
ORIGINAL ARTICLE

Climate Dynamics          (2026) 64:448 
https://doi.org/10.1007/s00382-026-08408-5

	 Anning Huang
anhuang@nju.edu.cn

	 Chunlei Gu
chlgu@nju.edu.cn

1	 School of Atmospheric Sciences, Nanjing University, 
Nanjing 210023, China

2	 Qinghai Lake Comprehensive Observation Research Station, 
Chinese Academy of Sciences, Gangcha 812300, China

Abstract
Cloud processes remain a major source of uncertainty in regional climate modeling, this study evaluates the impacts of 
different combinations of cloud microphysics and cloud fraction schemes on simulations of China’s summer climate. 
Results show the CTRL experiment using RegCM4 with default model configurations clearly overestimates the precipita-
tion and near surface air temperature over most China in summer. Among the four experiments, the SEXPMF experiment 
coupling the Nogherotto–Tompkins microphysics scheme with the Xu–Randall cloud fraction scheme performs the best to 
simulate the near surface air temperature and precipitation across most China. Compared to CTRL, SEXPMF reduces the 
root mean square error (RMSE) of 2-m air temperature (precipitation) simulations by more than 28.4% (14.5%) across all 
sub-regions of China (in Tibetan Plateau, Northwest and Northeast China), despite the precipitation magnitude is further 
overestimated in Southeast China, the spatial correlation of simulated precipitation there is increased by 49.0%. Mecha-
nistically, SEXPMF generates more high-level ice clouds, reducing surface downward shortwave radiation and thereby 
alleviating the widespread warm bias. This fosters an “upper-warming and lower-cooling” vertical thermal structure and 
enhanced atmospheric stability. Over Tibetan Plateau, this triggers deep anomalous subsidence and moisture divergence, 
fundamentally suppressing spurious convection and overestimated precipitation. Conversely, the modified thermal field 
triggers anomalous upper-tropospheric divergence with low-level moisture convergence over Southeast China, leading to 
strong vertical ascent and favorable cloud formation conditions. However, this ultimately results in over-simulated clouds 
and excessive precipitation due to compensating errors. This study highlights the critical role of cloud-radiation-dynamic 
coupling in simulating complex regional climates.
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Impact of different cloud parameterization scheme combinations in 
the RegCM4 on the summer climate simulations over China
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regional-scale processes, such as complex topographic 
effects and land–atmosphere interactions, thereby provid-
ing high-resolution information crucial for climate change 
impact assessments (Giorgi and Gutowski 2015; Liang et 
al. 2012; Wang et al. 2016; Xu and Yang 2015; Xue et al. 
2014). RCMs have been extensively used to investigate 
the complex climate systems of East Asia (Fu and Yuan 
2001; Huang and Zhang 2007; Wang et al. 2003; Yu et al. 
2015). However, the performance of RCMs is highly sen-
sitive to the choice of physical parameterization schemes, 
and no single configuration yields universally optimal 
performance across different climatic regions (Duan et al. 
2017). Moreover, nonlinear interactions among various 
physical processes significantly influence the simulated 
climate state (Song et al. 2020), making the evaluation of 

1  Introduction

Regional climate models (RCMs) are key tools for dynami-
cal downscaling, bridging the scale gap between global 
climate models (GCMs) and local climate characteris-
tics (Rummukainen 2010). RCMs capture mesoscale and 

http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-026-08408-5&domain=pdf&date_stamp=2026-9-30
https://doi.org/10.1007/s00382-026-08408-5
mailto:anhuang@nju.edu.cn
mailto:chlgu@nju.edu.cn
http://orcid.org/0000-0001-9872-440X
http://orcid.org/0000-0001-7019-2392


1 3

  448   Page 2 of 21 F. Li et al.

parameterization scheme combinations for specific regions 
a necessary step to obtain reliable climate projections.

The representation of clouds remains a primary source 
of uncertainty in current climate simulations, largely due to 
limited understanding of key physical processes (e.g., Sein-
feld et al. 2016) and imperfect model parameterizations (e.g., 
Khain et al. 2015). Within current cloud parameterizations, 
cloud microphysics and cloud fraction schemes are two core 
components. Cloud fraction, as a key macrophysical prop-
erty affecting radiative transfer and microphysical processes 
(Wang et al. 2015), directly determines the model’s simula-
tion of radiative fluxes (Klein and Hartmann 1993). Cloud 
microphysics involves microscale interactions among water 
vapor, aerosols, ice crystals, and precipitation particles, 
which have profound impacts on large-scale dynamics and 
long-term climate (Liu et al. 2023; Grabowski et al. 2019; 
Wang et al. 2022). Deficiencies in understanding cloud pro-
cesses pose significant challenges to weather and climate 
modeling (Forster et al. 2021; Morrison et al. 2020; Zelinka 
et al. 2022). Among the cloud parameterization schemes 
currently used, cloud microphysics schemes have evolved 
from simple diagnostic methods to complex prognostic for-
mulations. Early schemes typically diagnosed cloud water 
content directly based on relative humidity, often lacking 
a direct simulation of cloud ice (Del Genio et al. 1996). In 
contrast, modern schemes separate warm and cold cloud 
physical processes via prognostic equations (Lohmann and 
Roeckner 1996). The newer Nogherotto–Tompkins scheme 
explicitly solves prognostic equations for five variables: 
water vapor, cloud water, rain, cloud ice, and snow, thereby 
theoretically improving the representation of mixed-phase 
clouds (Nogherotto et al. 2016).

Cloud fraction parameterization schemes generally fall 
into two categories: prognostic and diagnostic. Prognostic 
methods explicitly simulate the temporal evolution of cloud 
fraction using source and sink terms related to advection, 
cumulus convection, evaporation, and precipitation (Park et 
al. 2016; Tiedtke 1993; Tompkins 2002; Wilson et al. 2008), 
providing a clearer physical basis compared to diagnostic 
methods. However, each source or sink term in prognostic 
methods must be parameterized using grid-mean variables, 
which are difficult to verify directly through observations 
and involve substantial uncertainty. Conversely, diagnos-
tic methods (e.g., Shiu et al. 2021; Sundqvist et al. 1989; 
Van Weverberg et al. 2021; Xu and Randall 1996) calcu-
late cloud fraction directly using instantaneous grid-mean 
atmospheric properties (such as relative humidity and/or 
cloud water content), offering greater simplicity and effi-
ciency. Although prognostic cloud fraction schemes show 
slightly better consistency with observations than diagnos-
tic methods (Park et al. 2016; Delanoë et al. 2011), diag-
nostic methods remain more common in current RCM 

simulations due to their computational efficiency. With the 
mainstream adoption of diagnostic schemes that explicitly 
incorporate cloud water and cloud ice mixing ratios (e.g., 
Xu and Randall 1996), a direct link is established between 
macroscopic cloud fraction calculation and microphysical 
processes, rendering the simulation of cloud fraction highly 
sensitive to the accuracy of microphysical parameteriza-
tions. Consequently, the source/sink terms common in cloud 
microphysics schemes also depend on the diagnostic results 
of the cloud fraction scheme. For instance, Desmet et al. 
(2025) found that in maritime Southeast Asia, the SUBEX 
scheme combined better with the Xu–Randall scheme than 
with the newer Nogherotto–Tompkins scheme, resulting in 
improved performance. Conversely, combining the Nogh-
erotto–Tompkins scheme with the Sundqvist cloud fraction 
scheme led to increased spurious cloudiness (Nogherotto et 
al. 2016). This indicates that the impact of different param-
eterization combinations on model performance varies 
significantly and is strongly region-dependent. Therefore, 
evaluating the optimal combination of cloud parameteriza-
tion schemes for a specific region is critical for optimizing 
local model performance.

