3 Taylor scores of the predicted summer mean PA, PF and PI averaged over 2013 ~2018 in each sub-region

(a) Amount (mm h—1)

Il Total precipitation
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0.04 I 0.25-1 mm h~'
B -4 mm h'
N =4 o b
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-0.02 4

=0.04 4

-0.06 4

-0.10

Reg1 Reg2 Reg3

(b) Frequency (%)
Il Total precipitation
0.1-0.25 mm h-!
4= e 0.25-1 mm h!
B -4 mm h'
E =4 mmh!
7=
0.
_2 o
—4
-6 =
-8 =
-10

Reg1 Reg2 Reg3

Fig.4 Biases of the WFR_NJU predicted summer mean PA and PF with different rainfall categories averaged over 2013~2018 against the

observation regionally averaged over each sub-region
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underestimated rain with the intensity of 1~4 mm h~".
Moreover, among the three sub-regions, the model biases
in the total precipitation vary regionally, with the largest
(lowest) bias of around — 0.08 (— 0.025) mm h™~! for the
total PA and — 7% (— 1.8%) for the total PF over the Yun-
nan—Guizhou Plateau (ETP), respectively.

3.2 Diurnal variations of the PA, PF and PI
in summer

Since the topography varies significantly from the ETP to
Sichuan Basin, the diurnal cycles of PA, PF and PI show
distinct regional differences (Wu et al. 2018). Figure 5 shows
the spatial distribution of the diurnal peak times of PA, PF
and PI. Over ETP, the observed PA and PF diurnal peaks
mostly appear around 20:00 BJT-02:00 BJT (Fig. 5a, b),
which is consistent with previous studies (Jin et al. 2013;
Chen et al. 2013; Wu et al. 2018). These late afternoon
to midnight rainfall diurnal peaks are associated with the
solar heating and the accelerated low-level southwesterly
flow (Bao et al. 2011; Chen et al. 2010; Ueno et al. 2011),
strengthened water vapor transport, and upward movement
of mountain-plain solenoid (Bao et al. 2011; Jin et al. 2013).
Over Sichuan Basin, the PA and PF diurnal peaks mainly
occur between midnight (02:00 BJT) and early morning

Fig.5 Spatial distribution of the
diurnal peak timings of sum-
mer mean PA and PF during
2013 ~2018 from observation

(a)Obs

a
o
=

and WRF_NJU prediction. The 2
black (gray) lines denote the ter- £ 35N
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the black boxes denote the sub- :.é'
region 1 (ETP) and sub-region 2 3
(Sichuan Basin) £ 30N
<<
25N
92E
40N
o
< 35N
)
c
(]
T
© 30N
w

25N
92E
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(about 04:00 BJT), several hours later than the diurnal peak
time of precipitation over the ETP (Fig. 5a, b). This noc-
turnal rainfall is often called as “Bashan nocturnal rainfall”
and it accounts for nearly 70% of the total rainfall (Zheng
et al. 2016). The model well depicts the distribution of the
diurnal peak times of PA and PF over most areas (Fig. 5c,
d). However, the predicted PA and PF diurnal peaks over the
ETP occurs about 1-2 h earlier than that in the observation
(Fig. 5¢, d).

Figure 6 further gives the detailed diurnal evolutions
of predicted and observed PA, PF and PI over each sub-
region. Over the ETP, the observed PA presents the diur-
nal peak occurring at 20:00 BJT with the magnitude about
0.27 mm h™! (Fig. 6a). The minimum PA appears around
noon with the value of 0.05 mm h~!. The PF shows similar
diurnal phase to PA (Fig. 6b). While the PI (Fig. 6¢) has one
obvious peak at midnight (00:00 BJT). Over the Sichuan
Basin (sub-region 2), the observed diurnal cycle of PA
exhibits bimodal distribution (Fig. 6d). The primary diurnal
peak occurs at 04:00 BJT with a magnitude of 0.32 mm h™',
and the secondary peak appears around 17:00 BJT with the
intensity of 0.21 mm h~!. This secondary afternoon peak is
probably caused by the local mountain heating in summer
(Jin et al. 2013). The observed PF in Sichuan Basin also
exhibits two diurnal peaks with the predominant peak (about

(C)WRF_NJ

92E
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Fig.6 Diurnal variations of the observed and predicted summer mean PA, PF and PI averaged over 2013 ~2018 in each sub-region

