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Abstract
Based on hourly rain gauge observation, cloud amount, and radiative fluxes data from the Clouds and the Earth’s Radiant 
Energy System (CERES) and ECMWF Reanalysis v5 (ERA5) dataset, the precipitation process during the Meiyu period in 
the middle and lower reaches of the Yangtze River in 2020 was simulated in WRF to reveal the influence of cloud radiative 
heating process on the diurnal variation of precipitation using multiple cloud microphysical schemes. The statistical evalu-
ation of three microphysical parameterization schemes shows that the two-moment scheme WDM6 is more reasonable than 
the other two schemes in simulating the precipitation distribution, central intensity, and cloud characteristic distribution. 
There are significant bimodal characteristics in the diurnal variation of precipitation during the Meiyu period by analyzing 
the observation data. The numerical experiment accurately simulated the time and magnitude of the early morning peak in 
the heavy rain area but failed to reproduce the peak in the late afternoon, resulting in a false weak rainfall accumulation. 
The comparison of simulation results with the observed cloud macroscale and microscale characteristics revealed that the 
reason for the deviation of precipitation simulation was closely related to the inaccurate description of cloud microphysical 
quantities. The lack of ice phase cloud droplets led to excessively strong radiative heating rate at 200–500 hPa, resulting 
in anomalous warming in the mid-upper troposphere. Meanwhile, the cold advection at 850 hPa led to anomalous cooling 
in the lower troposphere, increasing atmospheric stability and further inhibiting the development of the afternoon thermal 
convection process.

1  Introduction

Meiyu is a climatic phenomenon that occurs every June and 
July in the middle and lower reaches of the Yangtze River 
in China, in Taiwan, in south-central Japan, and in southern 
Korea (Guan et al. 2020; Liu and Ding 2020). The frequent 
heavy precipitation during the Meiyu period often brings 
serious flooding to the middle and lower reaches of the 
Yangtze River in China (Huang et al. 2006; Ding et al. 2007; 
Liu and Ding 2020). Improving the prediction accuracy of 

the precipitation cycle in the Meiyu period has always been 
an important and difficult subject in the meteorological 
administration and scientific research area.

Precipitation in the Meiyu period has complex diurnal 
variation characteristics (Yu et al. 2007a, b; Chen et al. 2012, 
2013; Xue et al. 2018; Zhang et al. 2020a, b). Unlike the 
midnight peak of precipitation in southwest China and the 
early-morning peak of precipitation in the upper reaches of 
the Yangtze River (Xu and Zipser 2015; Jiang et al. 2017), 
the Meiyu area has double peak’ morphological character-
istics that appear in the morning and afternoon, respectively 
(Li et al. 2008, 2010; Zhou et al. 2008; Yin et al. 2009; Wang 
et al. 2011; Yuan et al. 2012; Yu et al. 2014a, b; Yu and Li 
2016). Mu et al. (2021) believed that the precipitation peak 
in the early morning of summer in Eastern China is mainly 
caused by the synoptic scale persistent precipitation process, 
while the peak in the afternoon is composed of short-term 
convective precipitation. Chen et al. (2020) compared the 
bimodal distribution characteristics of precipitation in the 
middle and lower reaches of the Yangtze River from June to 
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July 2020. The early morning peak intensity is significantly 
stronger than the afternoon peak intensity, and the latter is 
closely related to the local buoyancy convection process 
driven by the diurnal variation of solar radiation (Zeng et al. 
2022).

With the increasing requirement for refined precipitation 
forecast system, the inversion of the precipitation diurnal 
variation by the numerical model has attracted more and 
more attention. The diurnal variation of precipitation simu-
lated by general circulation models generally has common 
deficiencies like earlier afternoon peak, the stronger ampli-
tude of diurnal variation, and less significant night rain 
(Kendon et al. 2012; Zhong et al. 2022), which are related 
to the insufficient description of the subgrid convection pro-
cess (Huang et al. 2011; Yuan 2013). There is also great 
uncertainty in the simulation of diurnal variation of pre-
cipitation by high resolution regional model and mesoscale 
model (Yu et al. 2014a, b). The preliminary study confirmed 
that increasing the model resolution alone cannot effectively 
improve the simulation; the key to improvement is to reduce 
the uncertainty in the parameterization scheme of cloud-pre-
cipitation processes (Yuan et al. 2013). When the mesoscale 
meteorological model is used to carry out high-resolution 
numerical simulation, the simulation of clear sky radiation 
flux is generally satisfactory. However, in cloudy and rainy 
weather, the simulated cloud radiative forcing often tends to 
deviate greatly from the gauge observations (Shen and Hu 
2006; Wen et al. 2010; Wang et al. 2012; Zhou et al. 2020). 
Most of the uncertainties found in the numerical simulation 
of multi-scale variability of precipitation in East Asia are 
related to cloud radiation and its feedback process (Zhang 
et al. 2017; Medeiros et al. 2021).