Located in East Asia, China exhibits a pronounced land-
sea thermal contrast and Tibetan Plateau (TP) thermal-
dynamical forcing, driving a strong East Asian monsoon 
and substantial spatiotemporal climate variability (Huang 
et al. 2003; Sha et al. 2015; Yao et al. 2019). Modeling 
these complex processes requires a sufficiently high hori-
zontal resolution. Currently, a grid spacing of 20–30  km 
has become a standard configuration for regional climate 
modeling over this region, as it effectively balances com-
putational feasibility with the ability to represent critical 
meso-scale phenomena such as the Meiyu front, organized 
convective systems, and the complex orography of the TP 
(Gao et al. 2012; Yu et al. 2015). Even at this high-resolu-
tion scale, however, regional climate simulation over China 
remains highly challenging (Gao and Giorgi 2017; Xu et 
al. 2024). This makes China a highly challenging region 
for regional climate simulation (Gao and Giorgi 2017; Xu 
et al. 2024). Although the RegCM system has been widely 
applied in this region, previous evaluations indicate that 
the model exhibits persistent systematic biases when using 
standard configurations. Prominent issues include a signifi-
cant cold bias of 2-m air temperature simulations in winter 
and wet bias of precipitation simulations in summer over 
the TP (Gu et al. 2022, 2024; Luo et al. 2025; Ngo-Duc 
et al. 2024). These biases are often intrinsically linked to 
defects in cloud-radiation feedbacks. Some studies suggest 
that deficiencies in RegCM4’s cloud simulation capabilities 
directly lead to uncertainties in simulated surface downward 
longwave radiation (SDLR) (Gu et al. 2020; Pareja-Quispe 
et al. 2021), which in turn may affect precipitation and 
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temperature simulations. In previous studies, relatively lit-
tle work has focused on evaluating cloud parameterization 
schemes specifically for the China region. Existing research 
has focused more on the entire East Asia region or its sub-
regions, or on other physical processes such as cumulus 
convection (Chow et al. 2006; Gao et al. 2008, 2012; Zhang 
et al. 2015). Given the distinct seasonal and spatiotempo-
ral variability of clouds in China (Chen et al. 2012; Shang 
et al. 2018; Yang et al. 2020), a systematic evaluation of 
cloud parameterization schemes holds significant scientific 
value. Therefore, determining the cloud parameterization 
combination that yields superior performance over China, 
and clarifying how advanced combinations mitigate local 
systematic biases by improving the representation of clouds 
and radiative properties, is a key scientific question that 
needs to be addressed.

This study utilizes RegCM4 model to conduct four par-
allel experiments, systematically evaluating the perfor-
mance of different combinations of microphysics schemes 
(SUBEX vs. Nogherotto–Tompkins) and cloud fraction 
schemes (SUBEX vs. Xu–Randall). Specifically, this paper 
aims to answer three key questions: (1) Among the current 
mainstream cloud parameterization combinations, which 
is the optimal choice for regional climate simulation over 
China? (2) How do different combinations of cloud param-
eterization schemes affect the simulations of precipitation 
and surface air temperature in different climatic sub-regions 
of China? (3) What are the potential physical mechanisms 
for better cloud parameterization schemes to perform well 
in these regions?

2  Model, cloud schemes, data, experimental 
design and methods

2.1  RegCM4 model

This study employs the Regional Climate Model version 4.5 
(RegCM4) developed by the International Centre for Theo-
retical Physics (ICTP) (Giorgi et al. 2012). As a core tool 
in the Coordinated Regional Climate Downscaling Experi-
ment (CORDEX), RegCM4 was developed based on the 
NCAR Mesoscale Model (MM5) framework and includes 
a comprehensive set of physical parameterization schemes. 
Its high-resolution capabilities enable detailed climate 
assessment in regions with complex terrain and facilitate 
better understanding of underlying physical mechanisms 
(Berg et al. 2013; Giorgi 2019; Punde et al. 2022). Although 
RegCM5 was released in 2021, we chose RegCM4 because 
it remains one of the most widely used regional climate 
models over East Asia and has been extensively validated 
in this region (Gao and Giorgi 2017). In contrast, evidence 

supporting RegCM5’s applicability in East Asia remains 
limited.

2.2  Cloud schemes

2.2.1  SUBEX and Xu–Randall cloud parameterization 
schemes

This section describes the two cloud fraction parameter-
ization schemes of RegCM4. The SUBEX cloud fraction 
parameterization scheme (Pal et al. 2000) links grid-mean 
relative humidity with cloud fraction and cloud water con-
tent to account for observed subgrid-scale variations. In 
SUBEX, the cloud fraction (𝐹𝐹𝐹𝐹) is determined by grid-mean 
relative humidity (𝑅𝑅𝑅𝑅) through the following equation:

𝐹𝐹𝐹𝐹 𝐹 √ 𝑅𝑅𝑅𝑅 𝑅 𝑅𝑅𝑅𝑅min

𝑅𝑅𝑅𝑅max − 𝑅𝑅𝑅𝑅min
� (1)

where 𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 represents the relative humidity threshold for 
cloud formation, and 𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 denotes the relative humidity 
at which 𝐹𝐹𝐹𝐹 becomes unity. 𝐹𝐹𝐹𝐹 is assumed to be zero when 
𝑅𝑅𝑅𝑅 < 𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 and unity when 𝑅𝑅𝑅𝑅 > 𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚. Typical 𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 
values vary between 60 and 100%, influenced by factors 
such as vertical atmospheric level (Sundqvist 1988), surface 
properties (Sundqvist et al. 1989), and model resolution. 
However, the SUBEX scheme simplifies this variability by 
assigning constant 𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 values of 80% over land and 90% 
over ocean, without accounting for vertical temperature 
dependence. Additionally, the 𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 is fixed at 1.01, per-
mitting the water vapor content to surpass saturation by 1%.

The Xu–Randall cloud fraction parameterization scheme 
(Xu and Randall 1996) incorporates cloud water mixing 
ratio into cloud fraction prediction, establishing a relation-
ship between subgrid cloud fraction, cloud water mixing 
ratio, and relative humidity:

𝐹𝐹𝐹𝐹 𝐹 𝐹𝐹𝐹𝐹𝛽𝛽 [1 − exp (− 𝛼𝛼𝑞𝑞𝑐𝑐
[(1 − 𝑅𝑅𝑅𝑅) 𝑞𝑞𝑞]𝛾𝛾

)] , 𝑅𝑅𝑅𝑅 𝑅 𝑅� (2)

𝐹𝐹𝐹𝐹 𝐹 𝐹𝐹 𝐹𝐹𝐹𝐹 ≥ 1� (3)

where 𝑞𝑞𝑐𝑐 represents the grid-mean cloud water mixing ratio 
(sum of cloud ice and liquid water mixing ratios), 𝑅𝑅𝑅𝑅 is 
relative humidity, and 𝑞𝑞∗ denotes the grid-mean saturation 
mixing ratio. The empirical parameters are set as 𝛼𝛼=100, 𝛽𝛽
=0.25, and 𝛾𝛾=0.49. For temperatures below 0 °C, 𝑞𝑞∗ varies 
between water and ice saturation mixing ratios: it equals the 
water saturation mixing ratio for pure liquid clouds, ice sat-
uration mixing ratio for pure ice clouds, and their weighted 
average for mixed-phase clouds.
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Notably, unlike the SUBEX scheme, the Xu–Randall 
scheme incorporates cloud water mixing ratio, which is 
closely linked to cloud microphysics parameterization. This 
suggests that different cloud microphysics schemes will 
influence cloud fraction simulation through their effect on 
cloud water content.

2.2.2  SUBEX and Nogherotto–Tompkins cloud 
microphysical schemes

This section describes the two cloud microphysics schemes 
employed in this study. In the SUBEX scheme (Pal et al. 
2000), each model grid is divided into clear and cloudy por-
tions. Any variable 𝑉𝑉 represents the weighted average of its 
values in the clear (𝑉𝑉𝑛𝑛𝑛𝑛) and cloudy (𝑉𝑉𝑐𝑐) portions, weighted 
by cloud fraction 𝐹𝐹𝐹𝐹:

𝑉𝑉 𝑉 𝑉𝑉𝑉𝑉𝑉𝑉𝑐𝑐 + (1 − 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑛𝑛𝑛𝑛� (4)

Cloud water is determined by:

𝑄𝑄𝑐𝑐 = 𝑅𝑅𝑅𝑅 𝑅 𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠� (5)

Rain water is calculated through:

𝑃𝑃 𝑃 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝(𝑄𝑄𝑐𝑐/𝐹𝐹𝐹𝐹 𝐹 𝐹𝐹𝑡𝑡𝑡
𝑐𝑐 )𝐹𝐹𝐹𝐹� (6)

where 1/𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝 represents the characteristic time for cloud 
droplets to convert to rain droplets, 𝑄𝑄𝑐𝑐 is cloud water, and 
𝑄𝑄𝑡𝑡𝑡
𝑐𝑐  is the autoconversion threshold for cloud water to rain 

water, scaled according to:

𝑄𝑄𝑡𝑡𝑡
𝑐𝑐 = 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎10−0.49+0.013𝑇𝑇 � (7)

where 𝑇𝑇 is air temperature (°C), and 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 is the autocon-
version scale factor, which is empirically set to 0.65 over 
land and 0.4 over ocean. Notably, SUBEX does not simulate 
cloud ice, which is a significant limitation of this scheme.

