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Abstract This study investigated the impacts of horizontal resolution of lateral boundary condition

(LBC) and downscaling method on the performance of RegCM4.6 in simulating the 2 m air temperature and
precipitation over central eastern China. Two groups of experiments (direct downscaling experiments using
LBC derived from the same reanalysis data but with different horizontal resolutions [0.75°, 1.5°, and 2.5°] and
double-nested downscaling experiment) with the model horizontal resolution of 20 km over central eastern
China have been carried out. Results show that the direct downscaling experiments consistently outperform

the double-nested experiment to simulate the 2 m air temperature and precipitation over central eastern China,
suggesting that adopting the direct downscaling method is appropriate to simulate the surface climate over
central eastern China. Meanwhile, the direct downscaling experiments driven by the LBC derived from the
reanalysis data with the horizontal resolution ranging from 0.75° to 2.5° display very comparable performance
with a little better performance by adopting the LBC derived from the reanalysis data of much finer resolution.
Further mechanism analysis indicates that much larger errors of LBC produced by the double-nested
downscaling method lead to the positive pressure biases and negative biases of water vapor convergence flux
over Jianghuai Valley, which contribute to the much larger biases of precipitation and 2 m air temperature in the
double-nested downscaling experiment compared to the direct downscaling experiments. This study emphasizes
that the direct downscaling method is superior to the double-nested downscaling method for the simulations of
2 m air temperature and precipitation over central eastern China.

1. Introduction

The regional climate models (RCMs) are important tools as they act as a bridge between the global climate
models (GCMs) with coarse resolution and small-scale processes that required finer resolution. RCMs with
higher resolution and flexible physical parameterizations have proved successful in representing both the basic
features of large-scale atmospheric circulations and a wide range of mesoscale phenomena (Chen et al., 2019;
Gao & Giorgi, 2017; Giorgi & Mearns, 1999; Park et al., 2013). Several aspects affecting the performance of
RCMs are summarized as follows: (a) The dynamical framework, such as the hydrostatic core and nonhydrostatic
core (Adeniyi, 2020; Kalmar et al., 2018); (b) the physics parameterizations, including the cumulus convective
scheme, lateral boundary scheme, large-scale moisture scheme, and radiation and land surface parameterizations
(Gao et al., 2016; Gu et al., 2020; Zhang et al., 2015); (c) the model spatial resolution (even 60 km higher reso-
lutions are necessary to accurately reveal the revolution of climatic precipitation over China and East Asia (Gao
et al., 2006; Gao et al., 2017b)); (d) the different nesting techniques such as Big-Brother Experiments (Denis,
Coté, & Laprise, 2002, Denis, Laprise, et al., 2002), two-way nesting technique (Combes & Matano, 2014; Qi
et al., 2018), and one-way or one-way double-nested strategy (Diallo et al., 2018; Im et al., 2006; Leung &
Qian, 2003); (e) the quality of initial conditions (IC) and lateral boundary conditions (LBC) (Laprise et al., 2012;
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Leps et al., 2019); and (f) the domain size and location of LB (Maurya et al., 2018; Wu et al., 2005; Xue
et al., 2014), etc.

A series of studies have shown that the LBC of RCMs is crucial for long-term simulation (Denis et al., 2003;
Giorgi & Mearns, 1999). The data quality and spatial and temporal resolutions of LBC are closely related to the
uncertainty in RCM simulations (Amengual et al., 2007; Denis, Laprise, et al., 2002; Giorgi & Mearns, 1999; Seth
et al., 2007; Wu et al., 2005). Among the commonly used reanalysis data to provide LBC for RCMs, compared
with FNL (NCEP-FNL reanalysis data), EC data (ERA-Interim reanalysis data) tend to be more appropriate to
provide IC and LBC in RCMs (Bromwich et al., 2013; Huang & Gao, 2018; Meng et al., 2018). Meanwhile,
whether the LBC generated by the same reanalysis data but with much higher resolutions brings the better skill of
RCMs or not also has different viewpoints (Amengual et al., 2007; Liu et al., 2011; Marbaix et al., 2003; Meng
et al., 2018). Some of them believe that the differences in the simulations of surface climate and summer mean
distribution by adopting the LBC derived from the reanalysis with different resolutions are notably larger (Liu
et al., 2011; Marbaix et al., 2003). Other researchers think that the model skill is not appreciably improved by
increasing the resolution of LBC (Amengual et al., 2007; Meng et al., 2018). In addition, the LBC with a temporal
resolution higher than 12 hr can significantly improve the RCM simulations of air temperature and precipitation
(Amengual et al., 2007; Denis et al., 2003). Therefore, what is the effect of the LBC horizontal resolution in
RCMs and how to choose the appropriate resolution of reanalysis data to provide the IC and LBC for RCMs need
to be further analyzed.