There are many research conclusions on the physical 
mechanisms of cloud-induced radiation processes affecting 
precipitation by altering the atmospheric vertical stability 
(Ackerman et al. 1988; Christensen et al. 2013; Harrop and 
Hartmann 2016; Zhang et al. 2017). Clouds can enhance 
the planetary albedo by reflecting solar radiation to space 
to cool the Earth, and trapping outgoing long-wave infrared 
radiative flux to warm the Earth, thus significantly affecting 
the vertical temperature profile and atmospheric circula-
tion (Yu et al. 2004; Kato et al. 2008; Wu et al. 2023). There-
fore, there are both direct and indirect physical connections 
between the generation and disappearance of clouds and 
regional precipitation (Lin et al. 2000; Zhang et al. 2017; Wu 
and Chen 2021). More assessment studies have pointed out 
that the inversion of the model for cloud macro- and micro-
characteristics greatly affects the accuracy of the simulating 
cloud radiation effect, leading to varying degrees of devia-
tion in simulated precipitation (Wang and Ding 2005; Yin 
and Porporato 2017; Varga and Breuer 2020). Zhou et al. 
(2005) revealed that the interaction between clouds and 
radiation modified atmospheric dynamic conditions through 

the radiation-convection trigger mechanism, which in turn 
caused changes in the convection and ultimately enhanced 
or weakened precipitation on the ground.

From June to July 2020, the persistent and widespread 
heavy precipitation process in the Yangtze-Huaihe basin was 
typically extreme and caused severe flooding and geological 
disasters (Liu and Ding 2020; Zhang et al. 2020a, b), while 
most numerical weather forecast products had large devia-
tions in terms of precipitation area and diurnal variation (Cai 
et al. 2020; Chen et al. 2020; Jiao et al. 2021; Bu et al. 2022). 
So what are the main reasons for these forecast model devia-
tions? Is it related to cloud radiation processes? To answer 
these questions, gauge observations and reanalysis data com-
bined with a high-resolution WRF model were used to simu-
late and evaluate the precipitation process during the 2020 
Meiyu period. On this basis, the model results were used to 
systematically analyze the diurnal variation characteristics 
of precipitation in the study area and discuss the influence 
of cloud radiation processes on the diurnal bias of simu-
lated precipitation, with a view to revealing the root causes 
of model simulation deviations, identifying entry points for 
model improvement, and providing scientific support for the 
fine assessment and correction of numerical models.

2 � Data and methodology

2.1 � Data

Cloud fraction and radiative flux data are provided by the 
latest SYN1deg-Ed4.1A dataset from Clouds and the Earth’s 
Radiant Energy System (CERES) (https://​ceres.​larc.​nasa.​
gov/​data/). As one of the three major CERES product sets, 
the Synoptic Radiative Fluxes and Clouds (SYN) dataset 
is provided continuous global all-sky observations with 
hourly resolution and 1° × 1° resolution via geostationary 
satellites (GEO) and is suitable for local diurnal process 
studies (Doelling et al. 2016). This dataset contains radia-
tive fluxes from the top of atmosphere (TOA), the ground, 
and four atmospheric pressure levels (70 hPa, 200 hPa, 
500 hPa, and 850 hPa) in the vertical direction, as well as 
cloud properties from MODIS and GEO at different alti-
tudes (high, medium–high, medium–low, low), including 
cloud fraction, particle radius, optical thickness, top height, 
etc  (CERES_SYN1deg_Ed4A Data Quality Summary, 
2021). (https://​ceres.​larc.​nasa.​gov/​docum​ents/​DQ_​summa​
ries/​CERES_​SYN1d​eg_​Ed4A_​DQS.​pdf, accessed on 13 
December 2021).