The Nogherotto–Tompkins scheme (Nogherotto et al. 
2016) treats cloud ice as a separate prognostic variable and 
solves predictive equations for rain and snow. It includes 
four hydrometeors: cloud liquid water, cloud ice, rain, 
and snow. Each variable is represented by grid-mean mix-
ing ratio 𝑞𝑞𝑥𝑥(kg ⋅ kg−1). The governing equations for water 
vapor (𝑞𝑞𝑣𝑣), cloud water (𝑞𝑞𝑐𝑐), cloud ice (𝑞𝑞𝑖𝑖), rain (𝑞𝑞𝑟𝑟), and 
snow (𝑞𝑞𝑠𝑠) mixing ratios are:

𝐷𝐷𝐷𝐷𝑥𝑥
𝐷𝐷𝑡𝑡

= 𝑆𝑆𝑖𝑖 +
1
𝜌𝜌

∂
∂𝑧𝑧 (𝜌𝜌𝑉𝑉𝑥𝑥𝑞𝑞𝑥𝑥) + 𝐷𝐷� (8)

where 𝑆𝑆𝑖𝑖 represents the microphysical source and sink 
terms for each hydrometeor type, indicating water substance 

conversions between microphysical categories. The second 
term on the right describes the source of 𝑞𝑞𝑥𝑥 from upper lay-
ers due to gravitational sedimentation of species falling at 
terminal velocity 𝑉𝑉𝑥𝑥. The 𝐷𝐷 term represents any transport or 
source/sink terms from other parameterized non-adiabatic 
processes in the model (such as diffusion or deep convec-
tion). This recently proposed scheme offers advantages of 
conservation, computational efficiency, and stability at all 
time steps, with a numerical solution framework that can 
be readily extended to include additional microphysical 
variables.

The key distinction between these schemes lies in their 
approach: SUBEX employs a classical diagnostic method 
without cloud ice prediction, potentially leading to simula-
tion errors due to missing ice-phase processes. In contrast, 
the Nogherotto–Tompkins scheme, as a newly proposed 
multi-phase prognostic method, offers more comprehensive 
but computationally complex calculations, with its perfor-
mance requiring systematic evaluation.

2.3  Data

In this study, several observational and reanalysis datasets 
are utilized to provide initial and lateral boundary condi-
tions for RegCM4 and to serve as benchmark references for 
evaluating its simulation performance.

To drive RegCM4, the ERA-Interim reanalysis dataset 
(Dee et al. 2011) from the European Centre for Medium-
Range Weather Forecasts (ECMWF), covering the period 
1979–2019, is employed to provide the atmospheric initial 
and lateral boundary conditions. It has a spatial resolution of 
1.5° × 1.5°, 37 vertical levels, and a temporal resolution of 
6 h. The National Oceanic and Atmospheric Administration 
(NOAA) Optimum Interpolation Sea Surface Temperature 
(OISST) weekly dataset (Reynolds et al. 2002), available 
from 1981 to the present at a spatial resolution of 1° × 1°, 
is used to provide the oceanic surface boundary conditions.

The ERA5 reanalysis (0.25° × 0.25°; Hersbach et al. 
2020), which provides hourly data from 1940 to the present, 
is used as the benchmark to evaluate the simulated precipi-
tation, 2-m air temperature, circulation, and moisture flux 
divergence. It provides high-quality, physically consistent 
meteorological fields through the ECMWF Integrated Fore-
casting System. Cloud and radiation variables are evaluated 
using the CLARA-A2 product (Karlsson et al. 2017) from 
EUMETSAT CM SAF. This satellite-derived dataset has a 
spatial resolution of 0.25° and spans the period 1982–2015 
(with an interim extension to 2019).
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2.4  Experimental design

To evaluate the performance of different combinations of 
cloud microphysics and cloud fraction schemes in RegCM4 
over China, four experiments were conducted. The CTRL 
experiment uses the default SUBEX scheme for both cloud 
microphysics and cloud fraction. The SEXPCM experiment 
couples the Nogherotto–Tompkins microphysics scheme 
with the SUBEX cloud fraction scheme, the SEXPCF exper-
iment combines the SUBEX microphysics scheme with 
the Xu–Randall cloud fraction scheme, and the SEXPMF 
experiment adopts the coupling of the Nogherotto–Tomp-
kins microphysics scheme and the Xu–Randall cloud frac-
tion scheme.

As shown in Fig.  1, the model domain covers China 
and its adjacent areas with 400 × 300 grid cells centered 
at (34° N, 107° E). Consistent with previous studies (Gao 
et al. 2012; Yu et al. 2015), the model was configured with 
a horizontal resolution of 20 km. This resolution is capable 
of resolving large-scale circulation systems as well as the 
majority of meso-scale weather systems. The domain fol-
lows the coverage of the East Asia domain defined by COR-
DEX (Giorgi et al. 2009), which has been widely used in 
regional climate simulations over this region and provides 
adequate representation of the East Asian summer monsoon 
circulation. The model has 18 vertical levels, with the top 
at 50 hPa. Following Gu et al. (2022), a dynamic time step 
of 30 s is used for model integration over the period from 
1 May to 31 August of ten summers (2009–2018). The land 
surface process and solar radiation are calculated every 
10 min, the absorption–emission of cloud and gas particles 
every 18 h, and the cumulus convection together with the 
dynamic core every 30  s.Lateral boundary conditions are 
refreshed every 6  h. Surface variables are output hourly, 

while atmospheric variables are output every 3 h.The first 
month (May) of each year serves as spin-up and is dis-
carded, leaving only the summer months of June, July, and 
August for analysis.Additional model configuration details 
are provided in Table 1.

2.5  Methods

To facilitate the subsequent spatial analysis and regional 
evaluation, the study domain over China is further divided 
into five sub-regions based on distinct climatic characteris-
tics and topography (Zheng et al. 2010). It is noted that the 
evaluation and analysis in this study strictly focus on the 
landmass of China (including Hainan and Taiwan islands), 
while the surrounding oceanic areas are excluded from 
the statistical assessment. As illustrated by the solid divid-
ing lines in Fig.  1, the landmass is primarily categorized 
into five sub-regions: Northwest China (NWC, 73–105° E, 
40–49° N), Tibetan Plateau (TP, 73–105° E, 28.5–40° N), 
Northeast China (NEC, 105–135° E, 40–54° N), Central-
East China (CEC, 105–124° E, 28.5–40° N), and Southeast 
China (SEC, 98–124° E, 18–28.5° N).

To quantitatively assess the model’s performance in 
simulating the climatic mean fields, two standard statistical 
metrics are employed: the Root Mean Square Error (RMSE) 
and the spatial Correlation Coefficient (CC) (Wilks 2011).

The RMSE is utilized to measure the absolute magnitude 
of the average deviation between the simulated results and 
the observation data. A smaller RMSE value indicates a bet-
ter agreement in magnitude between the model outputs and 
the observations. It is calculated as follows:

Fig. 1  Model domain and grid 
topography at a horizontal resolu-
tion of 20 km. Colors indicate 
terrain elevation (m). Thick solid 
black lines delineate the five 
sub-regions used for analysis, 
with region names labeled inside 
each box. The analysis in this 
study focuses exclusively on the 
terrestrial land areas of China. 
The buffer zone for lateral bound-
ary relaxation is indicated by the 
outer grid area. The purple lines 
represent the Yangtze River and 
the Yellow River
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𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑅
√√√
⎷

1
𝑁𝑁

𝑁𝑁
∑
i=1

(𝑆𝑆i − 𝑂𝑂i)2� (9)

The spatial Correlation Coefficient (CC) is employed to 
evaluate the spatial pattern similarity between the simulated 
and observed fields. CC closer to 1 signifies a higher consis-
tency in the spatial distribution. It is defined as:

𝐶𝐶𝐶𝐶 𝐶
∑𝑁𝑁

i=1 (𝑆𝑆𝑖𝑖 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖 − 𝑂𝑂𝑂

√∑𝑁𝑁
𝑖𝑖𝑖𝑖 (𝑆𝑆𝑖𝑖 − 𝑆𝑆𝑆2 ∑𝑁𝑁

𝑖𝑖𝑖𝑖 (𝑂𝑂𝑖𝑖 − 𝑂𝑂𝑂2
� (10)

where N represents the total number of valid grid points 
over the land area within the evaluated region; Si and Oi 
denote the simulated and observed values at the i-th grid 
point, respectively; and 𝑆𝑆 and 𝑂𝑂 represent the regional spa-
tial averages of the simulation and observation, respectively.