Besides the direct downscaling method, Leung and Qian (2003) put forward a strategy of one-way double-nested
approach: The RCMs at the grid spacing with a higher resolution are driven by nesting their own simulations
with a coarse resolution. Previous studies indicate the performance difference between the double-nested and
the direct downscaling method (Cui et al., 2007; Diallo et al., 2018; Hu et al., 2015; Ji & Kang, 2013; Wu
et al.,, 2012). The main conclusions are divided into two points: (a) The double-nested downscaling method
can significantly improve the model performance (Diallo et al., 2018; Gao et al., 2006; Im et al., 2006; Ji &
Kang, 2013). (b) Double-nested downscaling method shows no improvement or even worse performance relative
to the direct downscaling method (Beck et al., 2004; Hu et al., 2015; Nguyen-Xuan et al., 2021; Raffa et al., 2021;
Wau et al., 2012). The main reasons for this contrary viewpoint are attributed to the double-nested downscaling
method being regional-dependent (Hong et al., 2010; Im et al., 2006) and case-dependent (Gu et al., 2020; Raffa
et al., 2021). In complex terrains, such as mountainous and plateau areas, using the double-nested downscal-
ing method can obtain better model performance (Diallo et al., 2018; Gao et al., 2006; Im et al., 2006; Ji &
Kang, 2013). However, in the area of flat terrains, such as central and eastern Europe, the double-nested down-
scaling method does not significantly improve the skills of the model compared with the direct downscaling
method (Beck et al., 2004; Pavlik et al., 2012; Raffa et al., 2021).

Central eastern China is the most populous and economically developed region containing a part of the northwest
plateau, the southern hills, and the eastern plain; and it is largely affected by the East Asian monsoon (Meng
et al., 2018; Nguyen et al., 2021). As the region with frequent meteorological disasters, the climate prediction
accuracy over central eastern China is low and controlled by a monsoon climate. However, few studies reveal the
impacts of the horizontal resolution of LBC and downscaling method on the performance of RegCM in simu-
lating the surface climate over central eastern China. It is essential to improve the level of refinement prediction
of RCMs. This work aims to examine the sensitivity of RegCM version 4.6 (RegCM4.6) performance to the
downscaling strategy (direct downscaling method and double-nested downscaling method) and the horizontal
resolution of reanalysis used in the direct downscaling method in simulating the surface air temperature and
precipitation over central eastern China in summer. For this purpose, we will answer such questions as follows:
How do the downscaling methods affect the performance of RegCM4.6 in simulating the near-surface air temper-
ature and precipitation over central eastern China? What kind of horizontal resolution for the LBC of RegCM4.6
is more appropriate over central eastern China? What are the underlying mechanisms related to the differences in
the model results? Fully understanding and answering these questions can make it much quicker to choose appro-
priate LBC for RCMs. It can also help to deepen our comprehension of the nesting technique in the gradually
refined RCMs and provide the necessary reference for further improving the simulation and prediction level of
RCMs in central eastern China.

XUET AL.