The observed precipitation data used in this article 
is a high spatiotemporal gauge-satellite merged hourly, 
0.1° × 0.1°precipitation dataset from the China Meteoro-
logical Administrator (CMA), using hourly rain gauge data 
at more than 30,000 automatic weather stations in China in 

https://ceres.larc.nasa.gov/data/
https://ceres.larc.nasa.gov/data/
https://ceres.larc.nasa.gov/documents/DQ_summaries/CERES_SYN1deg_Ed4A_DQS.pdf
https://ceres.larc.nasa.gov/documents/DQ_summaries/CERES_SYN1deg_Ed4A_DQS.pdf
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conjunction with the Climate Precipitation Center Morphing 
(CMORPH) precipitation product (http://​data.​cma.​cn/​site/​
index.​html). It has been widely used for the study of extreme 
weather events (Shen et al. 2013). To verify the accuracy of 
this merged precipitation product, we compared it with the 
daily gauge-based precipitation from 2479 manned national 
meteorological observation stations in China.

The fifth-generation global atmospheric reanalysis data 
(ERA5) from the European Centre for Medium-Range 
Weather Forecasts (ECMWF) was used to analyze the circu-
lation characteristics, including specific humidity, tempera-
ture, geopotential height, and wind velocity, with a horizon-
tal resolution of 0.25° × 0.25° and a temporal interval of 1 h 
and 37 layers in the vertical direction (Hersbach et al. 2020) 
(https://​cds.​clima​te.​coper​nicus.​eu/​cdsapp#​!/​datas​et/​reana​
lysis-​era5-​press​ure-​levels?​tab=​overv​iew). ERA5 reanaly-
sis data on hourly high temporal resolution provides more 
detailed information on the evolution of extremely heavy 
precipitation (Dee et al. 2011; Hersbach et al. 2020). In addi-
tion, the ERA5 data adopt a more complete parameteriza-
tion scheme for the clouds-involved precipitation process, 
which is improved from the original two fore-cast quantities 
of cloud water and cloud cover fraction to five forecast quan-
tities of cloud liquid water, cloud ice, rain water, snow, and 
cloud cover fraction, which can reproduce the generation and 

extinction processes of clouds and precipitation more real-
istically, and to a certain extent can be used as a substitute 
for the observations to test the numerical model simulation 
results (Hersbach et al. 2020).

2.2 � Model and experimental design

In this study, WRF V4.3 was used to perform 84 consecu-
tive hours of simulation every day from May 31 to July 
31, 2020. We selected 12:00 a.m. (UTC) as the model 
start time for each case, where the first 12 h’s simulation 
result was discarded as the spin-up time for the cold start 
(Fig. 1a). Therefore, a total of 61 individual cases were 
carried out using this sliding simulation method, each con-
taining 72 h of valid simulation results. The experiments 
used three resolutions of 27 km, 9 km, and 3 km nested 
coupling, and the simulation area is shown in Fig. 1b. 
The initial and boundary conditions for the WRF model 
simulation were obtained from the National Centers for 
Environmental Prediction (NCEP) 1° × 1° Final Analysis 
(FNL) dataset. Details model setting and the main physical 
parameterizations are listed in Table 1. In this study, we 
used three cloud microphysics schemes of WSM3, WSM6, 
and WDM6 (Hong et al. 2004; Hong and Lim 2006; Lim 
and Hong 2010) at domains D01, D02, and D03, and the 

FNL

Spin-up

1200UTC 31 May
1200UTC  1  June
1200UTC  2  June

…

0000UTC  1  June
0000UTC  2  June
0000UTC  3  June

…

0000UTC 4 June
0000UTC 5 June
0000UTC 6 June

…

（a）

（b）

Fig. 1   a Time scheme of experiment. b Nested simulation domains of the WRF model

http://data.cma.cn/site/index.html
http://data.cma.cn/site/index.html
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=overview
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cumulus parameterization scheme of Kain Fritsch (Kain 
2004) only at domain D01 and D02.

2.3 � Assessment method

In this study, we evaluated the simulations for precipi-
tation and cloud cover fraction during the Meiyu period 
by calculating the spatial and time correlation coefficient, 
mean error (ME), root mean square error (RMSE), correla-
tion coefficient (CC) and threat score (TS). The formulas 
for their calculations are as follows:

where N is the total number of observed or predicted pre-
cipitation data, pi and oi are the predicted and observed data, 
respectively. The p and o are the average value predicted and 
observed data, respectively. The description of NA, NB, and 
NC is indicated in Table 2.