3  Model evaluation

As shown in Fig. 2a and b, the CTRL experiment reason-
ably reproduces the large-scale spatial pattern of precipita-
tion over China, which is characterized by abundant rainfall 
in the southeast and scarce rainfall in the northwest. It also 
effectively captures the strong meridional precipitation gra-
dient over eastern China driven by the East Asian summer 
monsoon. However, a comparison between the CTRL simu-
lation and the ERA5 reference reveals significant system-
atic biases. Specifically, the model exhibits a pronounced 
wet bias over the south TP and a distinct dry bias along the 
southern coast of China.

Furthermore, a widespread systematic warm bias in 2-m 
air temperature simulation is evident across most of China 
(Fig. 2c and d). Part of this warm bias over complex terrain 
may stem from differences in surface elevation between the 
RegCM4 grid and the ERA5 datasets, as the two systems 
interpolate topography onto their respective grids using dif-
ferent methods. Nevertheless, this cannot fully explain the 
systematic nature of the bias. Notably, even over the south 
of TP, where precipitation is severely overestimated (a con-
dition typically associated with increased cloud cover and 
cooler temperatures), the warm bias in 2-m air temperature 
persists. This strongly suggests underlying deficiencies in 
the model’s cloud-radiation feedback mechanisms. Such 
biases are likely attributable to an underestimation of total 
cloud fraction or inadequate cloud shielding, which allows 
excessive solar radiation to reach the surface, thereby driv-
ing the systematic warm biases.

As illustrated in the top row of Fig. 3, the CTRL simu-
lation exhibits systematic biases characterized by a perva-
sive underestimation of stratiform precipitation (Fig.  3a) 
and a pronounced overestimation of convective precipita-
tion (Fig. 3b). The combined effect of these biases results 
in a distinct wet bias in total precipitation (Fig. 3c) in most 
China, particularly over the TP and CEC, alongside a pro-
nounced dry bias over the SEC and the Sichuan Basin.

When modifying only the cloud fraction scheme (the 
SEXPCF experiment, Fig.  3d), the changes in stratiform 
precipitation relative to the CTRL experiment are marginal. 
Conversely, altering the cloud microphysics scheme (the 
SEXPCM and SEXPMF experiments), the underestima-
tion of stratiform precipitation is alleviated to some extent 
(Fig. 3j and g), although the magnitude of this change is rel-
atively small compared to that of convective precipitation. 
Overall, the sensitivity experiments primarily modulate the 

Table 1  Model configuration for each experiment
Items Values References
Experiment name CTRL SEXPCF SEXPCM SEXPMF –
Cloud microphysics SUBEX SUBEX Nogherotto–Tompkins Nogherotto–Tompkins Pal et al. (2000), Nogherotto et al. (2016)
Cloud fraction SUBEX Xu–Randall SUBEX Xu–Randall Pal et al. (2000), Xu and Randall (1996)
Horizontal grids 400×300 grids centered at (107°E, 34°N) at a horizontal resolution of 

20 km
–

Terrain dataset 30″ global DEM (GMTED2010)
Bilinearly interpolation and a single pass of 1–2-1 smoothing

–

Vertical levels 18 levels –
Dynamic core Hydrostatic core Grell et al. (1994)
Radiative transfer model CCM3 Kiehl et al. (1998)
Planetary boundary layer Holtslag Holtslag et al. (1990)
Cumulus scheme Tiedtke over Land, Kain-Fritsch over Ocean Tiedtke (1989), Kain and Fritsch (1990)
Sea flux scheme Zeng Zeng et al. (1998)
Land surface scheme CLM4.5 Oleson et al. (2013)
Initial and boundary data ERA-Interim / NOAA OISST –
Simulation period From May 1st to August 31st in 2009–2018 –
Analysis period From June 1st to August 31st in 2009–2018 –
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Fig. 3  Spatial distributions of 
the differences in summer mean 
stratiform, convective, and total 
precipitation over China for the 
period 2009–2018. The columns 
from left to right represent 
stratiform (a, d, g, j), convective 
(b, e, h, k), and total precipitation 
(c, f, i, l), respectively. The top 
row (a-c) displays the systematic 
biases of the CTRL experiment 
relative to the ERA5 reanalysis. 
The subsequent rows illustrate 
the differences between each 
sensitivity experiment and the 
CTRL experiment (d-l). Stippling 
denotes regions where the differ-
ences are statistically significant 
at the 95% confidence level based 
on Student’s t-test. The purple 
lines represent the Yangtze River 
and the Yellow River

 

Fig. 2  The spatial distribution of 
summer mean precipitation and 
2-m air temperature in China 
from the ERA5 reanalysis and the 
simulations of the CTRL experi-
ment averaged over 2009–2018. 
The purple lines represent the 
Yangtze River and the Yellow 
River
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simulated total precipitation by altering the convective pre-
cipitation. Modifying either the microphysics scheme (the 
SEXPCM experiment) or the cloud fraction scheme (the 
SEXPCF experiment) individually fails to yield effective 
improvements in precipitation simulation. In some regions, 
it even exacerbates the inherent biases of the CTRL experi-
ment (Fig.  3f and i). However, the SEXPMF experiment, 
which couples the Nogherotto–Tompkins microphysics 
scheme with the Xu–Randall cloud fraction scheme, dem-
onstrates a unique capability in spatial adjustment (Fig. 3l). 
Compared to the CTRL experiment, the combined configu-
ration in the SEXPMF experiment significantly reduces the 
simulated precipitation over most parts of China, particu-
larly over the TP and CEC, although notable over-correc-
tion occurs in parts of the CEC. Simultaneously, it generates 
notable positive differences over the SEC and the Sich-
uan Basin, substantially alleviating the dry biases in these 
regions. These results indicate that the SEXPMF experi-
ment can effectively correct the summer precipitation biases 
over the majority of China.

As shown in Fig.  4a, the CTRL experiment exhibits a 
pronounced warm bias relative to the ERA5 reanalysis in 
most China (with positive anomalies exceeding 1.5  °C in 
majority of the areas). The SEXPCF experiment (Fig. 4b) 
yields limited improvements in the temperature simulation 
relative to the CTRL experiment, showing marginal changes 
overall. In contrast, the SEXPCM experiment (Fig. 4c) man-
ages to alleviate the warm biases in the CTRL experiment to 
some extent over the high latitudes and the TP (introducing 
a cooling effect exceeding 1 °C in most of these regions), 
accompanied by a slight temperature decrease over the 
SEC. Notably, the SEXPMF experiment (Fig. 4d) produces 

significant negative temperature differences across the 
vast majority of China, particularly over the TP and SEC, 
indicating a substantial reduction in the 2-m air tempera-
ture warm bias. This remarkable cooling effect effectively 
offsets the systematic warming bias inherent in the default 
configuration of RegCM4.

As shown in Fig. 5a and c, the RMSE of the simulated 
precipitation clearly demonstrate that the SEXPMF experi-
ment with combined scheme exhibits significant advantages 
over single-scheme modifications over the TP, NWC, and 
NEC. In particular, the RMSE of the simulated precipita-
tion in the SEXPMF experiment is reduced by 16.7% and 
18.6% relative to the CTRL experiment over the TP and 
NWC, respectively. However, this experiment yields larger 
biases than the CTRL experiment over the SEC and CEC, 
indicating an overcorrection in magnitude despite improve-
ments in the spatial pattern. In terms of spatial correlation, 
the SEXPMF experiment achieves a remarkable improve-
ment of 49.0% over the SEC (Fig. 5c), effectively correcting 
the spatial distribution of precipitation in this region. This is 
consistent with the alleviation of the dry bias over the SEC 
shown in Fig. 3l.