20f 16



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Earth and Space Science 10.1029/2022EA002433

2. Model, Data, Experiment, and Method
2.1. Model

The fourth regional climate model from the International Centre for Theoretical Physics (ICTP) RegCM4.6
(https://www.ictp.it/research/esp/models/regcm4.aspx) (Giorgi et al., 2012) is used in this study. It has undergone
a series of improvements (Giorgi, Marinucci, & Bates, 1993, Giorgi, Marinucci, Bates, & De Canio, 1993; Giorgi
& Mearns, 1999; Pal et al., 2007). RegCM4.6 has added a variety of options, including a nonhydrostatic dynamic
framework (Giorgi et al., 2012), radiation transfer scheme (Kiehl et al., 1996), chemical aerosol reaction scheme
(Park et al., 2013), cumulus convection parameterization (Emanuel and Zivkovic, 1999), and more sophisticated
cloud microphysics parameterization (Nogherotto, 2015; Nogherotto et al., 2016). These make it possible to
capture refined climate features at a regional scale. This model has been validated in the East Asian monsoon
region with complex topography (Gao et al., 2016, 2017b; Shi et al., 2018). In addition, the RegCM has been
widely verified in the applicability assessment (Gao et al., 2016; Gu et al., 2020; Zhang et al., 2015), climate
prediction (Gu et al., 2012; Pan et al., 2020; Shi et al., 2018), and mechanism research of extreme climate events
(Kong et al., 2019; Ngo et al., 2017) in China.

2.2. Data

To provide the IC and LBC for the RegCM4.6 in this study, we adopted the 6-hourly global reanalysis data with
three different horizontal resolutions from the European Centre for Medium-Range Weather Forecasts (ECMWF)
(http://apps.ecmwf.int/datasets/data/Interim-full-daily/levtype=sfc/): (a) The ERA40 data, which is the second
generation of reanalysis of ECMWF with the horizontal resolution of 2.5° X 2.5° during 1957-2002. It is widely
used in various researches (Hassan et al., 2015; Heikkila et al., 2011; Hu et al., 2010; Wang et al., 2015) and
exhibit extensive and accurate descriptions of the atmospheric characteristics (Zhao & Fu, 2006). (b) The EIN15
data with the horizontal resolution of 1.5° X 1.5° from 1979 to the present. (c) The EIN75 data with the hori-
zontal resolution of 0.75° x 0.75° from 1979 to the present (Zhao et al., 2010). Both EIN15 and EIN75 data
were expanded from ERA40 via a preferable performance of observing systems and predictability of atmos-
pheric processes (Dee et al., 2011). Additionally, all experiments used the same sea surface boundary, which was
provided by the National Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation (OI) SST
V2 data with the horizontal of 1° from 1981 to the present (Reynolds et al., 2002). It is available at https://www.
psl.noaa.gov/data/gridded/data.noaa.oisst.v2.html.

To validate the outputs of RegCM4.6, we used the data listed as follows: (a) The fifth generation of ECWMF
atmospheric reanalysis data (ERAS) with the horizontal resolution of 0.25° and temporal resolution of 24 hr from
1979 to the present (Copernicus Climate Change Service (C3S), 2017), which is available at https://cds.climate.
copernicus.eu/cdsapp%23%21/search%3Ftype%3Ddataset. It has good accuracy in the Yangtze River Basin,
China (Fu et al., 2021; Zhang et al., 2019). (b) The daily observed precipitation data set SURF_CLI_CHN_PRE _
MON_GRID_0.5_V2.0, which is produced by interpolating the gauge-observed precipitation at ~2,400 stations
over China from 1961 to the present with the consideration of GTOPO30 (Global Digital Elevation Model Data)
topographic distribution onto the grids with the horizontal resolution of 0.5° (Zhao et al., 2014) (available at the
site http://data.cma.cn/).

2.3. Numerical Experimental Design
We designed two groups of experiments shown in Figure 1:

1. Direct downscaling experiments: The RegCM4.6 is run at 20 km grid spacing (Figures 1b and 1d) with the
IC and LBC derived from the EC reanalysis data with different horizontal resolutions. And we named the
experiments Exp2.5, Expl.5, and Exp0.75 corresponding to the IC and LBC derived from the EC data with
the horizontal resolution of 2.5°, 1.5°, and 0.75°, respectively.