(1)ME = p − o

(2)RMSE =

�

1

N

N
∑

i=1

�

pi − oi
�2

(3)CC =

1

N−1
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i=1 [(pi−p)(oi−o)]
�
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1

N−1

�
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1

2
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1

N−1

�
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2
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1

2

(4)TS =
NA

NA+NB+NC

All model outputs are interpolated to the same spatial 
resolution as the observed data before analysis, where 
the precipitation is 0.1° × 0.1° and the cloud features are 
1° × 1°.

2.4 � Total cloud cover

The fraction cloud cover is calculated following the semi-
empirical cloudiness parameterization developed by Xu 
and Randall on each level (Xu and Randall 1996). To 
compare with the observation, it is necessary to apply an 
overlap assumption scheme to convert the cloud fraction at 
each model level to total cloud cover. The vertical super-
position scheme of clouds selected in this paper adopted 
the maxi-mum-average overlap scheme, that is, the verti-
cal average cloud fraction of non-adjacent two-layer cloud 
fraction separated by the clear sky is first calculated, and 
then the maximum value of the average cloud fraction of 
different cloud blocks in the vertical direction is selected 
as the total cloud cover (Zheng et al. 2013).

2.5 � Definition of cloud radiation heating rate

Radiation heating rate is a non-adiabatic heating change 
caused by the vertical gradient difference of net radiation 
flux. The calculation of the radiative heating rate (Cesana 
et al. 2019) is shown below:

(5)Fnet(z) = F↑(z) + F↓(z)

(6)ΔFnet = Fnet(z + Δz) − Fnet(z)

Table 1   Description of the 
model settings

Domain D01 D02 D03 References

Horizontal grids 112 × 105 220 × 208 412 × 322 /
Resolution 27 km 9 km 3 km /
Time step (s) 90 s 30 s 10 s /
SW radiation RRTMG RRTMG RRTMG Iacono et al. (2008)
LW radiation RRTMG RRTMG RRTMG Iacono et al. (2008)
PBL YSU YSU YSU Hong et al. (2006)
Cumulus Kain-Fritsch Kain-Fritsch / Kain (2004)
Microphysics WSM3

WSM6
WDM6

WSM3
WSM6
WDM6

WSM3
WSM6
WDM6

Hong et al. (2004)
Hong and Lim (2006)
Lim and Hong (2010)

Land surface Noah Noah Noah Niu et al. (2011)

Table 2   Contingency table 
of prediction results and 
observations for a selected 
precipitation threshold

Observation Predictions

Yes No

Yes NA NC
No NB ND
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where F is the radiation flux (W m−2), Fnet is the net radia-
tion flux (W m−2), HR is the radiation heating rate (K h−1), 
T  is the temperature (K), t is time (h), g is the acceleration 
due to gravity (m s−2), � is the air density (kg m−3), cp is the 
specific heat content of air at constant pressure (J kg−1 K−1), 
and p is the pressure (Pa). The z and z + Δz indicate the 
lower and upper boundary of the layer, respectively. The 
supscripts ↑ and ↓ indicate the upward radiation flux and the 
downward radiation flux, respectively.

In this paper, the cloud radiative heating rate is defined as 
the difference between the radiative heating rate under all-
sky and clear-sky conditions, which can be used to estimate 

(7)

HR =

(

dT

dt

)

= −
1

�cp

dFnet

dz
=

g

cp

dFnet

dp
,

(

g = 9.81, cp = 1004
) the influence of clouds on radiative heating in the atmos-

phere (Cesana et al. 2019).

3 � Results

3.1 � Simulation assessment of precipitation 
during the 2020 Meiyu period

First, the spatial distribution of accumulated precipitation 
in the middle and low region of the Yangtze River between 
June 1 and July 31, 2020, during the Meiyu period was com-
pared between gauge observation (Fig. 2a) and merged pre-
cipitation product (Fig. 2b). It can be seen from the figures 
that the precipitation in Meiyu period is mainly concentrated 
near 28°–32°N, with two precipitation extreme centers over 