14.5%) around 06:00 BJT and the secondary peak (about
13%) at 16:00 BJT (Fig. 6e). Differently, the observed PI
over the Sichuan Basin shows only one diurnal peak with
the intensity of 2.19 mm h~! around 04:00 BJT (Fig. 6f).
The diurnal phases of the observed PA, PF and PI over the
Sichuan Basin are in good agreement with the results of Jin
et al. (2013). Both the observed PA and PF in Fig. 6g, h (PI
in Fig. 61) over the Yunnan—Guizhou Plateau show double
diurnal peaks with a predominant peak at about 04:00 BJT

and a secondary peak near 18:00 BJT (shows one diurnal
peak around 04:00 BJT), similar to the situation over the
Sichuan Basin (Fig. 6d, f).

The WRF_NJU model can well reproduce the overall
diurnal phase of the precipitation over each sub-region
despite some obvious biases in magnitudes (Fig. 6). As
shown in Fig. 6a, b, the model can well reproduce the two
diurnal peaks of PA and PF over the ETP, but the predicted
PF shows a primary peak around 17:00 BJT, which is about
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3 h earlier than that in the observation (Fig. 6b). Meanwhile,
PA and PF over the ETP are much more largely underesti-
mated by the model, particularly during nighttime (18:00
BJT ~06:00 BJT). In a word, the underestimated PF and PI
contribute to the underestimation of PA over the ETP at most
nighttime hours.

The WRF_NJU model can well reproduce the two diur-
nal peaks of PA and PF over Sichuan Basin (Fig. 6d, e).
However, the model tends to underestimate the PA and PF
at all hours of a day. Compared to PA and PF, the predicted
PI shows much better agreements with the observation over
the Sichuan Basin but with the diurnal peak occurring 1-2 h
later than the observation (Fig. 6f). As a whole, the under-
estimation of PA over the Sichuan Basin is largely deter-
mined by the underestimated PF at all hours of a day. Similar
situations can be found over the Yunnan—Guizhou Plateau
(Fig. 6g, h), except that the predicted PI diurnal peak hap-
pens bout 6-7 h earlier than the observation (Fig. 61).

Overall, the WRF_NJU model can well reproduce the
diurnal phases of PA, PF and PI but considerably under-
estimates the magnitudes of the diurnal peaks for PA and
PF over the Sichuan Basin and Yunnan—Guizhou Plateau in
summer. It is notable that the model tends to underestimate
PA and PF over the ETP during nighttime. The underesti-
mation of PA over the Sichuan Basin and Yunnan—Guizhou
Plateau (ETP) at most hours of a day is mainly attributed to
the underestimated PF (both PF and PI) in the model.

3.3 Precipitation with different duration time

Figure 7 presents the spatial distributions of the contribu-
tions of long- and short-duration PA to the total PA from
the observation and model prediction, as well as their dif-
ferences in summer. The PA with long duration contributes
more than 60% to the total PA in the observation over the
southeast part of the study region where the terrain heights
are generally below 3000 m (Fig. 7a). In contrast, more than
80% of the observed total PA is contributed by the short-
duration PA in the northwestern TP in summer (Fig. 7b). The
model well reproduces the contributions of short- and long-
duration PA to the total PA over the study region (Fig. 7c, d),
but underestimates (overestimates) the contributions of the
short-duration (long-duration) PA to the total PA up to 8%
over most areas of the ETP (Fig. 7e, f). The reasons for the
short- and long-duration PA differences between the model
and observation will be discussed in the following sections.

The distribution of long- and short duration PA are also
examined in Fig. 8. It is clearly shown that both long- and
short-duration PA decrease from southeast to northwest over
the study domain with large PA centers located along the east-
ern slope of TP (Fig. 8a, b). The short-duration PA is weaker
(larger) than the long-duration PA over most southeast parts
of the study area especially over the Sichuan Basin (ETP)
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(Fig. 8a, b). The predicted long- and short-duration PA show
very similar spatial patterns with the observation (Fig. 8c, d).
However, relatively larger underestimation of short-duration
PA can be noted over most ETP (Fig. 8f), which is correspond-
ing to the slightly smaller contribution of short-duration PA in
Fig. 7f. This underestimation of short-duration PA is related
to the weaker convective activities in the model over the ETP.
Also, the model underestimates both the long- and short-
duration PA over the Sichuan Basin and Yunnan—Guizhou
Plateau compared to the observation (Fig. 8e, f), which may
be related to the relatively weaker background circulation or
upward motion in the model shown in the following section.