2. Double-nested experiment: The RegCM4.6 is first run at 50 km grid spacing in the “mother” domain
(Figure 1c) driven by the IC and LBC obtained from the EC reanalysis data with the horizontal resolution of
1.5° and then the model is run at 20 km grid spacing in the nested domain, which is the same as the direct
downscaling experiments (Figure 1d), with the IC and LBC derived from the 50-km simulations of RegCM4.6
in the “mother” domain. We named this experiment as Nest_Exp.
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Figure 1. Flowchart of two group experiments (a and b). For the Nest_Exp (a), the initial conditions (IC) and lateral
boundary Condition (LBC) of RegCM4.6 in the mother domain are derived from the EIN15 data, while those in the

nested domain are derived from the 50 km simulations of RegCM4.6 in the mother domain (c). For the direct downscaling
experiments (b), the IC and LBC of RegCM4.6 in the 3 experiments are derived from the ECMWF data of 3 horizontal
resolutions with the same domain as the nested domain for the Nest_Exp (d). Shadings in (c) and (d) show the terrain height.

The model domain covers central eastern China and is centered at 31°N, 115°E with the 96 X 72 grids and 12
grids for the lateral boundary buffer zone. The RegCM4.6 adopts 18 vertical layers in the atmosphere and a
model time step of 60 s. The model integration starts on 1 January 1988 and ends on 31 December 1999 for each
experiment with the first 3 months as spin-up time (Zhong et al., 2007). The physical parameterizations in this
study are as follows: The modified CCM3 radiation scheme (Kiehl et al., 1996), the BATS land surface scheme
(Dickinson, 1993), the UW-PBL planetary boundary layer scheme (Bretherton et al., 2004)), the MIT cumulus
convection scheme (Emanuel and Zivkovic, 1999), the ocean flux scheme (Zeng et al., 1998), and the SUBEX
large-scale precipitation scheme (Pal et al., 2000). It is worth noting that the lateral boundary condition scheme
used in this study is the relaxation scheme (Marbaix et al., 2003), which makes a relaxation component continu-
ously added to the model-generated fields in an appointed “buffer zone” to decrease the deleterious effects that
account for large-scale data of boundary and finer internal field. All data are interpolated to the model resolution
(20 km) for analysis using a bilinear interpolation method (Diaconescu et al., 2015; Huan et al., 2018).

2.4. Method

To quantify the model performance, we defined a comprehensive index called Rtr, which is the ratio of Taylor
Score (Taylor, 2001) to the normalized root mean square error (NRMSE). The formula for the Rtr score is
given by

TS

Rtr = ———
NRMSE

€))
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where TS is the Taylor score, which evaluates both pattern and amplitude of variability. The specific formula is
given by

4(1+R)

IS=—F7F——
(O’+i> (14 Ry)

@)

where R is the pattern correlation between observation and simulation, ¢ is the modeled spatial standard deviation
divided by that of observation, and R, is an achievable maximum correlation (here, set as 1). Consequently, the T'S
ranges from O to 1. A larger TS indicates better performance in simulating the pattern and amplitude of variability
(Kan et al., 2015).

In addition, the NRMSE used in this study is as follows:

A (S =0
n Zl—l ( (3)

NRMSE = e
" Zi:l O

where S; and O, are the values of simulation and observation. n is the number of model grids. Smaller NRMSE
indicates better performance in simulating quantity. Therefore, larger Rtr represents higher skill.

The pattern correlation coefficient (PCC) is used in this study to evaluate the performance of surface climate in
central eastern China. The formula is as follows:

L3, (5:-5)(0-0)
\/i (s —5)2\/ Ly (o _5)2

where S and O are the area average of the nested domain of simulation and observation. Furthermore, the water

PCC =

“

vapor convergence flux (WVCEF) is calculated to evaluate the convergence and ascending motion or the diver-
gence and descending motion over a region based on the moisture budget equation (Hsu et al., 2012; Huang
etal., 2014):

P .
WVCF = —l/ V- (qV) dp (5)
& J300

where g is specific humidity (g-g7"), V is the horizontal wind vector (m-s~"), g is the acceleration of gravity
(m-s~2), and P, is surface air pressure (hPa).