Fig. 2   Distribution of accumulated precipitation (shaded; units: mm) 
of observational data of stations (a), merged precipitation product 
(b) and WSM3 scheme (c) WSM6 scheme (d), WDM6 scheme (e) 
simulated from June to July 2020. The contours show the bias of the 
simulation (simulation minus observation, the same as below). f The 

regional average daily evolution precipitation in the middle and lower 
reaches of the Yangtze River (110°–122° E, 27°–35° N) from June to 
July 2020. Daily precipitation of 15 mm/d is indicated by the horizon-
tal dashed line
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1200 mm. The precipitation and its distribution revealed 
by the merged precipitation product data are well consist-
ent with the gauge observation. Comparing the numerical 
simulation results (Fig. 2c–e), it is found that the simulated 
precipitation distribution of the three schemes is close to the 
observations, but the precipitation in the west and southeast 
of the main rain area is underestimated to varying degrees, 
and the WDM6 scheme has the best performance. By com-
paring the regional average daily precipitation, it is found 
that the actual and WSM3, WSM6, and WDM6 schemes 
are 9.12, 10.88, 12.22, and 9.86 mm/day, respectively. The 
three schemes have a certain overestimation of the average 
daily precipitation, but the WDM6 scheme has the smallest 
deviation from the observation. As for the daily evolution 

of precipitation (Fig. 2f), it can be found that all three cloud 
microphysics schemes can well simulate the evolution char-
acter. Among them, the WDM6 scheme has the highest time 
correlation coefficient of 0.88 and the smallest deviation for 
observation.

The spatial distribution of total cloud fraction between 
observations and model simulations was further compared. 
The observation results show that the cloud fraction is less 
in the north and higher in the southeast of the area (Fig. 3a). 
The cloud fraction simulated by the three schemes has a 
certain error compared with the observation (Fig. 3b–d), the 
underestimation is from 5 to 15%, and the spatial correlation 
coefficients are as low as about 0.4, which cannot present the 
high-value center in the southeast.

Fig. 3   Distribution of hourly 
average total cloud fraction 
(shaded) of satellite observa-
tion (a), and WSM3 scheme 
(b), WSM6 scheme (c), WDM6 
scheme (d) simulated from 
June to July 2020. The contours 
indicate the bias of the simula-
tion. The values indicate spatial 
correlation coefficients

Fig. 4   Diurnal variations of 
regional average (110°–122° E, 
27°–35° N) precipitation (units: 
mm) (a) and CAPE (units: J/
kg) (b) in June–July 2020. 
The black line indicates the 
merged precipitation product, 
the blue line indicates the 
WSM3 scheme simulation, the 
green line indicates the WSM6 
scheme simulation, and the 
red line indicates the WDM6 
scheme simulation
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The diurnal variation characteristics of regional aver-
age precipitation in the middle and lower reaches of the 
Yangtze River and the simulation results of different micro-
physical schemes are analyzed in Fig. 4a. The diurnal vari-
ation curve of precipitation in the actual situation is dou-
ble-peak distribution, with an obvious early morning peak 
around 07:00–09:00 LST and an afternoon peak around 
16:00–17:00 LST. The intensity of the early morning peak is 
significantly stronger than that of the afternoon precipitation, 
and the valley value appears at 00:00 LST. All three schemes 
can well reproduce the early morning peak, and the simu-
lated rainfall intensity is slightly stronger. The occurrence 
time of the early morning peak in the WSM3 and WSM6 
schemes is 2 h earlier than the observation, while the occur-
rence time of the early morning peak in the WDM6 scheme 
is consistent with the observation. The afternoon precipita-
tion peak time simulated by the three schemes is ahead of 
the observation. The WSM3 and WSM6 schemes simulate 
more afternoon precipitation, while the WDM6 scheme 
simulated a weaker afternoon peak. The diurnal variation 
of Convective Available Potential Energy (CAPE) simulated 
by the three schemes shows a clear single-peaked distribu-
tion (Fig. 4b), and the highest CAPE value is reached around 
17:00 LST. The simulated CAPE of the WDM6 scheme is 
somewhat weaker than lower than the other two schemes.

The statistical evaluation of the deviation between the 
simulation results and the observation (Fig. 5a) shows that 
the hourly precipitation rate simulated by the WSM6 scheme 

is generally strong, while the simulated precipitation of the 
WSM3 and WDM6 schemes shows a positive deviation from 
night to morning, and turns negative around 18:00 LST.

By comparing the similarity coefficients between simu-
lated and observed daily precipitation changes (Fig. 5c), it 
is found that the three schemes have obviously lower values 
at 18:00–21:00 LST, indicating that the model’s ability to 
simulate afternoon precipitation is generally insufficient. 
Although the TS scores of the three schemes are close 
(Fig. 5b), the WDM6 scheme has the smallest RMSE in 
simulating the diurnal variation of precipitation (Fig. 5d).