To inspect the model performance in reproducing the east-
ward propagation of rainfall diurnal phases from the ETP to
its downstream, the total PA and the PA with different dura-
tion meridionally averaged along 28°~40° N are presented
in Fig. 9. As shown in Fig. 9a, the total PA in observation
exhibits one diurnal peak from late afternoon to evening over
the ETP along 96°~103° E and two diurnal peaks over the
areas east to 103° E with a primary nocturnal peak resulting
from long-duration rainfall and a secondary afternoon peak
due to the short-duration rainfall (Wu et al. 2018). The pre-
cipitation is usually originated from the convective systems
on the eastern slope of the plateau and moves eastward by
the effects of southwesterly flow, the mountain-plain circu-
lation, and convective instability (Carbone et al. 2002; Bao
et al. 2011; Tian et al. 2005; Jiang et al. 2017; Huang et al.
2010). The PA with long duration displays distinct evening to
midnight peak over the areas along 96~ 103° E and midnight
to early morning peak over the regions along 103°~110° E
(Fig. 9b). However, the diurnal peak of PA with short duration
emerges between 15:00 BJT to 21:00 BJT along 96°~110° E
without any propagation (Fig. 9c). Apparently, the eastward
delayed diurnal phase of total PA between 16:00 BJT ~04:00
BIJT from the ETP to the Sichuan Basin and its downstream is
mainly caused by the propagation of long duration precipita-
tion (Wu et al. 2018).

Obviously, the WRF_NJU model well reproduces the time-
longitude distribution of the total PA, and the long- and short-
duration PA (Fig. 9d-f), particularly the eastward propagation
of diurnal phase of rainfall with long duration starting from
103° E. However, the model fails to reproduce the exact phase
of the diurnal peak of long-duration and total PA over the areas
west of 100° E (Fig. 9d, e).

4 Possible causes related to the biases
of the predicted precipitation
4.1 Moisture supply and low-level winds

The possible mechanisms associated with the biases
of atmospheric circulations leading to the errors in the
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Fig.7 Spatial distribution of the observed and predicted contribu-
tions of the long-duration PA and short-duration PA to the total PA
averaged over 2013-2018 and the differences between WRF_NJU

predicted rainfall over and around ETP will be discussed
in the subsequent sections. Put simply, the precipitation is
highly related to the net moisture flux and low-level circula-
tion of the study regions. In this section, we mainly focus
on the model performance in reproducing the summer mean
and diurnal variation of the moisture condition and low-level
winds over the study regions.

Figure 10 gives the summer mean atmospheric precipita-
ble water vapor vertically integrated from the ground surface

25N
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35N

30N

92E
(d)WRF_NJU 55

=

92E 101E
(fyShort WRF_NJU-Obs

e

model prediction and observation in summer. The black (gray) lines
denote the terrain height of 3000 (500) m and the black boxes denote
the sub-region 1 (ETP) and sub-region 2 (Sichuan Basin)

to 300 hPa and the wind fields at 500 hPa from the ERAS
reanalysis and the model prediction. Clearly, the atmos-
pheric precipitable water vapor decreases from south to
north over the whole domain with the magnitudes of 40 mm
and 60 mm over the ETP and Sichuan Basin, respectively
(Fig. 10a). The southwesterly winds at 500 hPa encounters
the south edge of the ETP bringing momentum and moist
airflow to the ETP. We can observe the intense low-level
westerly winds converge over the downstream areas of TP
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Fig.8 Spatial distributions of the observed and predicted long-dura-
tion PA and short-duration PA averaged over 2013~2018 and the
differences between WRF_NJU model prediction and observation

(Fig. 10a). The model well reproduces the spatial pattern of
the vertically integrated precipitable water vapor and low-
level winds (Fig. 10b), but the precipitable water vapor over
the ETP is underestimated by about 6 mm and easterly wind
biases can be noted over ETP (Fig. 10c). The underestima-
tion of precipitable water vapor is possibly caused by the
overestimated precipitation over the south slope of ETP with
sharp terrain which consumes the water vapor transporting
to the ETP (Fig. 2d, Fig. 8e, f). High resolution models can
well resolve the complex terrains and consume the moisture
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over the south slope of Himalaya, thus the downstream mois-
ture transport is weakened (Lin et al. 2018). In addition, the
underestimation of the low-level westerly winds over ETP
(sub-region 1) (Fig. 10c) can cause weakened water vapor
transport, less precipitable water vapor and thereafter under-
estimated precipitation.