In contrast, introducing only the cloud fraction scheme 
in the SEXPCF experiment leads to increased biases of pre-
cipitation simulations over most China, particularly over the 
CEC and SEC (Fig.  5a). Correlation analysis reveals that 
the SEXPCF experiment improves the spatial pattern of pre-
cipitation simulation over the humid regions of China (the 
SEC, CEC, and NEC) to some extent, with the correlation 
coefficients increased by 4.1–7.3% (Fig.  5c). Meanwhile, 
introducing only the cloud microphysics scheme in the 
SEXPCM experiment causes substantial increases in RMSE 

Fig. 4  Spatial distributions of 
the biases and differences in the 
summer mean 2-m air tempera-
ture over China averaged over 
2009–2018. a The systematic 
bias of the CTRL simulation rela-
tive to the ERA5 reanalysis. b–d 
The differences between each 
sensitivity experiment (SEXPCF, 
SEXPCM, and SEXPMF) and 
the CTRL. Stippling denotes 
regions where the differences 
are statistically significant at the 
95% confidence level based on 
Student’s t-test. The purple lines 
represent the Yangtze River and 
the Yellow River
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of precipitation simulation over the SEC, CEC, and NEC 
by 18.8–57.1%, although the spatial correlation coefficients 
show improvement across all sub-regions (Fig. 5a, c). Over-
all, modifying a single parameterization scheme leads to a 
general degradation of precipitation simulation performance 
over China. Conversely, adopting both schemes simultane-
ously (the SEXPMF experiment) effectively improves the 
precipitation simulations over the TP and NWC. Over the 
SEC, while the absolute precipitation accuracy is reduced, 
the spatial pattern of the dry bias is substantially improved. 
However, all three sensitivity experiments underperform 
in the precipitation simulation over the CEC relative to the 
CTRL experiment. The performance differences in simulat-
ing the 2-m air temperature among the four experiments are 
more pronounced (Fig.  5b and d): the CTRL experiment 
produces the largest RMSE in most sub-regions (Fig. 5b), 
relative to the CTRL experiment, the SEXPMF experiment 
performs the best in reducing the RMSE of the simulated 
2-m air temperature across all sub-regions, with reductions 
ranging from 28.4 to 41.3% (Fig.  5b). The differences in 
spatial correlation coefficients among the four experiments 
are small, though the SEXPMF experiment performs rela-
tively better in the CEC, with an improvement of 9.3% 
(Fig. 5d).

As a whole, compared to the CTRL experiment, the SEX-
PCF and SEXPCM experiments generally degrade the sim-
ulation performance of summer precipitation over China. 
Even in specific regions where they show some skill, the 
improvements are inferior to those of the SEXPMF experi-
ment. The SEXPMF experiment significantly enhances the 
precipitation simulations in the TP, NWC, and NEC. Simul-
taneously, it notably refines the spatial pattern of precipita-
tion in the SEC, alleviating the original dry bias (although 
this may risk an overcorrection that leads to local wet 
biases). However, the precipitation simulation in the CEC is 
inferior to that of the CTRL experiment. Regarding temper-
ature simulations, all three sensitivity experiments improve 
the 2-m air temperature over most China compared to the 
CTRL experiment. Among them, the SEXPMF experiment 
yields the largest reductions in RMSE of simulated air tem-
perature across most sub-regions, demonstrating the most 
pronounced improvement. Comprehensively evaluating the 
four experiments, the SEXPMF experiment exhibits the best 
overall performance in simulating the summer precipitation 
and 2-m air temperature over most China. Therefore, the 
subsequent analyses will primarily focus on the differences 
between the simulations of the SEXPMF and CTRL experi-
ments. We will investigate the underlying mechanisms 
and potential reasons for the impacts of combined cloud 

Fig. 5  Relative changes in the RMSE (a, b) and spatial correlation coefficient (c, d) of the climatic mean summer precipitation (a, c) and 2-m air 
temperature (b, d) over each sub-region of China during 2009–2018 simulated by each sensitivity experiment compared to the CTRL experiment
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schemes on precipitation and temperature simulations, aim-
ing to provide a robust physical explanation for the changes 
in model performance.

4  Possible mechanisms

4.1  Cloud simulation analysis

As illustrated in Fig. 6a, compared to the CLARA observa-
tions, the CTRL experiment significantly underestimates the 
total cloud fraction over China by about 20%. This under-
estimation partially accounts for the systematic warm bias 
in the 2-m air temperature (Fig. 4a). Compared to the CTRL 
experiment, adopting the combination of cloud microphys-
ics and cloud fraction schemes in the SEXPMF experiment 
clearly improves the simulation of total cloud fraction over 
most of China (Fig. 6b). Specifically, this experiment sig-
nificantly increases the cloud cover over the SEC, CEC, and 
TP, effectively reducing the negative cloud bias inherent in 
the default model. However, it is worth noting that it may 
lead to an overestimation of cloud fraction over the SEC.

As shown in Fig.  7a, the SEXPMF experiment, which 
incorporates the updated cloud microphysics and cloud frac-
tion schemes, produces the total cloud fraction values clos-
est to observations across all five sub-regions. However, it is 
worth noting that the simulated cloud fraction over the SEC 
in SEXPMF reaches 74.4%, slightly exceeding the observed 
value of 72.0%, indicating a positive bias. The SEXPMF 
experiment exhibits an over-correction of cloud fraction 
over the SEC (Fig. 7b), which partially explains the signifi-
cant alleviation of the warm bias in this region (Fig. 4a and 
d). However, the SEXPMF experiment effectively reduces 
the negative cloud bias of the CTRL in other sub-regions. 

The RMSE analysis (Fig. 7c, d) further demonstrates that 
the SEXPMF experiment significantly improves the simula-
tion of cloud fraction across all sub-regions of China, with 
the most pronounced improvements over the TP, SEC, and 
CEC, where the RMSE is reduced by 12.1–50.2%. This 
broadly corresponds to the regions exhibiting marked tem-
perature improvements in Fig. 4d.

A comparison between the CTRL experiment and 
ERA5 reanalysis (Fig.  8a–e) reveals the notable deficien-
cies in the default RegCM4 configuration in representing 
the vertical structure of clouds. The cloud layers simulated 
by the CTRL experiment are generally too thin and the 
simulated coverage of high-level clouds (200–400 hPa) is 
substantially lower than that in the reanalysis. In contrast, 
the SEXPMF experiment significantly increases the cloud 
fraction above 400 hPa across all regions (Fig. 8f–j), with 
the most pronounced enhancements over the TP (Fig. 8f), 
SEC (Fig. 8h), CEC (Fig. 8i). Meanwhile, over the CEC and 
NEC, the SEXPMF experiment effectively reduces the posi-
tive bias in low-level clouds inherent in the default configu-
ration. Overall, adopting the combined cloud schemes in the 
SEXPMF experiment introduces compensating effects that 
effectively counteract the systematic biases in the CTRL 
experiment, thereby improving the cloud fraction simula-
tion across various regions. This improvement serves as a 
fundamental mechanism driving the enhanced simulations 
of precipitation and 2-m air temperature. However, it is 
noteworthy that over the SEC and the southern part of CEC, 
the SEXPMF experiment produces excessively high cloud 
fraction aloft, with the magnitude of the increase exceeding 
the initial negative bias between the CTRL experiment and 
the ERA5 reanalysis. This excessive increase in cloud cover 
is consistent with the overestimation of precipitation and 
the marked reduction in 2-m air temperature in this region 

Fig. 6  Differences in the climatic mean summer total cloud fraction 
over China during 2009–2018. a Difference between the CTRL experi-
ment and CLARA observations (CTRL minus CLARA). b Difference 

between the SEXPMF and CTRL experiments (SEXPMF minus 
CTRL). The purple lines represent the Yangtze River and the Yellow 
River
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Fig. 8  Latitude-pressure cross sections of the climatic mean summer 
cloud fraction differences across the five sub-regions in China dur-
ing 2009–2018. Cloud fraction is zonally averaged across the longi-
tudinal extent of each sub-region, including only the terrestrial land 
areas of China. The y-axis denotes pressure level, and the x-axis rep-
resents latitude. a–e Differences between the CTRL experiment and 

ERA5 reanalysis (CTRL minus ERA5). f–j Differences between the 
SEXPMF and CTRL experiments (SEXPMF minus CTRL). Note: the 
ERA5 cloud fraction is model-dependent; satellite products do not cur-
rently provide layer-resolved cloud fraction profiles suitable for this 
analysis

 

Fig. 7  Climatic mean summer 
total cloud fraction, its bias, root 
mean square error (RMSE), and 
their relative changes across 
various sub-regions of China 
during 2009 − 2018. a Mean total 
cloud fraction from the CTRL 
and SEXPMF experiments. b 
Relative changes in the total 
cloud fraction bias (CTRL vs. 
CLARA) and the total cloud 
fraction (SEXPMF vs. CTRL). 
c RMSE of total cloud fraction 
for the CTRL and SEXPMF 
experiments. d Changes of the 
RMSE produced by the SEXPMF 
experiment relative to the CTRL 
experiment
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(Figs. 3l and 4d). This suggests that there remains room for 
further refinement in the combination of SEXPMF experi-
ment, particularly regarding cloud formation mechanisms 
under the abundant moisture conditions characteristic of the 
SEC.