In summary, the WDM6 scheme can better simulate the 
precipitation and diurnal variation of precipitation in this 
Meiyu period, and the simulation results are more reason-
able and have better consistency with observation. Huang 
and Qian (2021) also found that the WDM6 scheme is rela-
tively better than others by evaluating 16 cloud microphysi-
cal schemes for a heavy precipitation process in the Yangtze-
Huaihe River Basin. Therefore, we selected the simulation 
results of the WDM6 scheme to further explore the influence 
mechanism of the cloud radiation process on the diurnal 
variation bias of precipitation.

Fig. 5   Mean error (ME) (a), 
threat score (TS) (b), correla-
tion coefficient (CC) (c), and 
root mean square error (RMSE) 
(d) of the diurnal variations 
of simulated and observa-
tion for the regional average 
(110°–122° E, 27°–35° N) for 
June–July 2020. The blue line 
indicates the WSM3 scheme 
simulation, the green line 
indicates the WSM6 scheme 
simulation and the red line 
indicates the WDM6 scheme 
simulation
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3.2 � The relationship between simulation deviation 
of diurnal variation of precipitation and cloud 
radiation

Firstly, the diurnal variation characteristics of the pre-
cipitation extreme center during the Meiyu period and 
the bias of simulation were analyzed. Figure 6a shows the 
time-latitude cross-section of precipitation averaged over 
115°–119° E. It can be found that in the range of 29°–32° N, 
there is some positive deviation in the simulated precipi-
tation at 00:00–09:00 LST and a large negative deviation 
at 15:00–21:00 LST. Further comparison of the diurnal 
variation and regional mean precipitation (115°–119° E, 
29°–32° N) (Fig. 6c) shows that the double-peak feature 
is described above. In contrast, the WDM6 scheme simu-
lates the diurnal variation in the precipitation central region 
as a single-peak distribution, the simulation overestimates 
the precipitation at 00:00–09:00 LST, fails to reproduce the 
peak of precipitation in the afternoon, and has a significant 
negative deviation for the simulation of precipitation from 
15:00 to 21:00 LST.

Like precipitation, cloud fraction also has clear diurnal 
variation characteristics which vary with the type of cloud 
(Chen and Wang 2016). Ge et al. (2021) found that the 
transformation of the phase of the cloud’s diurnal variation 
might significantly affect the diurnal variation of precipi-
tation. Therefore, the whole model layers were interpo-
lated and rebuilt to four layers of lower than 700 hPa(low), 
700–500 hPa(mid-low), 500–300 hPa (mid-high), and 

higher than 300 hPa (high), and the simulated cloud frac-
tion for each layer was averaged and compared to CERES 
product (Fig. 7a–d). The model can well reproduce the 
single-peak distribution of low and mid-low cloud cover 
and the simulation deviation is small. However, there is 
a large deviation in the simulation of mid-high and high 
cloud cover, which is concentrated in the period from 
afternoon to night. In particular, the negative deviations 
of the simulation at 15:00–02:00 LST are all greater than 
0.1 for high cloud fraction. Does the underestimation of 
afternoon precipitation by the numerical model relate to 
the bias of cloud simulation?

The distribution of the macro and micro physical char-
acteristics of clouds can affect the vertical stability of the 
atmosphere by affecting the radiation budget and changing 
the thermal state of the atmosphere. Therefore, it is neces-
sary to further analyze the vertical velocity, water vapor, 
and temperature profiles. Figure 8a shows the difference 
in water vapor mixing ratio and vertical velocity between 
simulated and observation, and it can be seen that after 
12:00 LST, there is a significant anomalous sinking motion, 
with the maximum deviation occurring from 15:00 to 18:00 
LST. Similarly, the simulated water vapor mixing in the 
800–600 hPa height range is lower than the observation at 
18:00–21:00 LST.

The magnitude of atmospheric vertical stability can sig-
nificantly affect the development of thermal convection. 
Simulated deviation profiles of the average temperature at 
00:00–09:00 LST and 12:00–21:00 LST are given in Fig. 8b. 