3. Results
3.1. Model Evaluation

Figure 2 shows the spatial distribution of the summer mean 2 m air temperature and precipitation in central
eastern China during 1989-1999 from observation and simulation. The observed 2 m air temperature exhibits
a high-temperature center (over 28°C) located in the region covering from 110°E to 117°E and 26°N to 30°N
(Figure 2a). The experiments of the direct downscaling method can well reproduce the spatial distribution of the
observed 2 m temperature with the PC more than 0.8 (Figures 2b—2d) but the double-nested experiment cannot
well reproduce the observed high 2 m air temperature centered over the area north to Yangtze River (Figure 2e).
From Figure 2f, the observed summer mean precipitation decreases from southeast to northwest with a strong
center over 10 mm d~' located in the area south of Yangtze River. The direct downscaling (Figures 2g-2i) can
reproduce the overall spatial distribution of the observed precipitation with the PCC coefficients between the
simulation of direct downscaling and observation over 0.4. However, the Nest_Exp produced a PCC of —0.23
(Figure 2j), indicating that the precipitation simulated by the Nest_Exp cannot reproduce the spatial distribution
characteristics compared to the observation.
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Figure 2. The spatial distribution of observed and simulated summer mean 2 m temperature and precipitation amount averaged during 1989-1999. Pattern correction
coefficients between simulation and observation are shown in the top right corner of each subplot.

As a whole, the direct downscaling tends to show relatively higher skill in simulating the spatial pattern of 2 m air
temperature and precipitation than the Nest_Exp. Meanwhile, relatively higher skill can be obtained by adopting
the reanalysis data with the relatively finer horizontal resolution to generate the LBC of the RegCM4.6 model.

Figure 3 further gives the bias of 2 m air temperature and precipitation produced by each experiment. From
Figures 3a—3d, all direct downscaling experiments tend to overestimate (underestimate) the air temperature over
Jianghuai Valley (northwest and southeast parts of the model domain) by ~1°C-2°C (Figures 3a—3c), and the
model biases are decreased with the horizontal resolution of the reanalysis data for the LBC increased. The

Exp2.5 Expl.5 Exp0.75 Nest Exp
(b)

36N -
33N -
30N -
27N 1

t2m

-8 —4 0 4 8 mme«d~’

Figure 3. The distribution of biases in the simulated 2 m temperature and precipitation amount to the observation in summer averaged during 1989-1999.
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Figure 4. Rtr score of each experiment in simulating the 2 m air temperature (a) and total precipitation (b) in the region bounded by 110-120°N and 27-35°E
during 1989-1999. Relative changes of Rtr scores produced by Expl.5 and Exp0.75 experiments relative to Exp2.5 experiment in simulating 2 m air temperature
and precipitation (c) and relative changes of Rtr score produced by the Nest_Exp experiment relative to the Expl.5 experiment in simulating 2 m air temperature and

precipitation (d).

Nest_Exp (Figure 3d) that produced the distribution of biases in the 2 m air temperature is consistent with
those simulated by the direct downscaling method. Whereas, the extension and intensity of the warm biases
produced by Nest_Exp are much larger and stronger than the results of the direct downscaling experiment.
From Figures 3f-3h, all of the direct downscaling experiments overestimated the precipitation over most model
domains with a very similar spatial distribution of precipitation biases: Three large bias centers with intensity
over 4 mm d~! are located over the north, central west, and southwest parts of the model domain. While the
Nest_Exp shows underestimation (overestimation) with the intensity of 4 mm d~! over the southeast (northwest)
part of the model domain (Figure 3i).