The summer mean low-level wind fields in night-
time and daytime are shown in Fig. 11. The mean west-
erly flow splits into two streams when passing TP, with
one of the branches turning right and heading to the
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Fig. 9 Hovméoller diagrams of the normalized diurnal variation of the observed and predicted summer mean total, long-duration and short-dura-

tion PA during 2013 ~2018 averaged along 28°~40° N

southeast part of the ETP where the PA is relatively large
(0.3~0.5 mm h™!) during nighttime (Fig. 11a). Similarly,
the southwesterly airflow also prevails over the ETP dur-
ing daytime (Fig. 11b). Different from the situation dur-
ing nighttime, the southwesterly low-level winds turn to
east over the broad ETP (sub-region 1) during daytime.
The PA over ETP is less during daytime than during
nighttime (Fig. 11a, b). The model underestimates the

low-level southwesterly and westerly winds with easterly
wind biases over most ETP (sub-region 1) (Fig. 11e, f),
and the underestimation is more evident during nighttime
(Fig. 11e) compared to daytime (Fig. 11f). We further
investigate the reason related to the easterly wind biases
predicted by the model via analyzing the differences of
air temperature at 500 hPa between the model and ERAS,
which shows warm biases over ETP and cold biases over
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Fig. 10 Spatial distribution of

the summer mean vertically 40N
integrated (surface-300 hPa)

atmospheric precipitable water

vapor (shadings, units: mm)

and wind fields at 500 hPa (vec- 35N
tors, units: m s™!) from ERAS

reanalysis and model prediction

averaged over 2013-2018 and

the differences between model 30N
prediction and ERF5. The black

(gray) lines denote the terrain

height of 3000 (500) m and the
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Sichuan Basin (not shown), leading to a west—east ther-
mal contrast and thereafter easterly biases at 500 hPa over
ETP (sub-region 1) (Fig. 11e, f), where the PA and PF
(Fig. 6a, b) are underestimated correspondingly.

Overall, the underestimated precipitable water vapor
along with the much weaker southwesterly low-level
winds (Fig. 10c) in the WRF_NJU model result in less
water vapor transport over the ETP, which finally leads to
the underestimated PA over the ETP (Figs. 2d, 6a). Over
the Sichuan Basin, the model biases in the summer mean
precipitable water vapor is not evident (Fig. 10c), while
the southwesterly winds are much weaker in the model
than in the observation (Figs. 10c, 11e, f).

4.2 local thermal and dynamic conditions
The local atmospheric thermal condition and the vertical
motions are the key factors for the precipitation formation. In

Sect. 3.3, we note that there are obvious biases of the short-/
long-duration precipitation forecast over ETP (sub-regionl)
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and Sichuan Basin (sub-region 2). In this section, we will
investigate the possible factors related to the biases of pre-
dicted short-/long-duration precipitation. The CAPE and
MSE which can reflect the local atmospheric instability are
indicated in the following sections.

Over ETP (sub-region 1), the WRF_NIJU significantly
underestimates the summer mean CAPE (Fig. 12¢) com-
pared to ERAS. The weaker CAPE predicted by WRF_NJU
model is possibly related to the underestimated water vapor
content over ETP. The short-duration rainfall events are
highly related to convective precipitation (Yu et al. 2014).
Low CAPE is clearly not favorable for the convective trig-
gering. This well explains the underestimation of short-
duration PA over most areas of the ETP (Fig. 8f). Figure 13
shows the vertical profiles of the anomalous (with the
daily mean removed) MSE, dry static energy, latent static
energy at 20:00 BJT and 08:00 BJT regionally averaged
over ETP (sub-region 1) during 2013-2018. From ERAS,
the anomalous MSE is small at 08:00 BJT (Fig. 13a), indi-
cating the stable atmospheric condition. Meanwhile, much
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Fig. 11 The summer PA
(shadings, units: mm hh 40N
and wind fields at 500 hPa