Fig. 6   Time-latitude cross sec-
tion of precipitation (shaded; 
units: mm) averaged over 
115°–119° E (a) and time-longi-
tude cross section of precipita-
tion averaged over 29°–32° N 
(b) in June–July 2020. The 
contours indicate the bias of the 
simulation. (c) Diurnal varia-
tion of averaged precipitation 
(unit: mm) of 115°–119° E, 
29°–32° N from June to July 
2020. The black line shows the 
observation, and the red line is 
the WDM6 scheme simulation. 
The histogram indicates the bias 
of the simulation, where black 
represents underestimation and 
red represents overestimation
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Between 00:00 and 09:00 LST, the temperature of 850 hPa 
and 500 hPa is consistent with the observation, and between 
12:00 and 21:00 LST, the 850 hPa simulation of the lower 
troposphere is cold, while the 500 hPa of the middle layer 
turn to abnormally warm. It indicates that the atmosphere 
below 500 hPa is anomalously stable at 12:00–21:00 LST, 
inhibiting the development of convection and weakening 
vertical velocities, eventually discouraging precipitation.

In order to explore the reason why the simulated vertical 
lapse rate of atmospheric temperature is small, the simu-
lated deviation profiles of the mean temperature advection 
at 00:00–09:00 LST and 12:00–21:00 LST were further ana-
lyzed (Fig. 8c). It can be seen that the simulated temperature 
advection around 850 hPa at 12:00–21:00 LST is colder than 
the real situation, resulting in a negative temperature devia-
tion in the lower troposphere at 12:00–21:00 LST. Simulated 

Fig. 7   Diurnal variation of 
averaged low (a), mid-low 
(b), mid-high (c) and high (d) 
cloud fraction of 115°–119° E, 
29°–32° N from June to July 
2020. The black line shows the 
observation, and the blue line is 
the WDM6 scheme simulation. 
The histogram indicates the bias 
of the simulation, where black 
represents underestimation and 
red represents overestimation

Fig. 8   a Diurnal deviation of averaged water vapor mixing ratio 
(shaded; units: g/kg) and vertical velocity (contours; units: 0.01 Pa/s) 
of 115°–119° E, 29°–32° N from June to July 2020. Mean tempera-

ture (units: K) deviation profiles (b) and temperature advection (units: 
10–5 K/s) deviation profiles (c) from 0000 to 0900 LST (black line) 
and 1200–2100 LST (red line)
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temperature advection around 500 hPa is not significantly 
different from the real situation, indicating that the higher 
simulated temperature in the mid-upper troposphere is not 
induced by temperature advection.

The change in the heating rate leads to the change in the 
energy balance of the earth-atmosphere system. The exist-
ence of clouds indirectly affects the atmospheric energy 
balance of each layer by affecting the radiation heating 
rate. Cloud microphysical characteristics have an important 
influence on cloud radiative forcing. Different hydrometeors 
particles also vary considerably in their radiative proper-
ties due to differences in optical properties (Wang and Ding 
2005; Ge et al. 2021). Figure 9a shows the distribution of 
the modeled deviation in the vertical direction of regional 
mean liquid phase hydrometeors (cloud water, rain water) 

mixing ratio with time. In the height range of 600–700 hPa, 
there is a positive deviation extreme value in the simulation 
at 03:00–09:00 LST, and the deviation gradually decreases 
until 15:00 LST, and the deviation increases again at night. 
Figure 9b shows the evolution of the modeled deviation in 
the vertical direction of the regional mean ice phase hydro-
meteors (cloud ice and snow) mixing ratio with time. It can 
be seen that the modeling overestimates the ice phase hydro-
meteors mixing ratio from 03:00 to 09:00 LST and underes-
timates it from 15:00 to 21:00 LST, and the deviations are 
mainly concentrated above 600 hPa. An analysis of the dif-
ference between simulated and observed bulk hydrometeors 
(Fig. 9c) shows that an overestimation of liquid phase hydro-
meteors mixing ratio leads to redundant bulk hydrometeors 
mixing ratio at 00:00–12:00 LST, and an underestimation 

Fig. 9   Diurnal deviation of averaged liquid phase hydrometeors 
(cloud water(qc) and rain water(qr)) mixing ratio (unit: g/kg) (a), 
ice phase hydrometeors (ice(qi) and snow(qs)) mixing ratio (unit: g/
kg) (b) and total hydrometeors mixing ratio (units: g/kg) (c) of 115°–

119°  E, 29°–32°  N from June to July 2020. Average simulated and 
observed cloud shortwave radiative heating rate (d, g), cloud long-
wave radiative heating rate (e, h), and cloud net radiative heating rate 
(f, i) at 0000–0900 LST (d–f) and 1200–2100 LST(g–i) (unit: K/h)



Numerical study of the precipitation diurnal variation and its relationship with cloud radiative…

1 3

Page 11 of 14  3

of the ice phase hydrometeors mixing ratio leads to smaller 
total hydrometeors mixing ratio at 12:00–23:00 LST.