To further elucidate the microphysical processes under-
lying the cloud fraction improvements, Fig. 9 presents the 
JJA-mean vertical profiles of hydrometeor mixing ratios 
regionally averaged over China land grid points. The 
SEXPMF experiment exhibits a distinct reversal in the ver-
tical distribution of total hydrometeors compared to CTRL, 
specifically an increase in the middle-to-upper troposphere 
(500–100  hPa) and a decrease in the lower troposphere 
(below 600  hPa). In the upper troposphere, this increase 
is dominated by ice-phase hydrometeors (cloud ice and 
snow), indicating enhanced deposition and freezing pro-
cesses associated with the Nogherotto–Tompkins scheme. 
Conversely, the decrease in the lower troposphere is domi-
nated by liquid-phase hydrometeors (cloud water and rain), 
suggesting enhanced evaporation and melting. The phase 
transition from liquid to ice occurs primarily between 500 
and 600  hPa. This vertical redistribution of hydrometeors 
suggests a “top-warming, bottom-cooling” microphysical 
heating structure, characterized by latent heat release from 
deposition and freezing aloft and cooling from evaporation 
and melting below. It should be noted that, as the RegCM4 
output does not explicitly provide the microphysical heating 
rate, we utilize the hydrometeor mixing ratios as a proxy 
to infer these phase-change-related heating effects. This 

inferred structure remains consistent with the radiative heat-
ing profiles and temperature responses discussed in the fol-
lowing section.

Overall, the CTRL experiment with the default config-
uration exhibits a systematic negative bias in cloud cover 
simulations over China, primarily attributed to a deficit in 
high-level clouds. Compared to the CTRL experiment, the 
SEXPMF experiment simulates greater cloud cover, sig-
nificantly reducing the RMSE across all sub-regions. This 
improvement is mainly manifested as an increase in high 
clouds, particularly over the TP, SEC, and CEC. The under-
lying physical mechanism for this improvement can be 
understood from the vertical redistribution of hydrometeors 
(Fig. 9). When both schemes are actively coupled, the prog-
nostic variables from the Nogherotto–Tompkins microphys-
ics scheme serve as the primary drivers for cloud fraction 
variations in the Xu–Randall scheme. The SEXPMF experi-
ment produces more ice-phase hydrometeors (cloud ice + 
snow) in the middle-to-upper troposphere through enhanced 
deposition and freezing, which directly increases high-level 
cloud fraction. Meanwhile, the reduction of liquid-phase 
hydrometeors (cloud water + rain) in the lower troposphere, 
resulting from enhanced evaporation and melting, contrib-
utes to the reduction of excessive low-level clouds over 
most regions. This coupled mechanism enables a more real-
istic simulation of cloud fraction and improves its vertical 
distribution.

Fig. 9  JJA-mean vertical profiles of hydrometeor mixing ratios aver-
aged over China land grid points. a CTRL (SUBEX scheme; cloud 
water only) and SEXPMF (Nogherotto–Tompkins scheme; all spe-
cies). b Total hydrometeor difference (SEXPMF minus CTRL). Red 

(blue) shading indicates increase (decrease). Annotations denote the 
implied heating structure: warming aloft (ice-phase latent heating), 
cooling below (evaporation/melting), and the phase transition zone 
(500–600 hPa)
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4.2  Radiation and circulation analysis

Figure 10 illustrates the vertical profiles of differences in the 
summer mean longwave, shortwave, and net radiative heat-
ing rates, as well as air temperature across various regions 
in China. The radiative responses are pronounced across all 
regions in the SEXPMF experiment. Regarding shortwave 
radiation (Fig.  10f–j), the SEXPMF experiment generates 
significant positive heating rates (warming) in the upper 
atmosphere above 400 hPa, while exhibiting strong nega-
tive heating rates (cooling) in the mid-to-lower troposphere 
below 400 hPa. These changes enhance the albedo of cloud 
tops, effectively reflecting and absorbing the incoming solar 
radiation. Consequently, the downward shortwave flux 
reaching the mid-to-lower troposphere is sharply reduced, 
thereby cooling the lower atmosphere and the surface. In 
terms of longwave radiation (Fig.  10a–e), the SEXPMF 
experiment produces notable positive heating rates in the 
mid-to-upper troposphere (200–500  hPa). This occurs 
because the increased high-level ice clouds effectively inter-
cept the upwelling longwave radiation from the lower atmo-
sphere, trapping its energy in the upper troposphere. The 
net radiative heating rates (Fig. 10k–o) demonstrate that the 
net effect of the combined scheme is predominantly charac-
terized by a thermodynamic forcing pattern of upper-level 

warming and lower-level cooling. This vertical distribution 
can be attributed to the enhanced simulation of high-level 
cloud systems, increased cloud fraction, and the effective 
representation of cloud ice in this scheme, consistent with 
the enhanced ice-phase hydrometeors in the middle-to-
upper troposphere shown in Fig. 9.

Correspondingly, the vertical temperature profiles 
respond to this forcing (Fig.  10p–t), generally exhibiting 
warming above 400 hPa and cooling below across China. 
This effect is particularly prominent over the TP, SEC, and 
CEC. This “upper-warming and lower-cooling” pattern 
increases the vertical gradient of potential temperature, 
thereby significantly enhancing the static stability of the 
atmosphere. This enhanced static stability effectively sup-
presses the spurious convective activities typically gener-
ated by RegCM4 over the TP and other regions, providing a 
robust thermodynamic explanation for the alleviation of the 
wet bias of simulated precipitation discussed earlier.

Figure 11 clearly elucidates the critical role of the sur-
face energy budget in modulating model climate biases. The 
biases of the CTRL experiment simulations reveal that the 
severe underestimation of cloud fraction in the default con-
figuration (as demonstrated in Fig. 6) leads to insufficient 
attenuation of incoming solar radiation. Consequently, the 
surface net shortwave radiation (SNSR, Fig. 11a) exhibits 

Fig. 10  Vertical profiles of differences in the climatic mean summer 
radiative heating rates and air temperature across various sub-regions 
of China during 2009 to 2018. The y-axis represents the pressure level. 
The x-axis denotes the heating rate differences (a–o) and the air tem-

perature differences (p–t). Differences in the longwave radiative heat-
ing rate (a–e), shortwave radiative heating rate (f–j), net radiative heat-
ing rate (k–o), and air temperature (p–t) over each sub-region
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massive positive biases (exceeding 50 W  m−2) over most 
China, particularly over the SEC and CEC. This excessive 
downward shortwave radiation dominates the severely over-
estimated surface net radiation (SNR, Fig. 11e). To balance 
this surplus in net radiation, the surface releases an exces-
sive amount of sensible and latent heat fluxes (SH+LH, 
Fig. 11g) into the atmosphere. The exorbitant sensible heat 
flux directly contributes to the widespread surface warm 
biases in the CTRL experiment. Concurrently, the exces-
sively high latent heat flux implies overly intense surface 
evaporation, which injects spurious moisture and unstable 
energy into the lower troposphere. This is the direct trigger 

for the overestimated precipitation, especially the spurious 
convection over the TP.

In contrast, the SEXPMF experiment effectively rectifies 
this energy imbalance (right column). Because this scheme 
significantly increases high-level cloud fraction and cloud 
ice, the strong cloud albedo effect drastically curtails the 
shortwave radiation reaching the ground. As a result, the 
SNSR (Fig. 11b) and total SNR (Fig. 11f) in the SEXPMF 
experiment display widespread and strong negative anoma-
lies. This sharp reduction in surface radiative energy per-
fectly aligns with the vertical heating rate characteristics of 
strong cooling in the lower troposphere and at the surface 
(shown in Fig. 10).