To comprehensively evaluate each experiment in simulating the spatial pattern and intensity of 2 m air temper-
ature and precipitation, Figure 4 provides the Rtr score of the simulated 2 m air temperature and precipitation
in different seasons. From Figure 4a, the Rtr scores for 2 m air temperature simulation show profound seasonal
differences with much larger values in summer (June, July, and August) and autumn (September, October, and
November) than winter (December, January, and February) and spring (March, April, and May), implying that
the RegCM4.6 model shows much better performance to simulate the 2 m air temperature in summer and autumn
than in spring and winter. Meanwhile, among the 4 seasons, the Rtr difference between each direct downscaling
experiment and Nest_Exp is the highest in summer, suggesting that the simulations of 2 m air temperature in
summer with the LBC directly derived from the reanalysis data have much higher skill than those with the LBC
generated by the double-nested downscaling method. Moreover, the Nest_Exp shows comparable (slightly better)
skill in simulating the 2 m air temperature to the direct downscaling experiments in autumn (spring), while the
Nest_Exp displays much worse skill relative to the direct downscaling experiments in winter and summer, indi-
cating that the differences of skill in simulating the 2 m air temperature induced by adopting different downscal-
ing strategies are highly dependent on the season (Hu et al., 2015; Im et al., 2006).
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Figure 5. The differences of total (a—d), convective (e-h), and large-scale precipitation (i-1) relative to ERAS in summer averaged during 1989-1999. The pattern
correlation coefficient between simulation and observation is shown in the top right corner of each subplot.

Compared to the situation of 2 m air temperature simulation, precipitation simulation shows relatively lower skill
in all seasons (Figure 4b) because precipitation is a complicated variable resulting from atmospheric circulations,
which reflects the interaction of energy, mass, and momentum (Chen et al., 2019). Generally, the comprehensive
skill of the direct downscaling method is distinctly better than the double-nested downscaling method in all
seasons. And the largest Rtr differences between each direct downscaling experiment and Nest_Exp are shown
in autumn among the 4 seasons (Figure 4b). From the direct downscaling experiments (Figure 4c), the relative
changes of Rtr scores produced by the Expl.5 and Exp0.75 experiments relative to the Exp2.5 experiment are
positive during most seasons in simulating the 2 m air temperature and precipitation except slightly negative
changes in summer and autumn for the precipitation simulation, demonstrating that the model skill in simulating
the 2 m air temperature and precipitation can be slightly improved by adopting the LBC derived from the reanal-
ysis data with relatively higher horizontal resolutions. Meanwhile, compared to the EXP1.5 experiment with the
direct downscaling method, the Nest_Exp produced a much lower Rtr score in simulating 2 m air temperature
and precipitation in most seasons (Figure 4d), indicating that better performance can be obtained by adopting the
direct downscaling method.

3.2. Possible Mechanism Related to the Difference in the Model Performance

As the rainy season for central eastern China is concentrated in summer, we will take summer as an example to
discuss the possible causes related to the skill difference in simulating the precipitation among the four exper-
iments. Figure 5 further gives the distribution of differences in the simulated total precipitation (TP), convec-
tive (CP), and large-scale precipitation (LSP) in each experiment relative to ERAS in summer averaged during
1989-1999. As mentioned above, the ERAS data have good accuracy in the Yangtze River Basin, China (Fu
et al., 2021; Zhang et al., 2019) and provide large-scale and convective precipitation data, which do not exist in
gauge observation. From Figures 5a-5d, the differences in TP show very similar features to the gauge observa-
tions (not shown), indicating that the ERAS data can be used to evaluate the model simulation (Chu et al., 2017;
Kan et al., 2015). For the CP, the wet biases produced by the direct downscaling experiments are concentrated in
the south and northwest parts of the model domain with complex terrain (Figures Se-5g). It may be related to the
fact that the convective process is influenced by the rugged land surface that is more likely to trigger convective
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activity (Xie et al., 2006; Zhou et al., 2018). Compared to Exp2.5, Expl.5, and Exp0.75, the LBC from finer
reanalysis data can improve the skill of CP simulation with the PCC between simulation and ERAS5 data increased
by 0.08 and 0.02, respectively. However, the Nest_Exp produced a PCC of —0.1, implying that the double-nested
downscaling method cannot reproduce the spatial distribution of observed CP.