Further analysis of the influence of clouds on the atmos-
pheric radiative heating rate shows that both the simulation 
and observed shortwave radiative heating rate (Fig. 9d, g) 
are positive above the middle troposphere, while the radia-
tive cooling effect is shown below the middle troposphere. 
The opposite tendency is clear for longwave radiative heat-
ing rates (Fig. 9e, h). Comparing the simulated and observed 
cloud radiative heating rates at 00:00–09:00 LST, it is found 
that the simulation underestimates the cloud longwave radi-
ative heating rate in the mid-upper troposphere, resulting 
in an increase in the slope of the net radiative heating rate 
from 500 to 850 hPa (Fig. 9f). Comparing the simulated and 
observed cloud radiative heating rates at 12:00–21:00 LST, 
it is found that the simulation overestimates the cloud short-
wave radiative heating rate in the mid-upper troposphere, 
resulting in a reduction in the slope of the net radiative heat-
ing rate from 500 to 850 hPa (Fig. 9i).

In summary, the model simulates a large positive bias in 
the mixing ratio of liquid phase hydrometeors at 00:00–09:00 
LST, resulting in less absorption and scattering of longwave 
radiation by the atmosphere in the upper troposphere, reduc-
ing radiative heating and enhancing the atmospheric tem-
perature lapse rate, which encourages the development of 
convection and precipitation process at 00:00–09:00 LST. 
The model simulates a large negative bias in the mixing ratio 
of ice phase hydrometeors at 15:00–21:00 LST, resulting in 
more absorption and scattering of shortwave radiation by the 
atmosphere in the upper troposphere, enhancing radiative 
heating and reducing the atmospheric temperature lapse rate, 
which is detrimental to the development of convection and 
precipitation process, ultimately leading to a large negative 
bias in the simulation of afternoon precipitation peak.

4 � Discussion

The diurnal variation characteristics of precipitation during 
the Meiyu period and its relationship with cloud radiation 
were analyzed by using multi-source observation data and 
a numerical model. It is confirmed that the main reason for 
the deviation of precipitation simulation is the insufficient 
description ability of the two-moment cloud microphysical 
parameterization scheme WDM6 to cloud macro and micro 
physical characteristics, but how to optimize the parameteri-
zation scheme still needs more work to achieve.

5 � Conclusions

The WRF model was used to simulate and evaluate the pre-
cipitation process during the Meiyu period from June to July 
2020 by using different cloud microphysical parameteri-
zation schemes, and the simulation results of the optimal 
scheme were selected to explore the impact of the cloud 
radiative heating process on the diurnal variation character-
istics of precipitation. The main conclusions are summarized 
as follows:

1.	 The simulation results of the three schemes for the pre-
cipitation distribution, regional average precipitation, 
and total cloud cover of the whole Meiyu period from 
June to July 2020 are relatively close. However, the 
WDM6 scheme is significantly better than the WSM3 
and WSM6 schemes in simulating the heavy precipi-
tation process. Choosing different cloud microphysical 
parameterization schemes has little improvement on the 
negative bias of afternoon precipitation peak simula-
tion. Through statistical evaluation, it was found that 
the WDM6 scheme simulations were more stable and 
closer to the observation, with the highest time correla-
tion coefficient for precipitation and the smallest ME and 
RMSE for diurnal variation.

2.	 In the heavy precipitation area, the WDM6 scheme per-
fectly reproduces the early morning peak in the diur-
nal variation characteristics of precipitation, but the 
simulation of the afternoon peak at 15:00–21:00 LST is 
significantly lower than the observation. This negative 
deviation occurs almost at the same time as the underes-
timation of the middle and upper clouds from afternoon 
to night.

3.	 Further analysis of the convection conditions shows that 
the simulation results produce cold advection transport 
during the dynamic convergence process at 850 hPa, 
resulting in abnormally low temperatures in the lower 
troposphere. At the same time, the underestimation of 
the mixing ratio of ice-phase hydrometeors in the after-
noon leads to abnormal radiative heating in the middle 
and upper troposphere. The above two processes reduce 
the vertical lapse rate of atmospheric temperature and 
inhibit the development of thermal convection, which 
ultimately makes the afternoon precipitation peak seri-
ously underestimated.
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