(vectors, units: m s_l) aver-

aged during 18:00~06:00 BJT

(nighttime) and 06:00 ~ 18:00 35N
BIT (daytime) from the ERAS

reanalysis, gauge-satellite

merged precipitation dataset 30N
and the WRF_NJU prediction
during 2013-2018 and the dif-
ferences between prediction and

observation. The black (gray) 25N

lines denote the terrain height 92E 101E
of 3000 (500) m and the black (C)WRF_NJU

boxes denote the sub-region 40N

1 (ETP) and sub-region 2
(Sichuan Basin)
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stronger MSE at 20:00 BJT which enhances quickly below
400 hPa and reaches the maximum at 500 hPa (Fig. 13a),
the increased MSE gradients in the low level at 20:00 BJT
provides favorable conditions for the upward movement and
thereafter the precipitation formation over ETP. The largest
dry static energy emerges at the near surface layer (around
500 hPa) (Fig. 13a), which is related to the heating from the
land surface. The latent static energy decreases with the alti-
tude at 20:00 BJT (Fig. 13a), indicating the strong vertical
transport of the specific humidity occurs at the near surface.
Overall, the WRF_NJU model well depicts the trends of the
MSE and its components (Fig. 13b). Compared to the ERA5
reanalysis, the MSE is much weaker at the near surface level,
suggesting less intense upward motions in the model, which
is consistent with the more stable atmospheric condition.
Both results of the CAPE and the MSE (Figs.12, 13) indicate
less active convection and weaker upward movement in the
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model than in ERAS. Those factors may finally lead to the
underestimated precipitation over ETP.

Similar to the situation over ETP, the model also under-
estimates the summer mean CAPE over Sichuan Basin
(Fig. 12c). However, the bias in the precipitable water
vapor over Sichuan Basin is not evident (Fig. 10c) and is
not the main factor for the predicted precipitation biases.
Figure 14 further presents the 2 m surface temperature over
the Sichuan Basin from WRF_NJU and ERAS5 and their dif-
ferences. It can be seen that WRF_NJU model significantly
underestimates the surface air temperature (Fig. 14c¢), indi-
cating that the heating effect from the land surface is under-
estimated by WRF_NJU. Recent study (Zhang et al. 2019)
found that the inertial oscillations of boundary layer play a
key role in modulating the diurnal cycles of precipitation
in Sichuan Basin. The underestimated near surface air tem-
perature makes the boundary layer more stable, resulting in
relatively lower CAPE (Fig. 12c¢). This finally leads to much
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Fig. 12 The summer mean
convective available potential
energy (shading, units: J kg™!)
from the ERAS reanalysis
model prediction averaged over
2013-2018 and the differences
between model prediction and
ERAS. The black (gray) lines
denote the terrain height of
3000 (500) m and the black
boxes denote the sub-region

1 (ETP) and sub-region 2
(Sichuan Basin). The dots
indicate the differences over

95% significant confidence level

of t test
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Fig. 13 Profiles of the anomalous (with the daily mean removed) the ERAS reanalysis and model prediction at 08:00 BJT (blue) and
moist static energy (MSE, solid lines), dry static energy (DSE, dashed 20:00 BJT (red) during 2013 ~2018 regionally averaged over the ETP
lines) and latent static energy (LSE, dot lines; units: 10° m? s‘z) from
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Fig. 14 The ERA5 and WRF_

NJU predicted summer mean 33N
2 m temperature averaged over

2013-2018 over the Sichuan

Basin and the differences

between model prediction and

ERAS. The black lines denote

the terrain height of 500 m. The

dots indicate the differences 30N
over 95% significant confidence

level of t test
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weaker vertical motion over Sichuan Basin. As shown in
Fig. 15a, b, the upward motion prevails over Sichuan Basin
at most time of a day except for the short period between
12:00 (noon) and 20:00 BJT (late afternoon). It can also
be noted that the vertical velocity predicted by WRF_NJU
model is relatively weaker than the ERA5 at most time of
a day (Fig. 15¢). The relatively weaker vertical motion in
WREF_NJU model is not favorable for the precipitation for-
mation and leads to underestimated PA with both long- and
short-duration over Sichuan Basin (Fig. 8e, f).

Overall, the underestimation of short-duration PA over
ETP (sub-region 1) is closely related to the underestimated
MSE and CAPE in the WRF_NJU model. However, the
underestimated PA over Sichuan Basin (sub-region 2) is
mainly related to the underestimated near surface air tem-
perature which leads to relatively weaker updraft com-
pared to the ERAS reanalysis.