Fig. 11  Spatial distributions of 
differences in the climatic mean 
summer surface radiation balance 
and heat fluxes in China during 
2009–2018. The downward radia-
tive fluxes are defined as positive. 
The rows, from top to bottom, 
display the surface net shortwave 
radiation (SNSR), surface net 
longwave radiation (SNLR), sur-
face net radiation (SNR), and the 
sum of surface sensible and latent 
heat fluxes. The left column 
shows the differences between 
the CTRL experiment and the 
CLARA satellite observations 
(CTRL minus CLARA), while 
the right column shows the differ-
ences between the SEXPMF and 
CTRL experiments (SEXPMF 
minus CTRL). The purple lines 
represent the Yangtze River and 
the Yellow River
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Driven by the reduced available surface net radiation 
(SNR), the upward sensible and latent heat fluxes emit-
ted from the surface are correspondingly and substantially 
diminished in the SEXPMF experiment (Fig. 11h). On one 
hand, the reduction in sensible heat transport directly cools 
the surface, effectively alleviating the inherent warm biases. 
On the other hand, the decrease in latent heat flux weakens 
surface evaporation, thereby cutting off the moisture sup-
ply for spurious precipitation. Particularly over the TP, this 
reduction in heat fluxes, coupled with the enhanced static 
stability of the atmosphere (discussed in Fig. 10), decisively 
suppresses the spurious topographically-induced convec-
tion in this region.

However, Fig. 11 also corroborates the earlier concerns 
regarding “compensating errors” over the SEC. In this 
region, the SEXPMF experiment induces extremely nega-
tive SNSR differences (SEC in Fig.  11b, reaching below 
− 75  W  m−2). This suggests that the marked reduction in 
surface temperature in this region is essentially achieved at 
the expense of realistic cloud fraction and radiation budgets. 
Specifically, the model drives surface cooling by generat-
ing excessive clouds to block solar radiation. This further 
confirms that, under the abundant moisture conditions of the 
monsoon region, the cloud-radiation feedback mechanisms 
within the SEXPMF experiment require further calibration.

Figure 12 illustrates the differences of large-scale, three-
dimensional adjustments of temperature and circulation 
between the SEXPMF and CTRL experiments, further 
uncovering the dynamical mechanisms underlying the alle-
viation of precipitation biases. The most prominent feature 
is a robust baroclinic thermodynamic response across the 
troposphere: in the lower-to-mid troposphere (850 hPa and 
500 hPa, Fig. 12a, b), widespread and intense cooling (tem-
perature anomalies reaching − 1 to − 3 °C) occurs over most 
China, accompanied by a distinct cold center over Inner 
Mongolia. Conversely, in the upper troposphere (200 hPa, 
Fig.  12c), significant warming (temperature anomalies 

exceeding + 2 °C) emerges, particularly over the SEC and 
the TP. This three-dimensional thermal structure is highly 
consistent with the earlier radiation analysis (Figs. 10 and 
11), and specifically corroborates the stronger trapping of 
upper-level longwave radiation due to the over-simulated 
cloud fraction in the SEC. This typical “upper-warming and 
lower-cooling” pattern drastically increases the static stabil-
ity of the atmospheric column, thereby suppressing vertical 
convective development.

Driven by these thermal modifications, the large-scale 
circulation undergoes significant adjustments. The mid-
level (500 hPa) cold anomaly over Inner Mongolia, coupled 
with the upper-level (200  hPa) warming over the SEC, 
steepens the meridional temperature gradient (Fig. 12b and 
c). Consistent with the thermal wind relation, this configu-
ration enhances the upper-level westerly flow. Crucially, 
the SEC is positioned in a region of pronounced anoma-
lous upper-level divergence associated with this accelerated 
flow. This upper-tropospheric divergence, coupled with the 
low-level (850  hPa) cyclonic anomaly and convergence 
over Southern and Southwestern China (Fig. 12a), creates 
a strong dynamic lifting effect. The resulting vertical cou-
pling serves as the primary dynamical driver for the exces-
sive cloud generation in this region.

In summary, the mechanisms of the combined schemes 
used in the SEXPMF experiment exhibit a dual nature. On 
the one hand, the scheme induces a continent-scale upper-
warming and lower-cooling structure via cloud-radiation 
feedbacks, enhancing the static stability and effectively 
suppressing the prevalent spurious topographically-induced 
convection. On the other hand, the thermally-induced 
enhancement of the upper-level jet triggers strong dynamic 
suction and forced low-level uplift over the SEC. This 
dynamical feedback mechanism robustly explains the over-
simulation of clouds in the SEC and the subsequent “over-
corrected” dry bias in precipitation.

Fig. 12  Spatial distributions of differences in the climatic mean sum-
mer upper-level air temperature and circulation fields between the 
SEXPMF and CTRL experiments (SEXPMF minus CTRL) over 
China during 2009–2018. Color shading indicates the air temperature 
differences, while vectors represent the wind differences. Contours 

denote the geopotential height differences, with red solid lines and blue 
dashed lines indicating positive and negative anomalies, respectively. 
Gray shading indicates the regions masked by topography. The purple 
lines represent the Yangtze River and the Yellow River
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Figure 13 provides the most direct validation of the pro-
posed dynamical suppression and excitation mechanisms 
by displaying the latitude-pressure cross sections of verti-
cal velocity (𝜔𝜔) differences across the five sub-regions. 
Note that in pressure coordinates, positive differences indi-
cate anomalous subsidence or weakened ascent, whereas 
negative differences represent anomalous ascent. The most 
striking feature appears over the TP (Fig. 13a), where the 
entire troposphere (from the surface to 200 hPa) is domi-
nated by strong positive anomalies, accompanied by con-
sistent downward anomalous wind vectors. This provides 
unambiguous physical evidence that the combined schemes 
used in the SEXPMF experiment suppresses the deep spuri-
ous ascending motion triggered by topographic forcing and 
excessive sensible heat release in the CTRL experiment, by 
cooling the surface and enhancing the static stability of the 
atmospheric column (as shown in Figs. 10 and 12). This 
deep anomalous subsidence constitutes the direct dynamical 

driver for the fundamental correction of the overestimated 
precipitation in this region.

In stark contrast to the strong suppression over the TP, the 
troposphere over the SEC (Fig. 13c) exhibits exceptionally 
strong negative anomalies penetrating the entire column, 
coupled with vigorous upward anomalous wind vectors. 
This prominent feature perfectly corroborates the dynamical 
mechanism revealed in Fig. 12, namely, the intense dynamic 
forced uplift driven by upper-level suction over the SEC. 
This drastic dynamic uplift continuously transports low-
level moisture to the upper levels, directly resulting in the 
over-simulation of clouds in this region. Compared with the 
dramatic responses over the TP and SEC, the adjustments in 
vertical motion over the NWC (Fig. 13b), CEC (Fig. 13d), 
and NEC (Fig. 13e) are relatively modest. In these regions, 
the variations in vertical velocity are primarily confined 
to the boundary layer or the lower-to-middle troposphere, 
exhibiting slight anomalous subsidence or weak alternating 

Fig. 13  Latitude-pressure cross-sections of the differences in the cli-
matic mean summer vertical motion between the SEXPMF and CTRL 
experiments (SEXPMF minus CTRL) over various sub-regions of 
China during 2009–2018. Vertical velocity is zonally averaged across 
the longitudinal extent of each sub-region, including only the terres-

trial land areas of China. The y-axis represents the pressure level and 
the x-axis denotes the corresponding latitude. Color shading indicates 
the differences in vertical velocity (units: Pa s−1). Gray shading repre-
sents regions masked by topography. To highlight the vertical motion, 
the vertical velocity is appropriately scaled up
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perturbations. This indicates that the dynamical impacts of 
the SEXPMF experiment are relatively mild over these flat-
ter or higher-latitude arid regions, without triggering drastic 
reorganizations of the vertical circulation.

Figure 14 displays the spatial adjustments in the column-
integrated moisture transport flux and its divergence. Ini-
tially, in the bias field of the CTRL experiment relative to 
ERA5 data (Fig. 14a), numerous localized and intense spu-
rious moisture convergence centers exist across the com-
plex topography of the TP and its surrounding areas, which 
directly correspond to the severe wet precipitation bias orig-
inally present in this region. Following the implementation 
of the SEXPMF experiment (Fig. 14b), the moisture trans-
port field undergoes a significant reorganization. Over the 
TP, widespread anomalous moisture divergence emerges, 
accompanied by outward-pointing moisture flux vectors. 
This adjustment in the moisture field is mutually consistent 
with the anomalous subsidence revealed in Fig.  13a: the 
intense dynamical downward motion not only suppresses 
convection but also forces low-level moisture to diverge 
outward, cutting off local moisture accumulation. The dual 
effects of dynamical suppression and reduced moisture sup-
ply physically explain why the wet precipitation bias over 
the Plateau is effectively reduced.