(c)WRF_NJU-ERA5 Reg?2

109E
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LTy °c

-09 -06 03 0 03 06 08

5 Summary and discussion

We utilize the hourly gauge-satellite merged precipitation
product with the spatial resolution of 0.1°x0.1° to evalu-
ate how well the convection-permitting WRF_NJU model
predicts the precipitation diurnal cycles and its propagat-
ing features over the ETP and its surrounding regions in
summer. Possible causes related to the modeled precipita-
tion biases are also revealed and discussed.
The main findings are summarized as follows:

(1) The convection-permitting WRF_NJU model can well
reproduce the spatial distribution of the observed PA,
PF and PI over and around the ETP with complex ter-
rain in summer. However, the model tends to underesti-
mate the PA and PF mainly due to the underestimation
of precipitation of 1 ~4 mm h™!. The spatial distribu-
tion of the precipitation diurnal peak times over most
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Fig. 15 Diurnal variation of (a)ERAS Reg2 (b)WRF_NJU Reg2
mean vertical velocity dur- 250 250
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areas of the ETP and its surrounding regions in sum-
mer can be well captured by the model, although the
predicted diurnal peak times of PA and PF are about
1 ~2 h earlier (later) than the observation over most
ETP (Sichuan Basin). In addition, the model can well
predict the overall diurnal phases of the regionally
averaged precipitation over the ETP, Sichuan Basin
and Yunnan—Guizhou Plateau, despite some obvious
biases in the diurnal peak times and magnitudes. The
underestimations of PA over the Sichuan Basin and
Yunnan—Guizhou Plateau (ETP) at most hours of a day
are mainly attributed to the underestimation of PF (both
PF and PI) in the model.

(2) The model can well represent the eastward propaga-
tion of the precipitation over the ETP and its eastern
downstream which is mainly determined by the long-
duration precipitation. Benefit from the fine horizontal
resolution, the spatial patterns and phase evolutions of
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the total, long-duration and short-duration precipitation
can be realistically captured by the WRF_NJU model.
Further analysis of the possible causes related to the
modeled precipitation biases suggests that the under-
estimated rainfall is mainly attributed to the under-
estimated atmospheric precipitable water vapor and
low-level southwesterly winds over the ETP. The
WRF_NJU model produces too much rainfall in
south TP which over consumes the water vapor in the
upstream. The general environmental bias of moisture
leads to relatively weaker CAPE which finally results
in less short-duration precipitation over ETP.
Compared to ERAS, the cold bias of near surface air
temperature leads to much more stable atmosphere at
low level, resulting in less CAPE and weaker vertical
motion and thereafter underestimated PA over Sichuan
Basin.
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This study principally evaluates the ability of the WRF_
NJU model real-time forecast with convection-permitting
resolution over and around the ETP. From the overall anal-
ysis, the model still has apparent biases in producing the
magnitudes and diurnal phases of precipitation over the
ETP. Yu et al. (2014) indicated that, besides increasing
the horizontal resolution, improvements in precipitation
related physical parameterizations are also important for
better portraying the diurnal evolution of rainfall. The sur-
face heterogeneities of TP influences the diurnal variations
of surface radiation fluxes (Miiller et al. 2005) and affects
the precipitation diurnal variation through atmospheric
circulation. To more accurately depict the land surface
inhomogeneity, many sub-grid terrain radiative forcing
schemes have been set up and employed in numerical mod-
els. Lee et al. (2012) employed the “3-D Monte Carlo”
parameterization scheme and found that the 3-D mountain
radiation effects result in larger sensible and latent heat
transfer between the surface and the atmosphere over the
TP. Zhang et al. (2006) and Gu et al. (2020) employed the
sub-grid terrain radiative forcing schemes in the climate
models that well represent the spatial distribution of tem-
perature over the eastern part of the TP compared to the
observation and alleviate the modeled precipitation biases
over China during summer. The altitude, terrain slope, ori-
entation, sky-view factors and other terrain parameters all
have effects on the surface radiation fluxes. In our present
model, we have not considered these parameters in surface
radiation schemes and this may lead to the underestimation
of the thermal contrasts between the distinct underlying
surface. The improper prediction of the thermal forcing
may generate the model errors. Therefore, we intend to
couple the sub-grid terrain radiative forcing scheme in the
WRF_NJU model to further improve the performance of
the model in predicting precipitation over and around the
ETP in the further work.
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