On the other hand, in the SEC and CEC (Fig.  14b), 
driven by the previously discussed dynamic suction effect, a 
robust anomalous southwesterly moisture flux continuously 
surges from the South China Sea into the SEC. This warm 
and moist airflow induces intense moisture convergence 
over the SEC and CEC. Concurrently, it is noteworthy that 
the northward moisture transport from the SEC is sup-
pressed, causing massive amounts of moisture to stagnate 

and accumulate within the SEC and the southern part of the 
CEC. The forced dynamic uplift triggered by the acceler-
ated upper-level jet (Fig. 13c), coupled with this exception-
ally abundant anomalous moisture convergence (Fig. 14b), 
provides optimal dynamical and moisture conditions for the 
generation of upper-level clouds, directly resulting in the 
overestimation of cloud fraction in this region.

In summary, changes in the vertical distribution of clouds 
alter the radiative forcing, which in turn drives a system-
atic reorganization of the large-scale circulation in RegCM4 
through thermodynamic-dynamic coupling mechanisms. 
This constitutes the fundamental physical mechanism by 
which the SEXPMF experiment improves the spatial dis-
tributions of precipitation and surface air temperature. Over 
the regions such as the TP, the SEXPMF experiment sig-
nificantly increases the high-level cloud fraction, which 
substantially reduces the downward shortwave radiation 
reaching the surface, thereby mitigating the original surface 
warm bias in the model. Concurrently, the adjusted vertical 
heating rates foster an anomalous vertical thermal structure 
of upper-warming and lower-cooling (Fig.  10), dramati-
cally enhancing the static stability of the atmospheric col-
umn. This enhanced thermodynamic stability manifests as 
deep anomalous subsidence throughout the troposphere 
(Fig. 13). Coupled with the weakened southwesterly mois-
ture transport and enhanced moisture divergence over this 
region (Fig.  14), this completely cuts off the dynamical 
and hydrological sources for spurious convection, thereby 
significantly reducing the wet bias of precipitation simula-
tions. And the modified thermal field reshapes the circula-
tion pattern over the SEC and CEC via hydrostatic balance 
and the thermal wind relation. The anomalous warm center 

Fig. 14  Differences in the climatic mean column-integrated (from the 
surface to 300 hPa) moisture transport flux (vectors) and its divergence 
(shading) over China in the summers of 2009–2018. a Difference 
between the CTRL experiment and ERA5 reanalysis (CTRL minus 

ERA5). b Difference between the SEXPMF and CTRL experiments 
(SEXPMF minus CTRL). The purple lines represent the Yangtze River 
and the Yellow River
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at 200 hPa in the south and the cold center at 500 hPa in 
the north create a robust meridional temperature gradient 
(baroclinicity), which further accelerates the upper-level 
southwesterly jet. The SEC is situated beneath the intense 
upper-level divergence associated with this accelerated jet, 
generating a profound dynamic suction effect. Coupled with 
the responsive cyclonic circulation generated at the 850 hPa 
low level, which excites an intense ascending branch of 
a secondary circulation, the drastic forced dynamic uplift 
overcomes the low-level thermodynamic suppression. Fur-
thermore, the moisture transport pathways are subsequently 
reorganized: moisture transport from the South China Sea 
into the SEC is significantly enhanced, while its excessive 
northward transport is suppressed. Consequently, massive 
amounts of moisture stagnate and converge in the SEC and 
the South part of the CEC (Fig. 14). This forms a deep zone 
of dynamic uplift and moisture convergence, providing 
optimal dynamical and moisture conditions for the genera-
tion of the exceptionally abundant upper-level clouds in this 
region.

5  Conclusion

This study systematically evaluated the impacts of four 
combinations of cloud microphysics and cloud fraction 
schemes in RegCM4 on summer climate simulations over 
China during 2009–2018. The main conclusions are sum-
marized as follows.

The SEXPMF, which combines the Nogherotto–Tomp-
kins microphysics with the Xu–Randall cloud fraction 
parameterization, is identified as the optimal configura-
tion for most regions of China in summer. Compared to the 
CTRL experiment, SEXPMF reduces the RMSE of 2-m air 
temperature simulation by more than 28.4% across all five 
sub-regions of China, and lowers the RMSE of precipita-
tion simulations by over 14.5% in the TP, NWC, and NEC. 
In the SEC, the spatial distribution pattern is substantially 
corrected, with the spatial correlation coefficient increased 
by 49.0%. For CEC, the CTRL experiment retains certain 
advantages in simulating the precipitation magnitude. It is 
noteworthy that modifying either the cloud microphysics 
scheme (SEXPCM) or the cloud fraction scheme (SEX-
PCF) alone generally degrades the precipitation simulation 
over China, underscoring the necessity of coupling both 
advanced schemes for robust performance improvements.

The superior performance of SEXPMF is primarily driven 
by the enhanced generation of high-level ice clouds, which 
fundamentally reshapes the surface energy budget and sup-
presses spurious convection. The synergistic interaction 
between these two advanced schemes enhances the model’s 
ability to produce high-level ice clouds. Specifically, the 

improved cloud microphysics module better simulates the 
partitioning of cloud ice and liquid water characterized by 
an increase in upper-level cloud ice and a concurrent reduc-
tion in low-level liquid water. Furthermore, these refined 
microphysical quantities serve as inputs for the cloud frac-
tion parameterization, effectively correcting the systematic 
underestimation of total cloud fraction and optimizing verti-
cal cloud distribution. The consequent increase in high-level 
cloud cover and ice water content strengthens the reflec-
tion of incoming shortwave radiation, significantly reduc-
ing downward solar radiation at the surface. This serves 
as the primary mechanism for alleviating the widespread 
warm bias in the simulations of 2-m air temperature. More 
importantly, the resultant vertical thermal structure, which 
is characterized by upper-tropospheric warming and lower-
tropospheric cooling, markedly enhances the atmospheric 
static stability. In the TP, this enhanced stability triggers 
deep anomalous subsidence throughout the troposphere, 
effectively suppressing the spurious convective activity and 
fundamentally correcting the long-standing overestimation 
of precipitation.

The cloud-radiation-circulation coupling exhibits pro-
nounced regional dependence and can introduce com-
pensating errors. The modified thermal field establishes a 
cold anomaly at 500 hPa over northern China and a warm 
anomaly at 200  hPa over southern China, steepening the 
meridional temperature gradient and accelerating the upper-
level southwesterly jet via the thermal wind relation. SEC 
becomes situated beneath intense upper-level divergence 
associated with this accelerated jet, generating profound 
dynamic suction aloft. Combined with low-level cyclonic 
convergence and enhanced moisture transport from the 
South China Sea, this triggers violent ascending motion and 
excessive moisture convergence. These conditions lead to 
the overestimation of cloud fraction and precipitation over 
SEC, revealing a typical “error cancellation” phenomenon: 
the alleviation of the temperature bias comes partly at the 
expense of cloud and radiation accuracy. This indicates sub-
stantial room for further refinement of cloud system evolu-
tion in this region.

In summary, this study identifies the combination of 
cloud schemes in SEXPMF as the optimal cloud param-
eterization configuration for RegCM4 over most regions 
of China, while the default SUBEX scheme retains advan-
tages for precipitation magnitude over the SEC and CEC. 
The contrasting performances across sub-regions highlight 
a fundamental challenge in regional climate modeling: no 
single configuration is universally optimal, and the “error 
cancellation” phenomenon identified over SEC serves as 
a cautionary reminder that improvements in one variable 
may mask deficiencies in another. These findings under-
score the value of process-based, multi-variable evaluation 
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in model development and provide a reference framework 
for configuring cloud parameterizations in monsoon-domi-
nated regions. Future work could focus on constraining the 
over-generation of high-level ice clouds under the warm, 
moisture-rich conditions of the East Asian monsoon, so as 
to disentangle compensating errors from genuine physical 
improvements in the SEXPMF. Meanwhile, given the strong 
coupling between cloud parameterization and other physical 
processes, examining how the cloud scheme combination in 
the SEXPMF interacts with different cumulus convection 
schemes may help clarify the sources of the remaining pre-
cipitation biases, particularly over SEC and CEC. A deeper 
investigation into the microphysical mechanisms behind 
the superior cloud simulation performance of the SEXPMF 
over the TP would also be valuable, as understanding its 
success could offer useful guidance for model development 
in other high-altitude regions.
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