From Figures 5i—AUTHOR: Please check whether the changes made to the sentence " It may be ..." are correct.5l,
all experiments overestimated (underestimated) the LSP over most regions north (south) to Yangtze River. Over-
all, from the simulations of direct downscaling experiments (Figures 5i—5k), adopting the reanalysis data with a
finer horizontal resolution to generate the LBC tends to obtain better LSP simulation in terms of PCC. In contrast
to the direct downscaling experiments, the Nest_Exp cannot produce a spatial pattern of the observed LSP with a
PCC of —0.3. Generally, the RegCM4.6 model with a horizontal resolution of 20 km shows much better perfor-
mance in simulating CP than LSP. The reason being it may be benefited from the refined description of the
detailed information, such as terrain height and land cover types of the land surface (Beck et al., 2004; Bozkurt
et al., 2019). In addition, the LSP is mainly controlled by large-scale circulation backgrounds such as monsoon,
Meiyu front, etc. (Espinoza et al., 2015; Zhang et al., 2008). Compared to the results of Nest_Exp, the direct
downscaling experiments show much better performance in simulating the spatial pattern of precipitation, this
may be attributed to the large-scale circulation background from the LBC directly derived from the reanalysis
data being better than that produced by the double-nested downscaling method. A more detailed analysis will be
shown in the following sections.

Figure 6 displays the Rtr score for the TP, CP, and LSP in summer simulated by each experiment. Compared to
Exp2.5, Expl.5 and Exp0.75 produced a much higher Rtr score (Figures 6a and 6b). Meanwhile, the Rtr score
produced by Expl.5 and Exp0.75 is comparable. It is noted that the skill can be improved by using the LBC
derived from the reanalysis data with much higher resolution to a certain degree. However, the improvement is
limited when the resolution of reanalysis data for LBC generation reaches a certain threshold (i.e., Exp1.5 and
Exp0.75).

To further reveal what leads to the biases in the modeled summer precipitation and 2 m air temperature, we first
analyze the differences of several modeled basic meteorological elements from ERAS data over the internal and
lateral boundary areas of the model domain. Figure 7 gives the profile of differences in each element between the
simulation from each experiment and ERAS data regionally averaged over the internal and lateral boundary areas
in summer during 1989-1999. The profiles of differences in all elements over the internal area show consistent
distribution to those over the lateral boundary area. In another word, the biases can propagate from the lateral
boundary area to the internal area of the model domain. The model biases over the internal area mainly result
from the LBC, whose quality is one of the key factors affecting the model performance (Giorgi & Mearns, 1999).
The similar structure of errors in the LBC for the 3 direct downscaling experiments (Figure 7) led to slight differ-
ences in the simulated 2 m air temperature and precipitation (Figures 2—4). However, the Nest_Exp with much
larger errors in the LBC resulted in larger biases (Figure 7) in the model 2 m air temperature and precipitation
relative to the direct downscaling experiments (Figures 2—4).
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Figure 7. The profiles of differences in each modeled atmospheric variable relative to ERAS data averaged over the inner area (107-122°E and 27-35°N) and lateral
boundary areas (104.5-125°E and 34.5-37°N; 104.5-125°E and 24.5-27°N; 104.5-107°E and 24.5-37°N; and 123-125.5°E and 24.5-37°N) in summer during

1989-1999.

Figure 8 further shows the differences in geopotential height and wind field at 500 and 850 hPa levels in
summer averaged during 1989-1999. From Figure 8, the positive deviation of geopotential height propagated
from the lateral boundary (Figures 7d and 7i) is much more intuitive over the model domain. All experiments
produced stronger geopotential height relative to ERAS data at 500 and 850 hPa levels. The direct downscaling
experiments produced an anomalous vortex at the lower and middle troposphere located in Jianghuai Valley
(Figures 8a—8c and 8e—8g), which contributed to the wet biases in LSP (Figure 5). Although Nest_Exp produced
an anomalous vortex in the southwest part of the model domain and stronger southwest wind over the most
area (Figures 8d and 8h), which lead to the overestimated precipitation in parts of the north Yangtze River
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Figure 8. The difference of modeled geopotential height (shaded) and wind field (vector) against ERAS data at 500 and
850 hPa levels in summer averaged during 1989-1999.
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during 1989-1999.

(Figure 3), the underestimated LSP over the most southeast part of the domain (Figure 5) can be mainly attributed
to much-overestimated geopotential height (Figure 8h).

According to Figures 5i-51, the distribution of LSP in the simulated region is wet (dry) over the region north
(south) to 30°N. Therefore, to avoid the process of averaging causing positive and negative cancellation, we
divided the nested domain into two subareas. To further reveal the relationship between anomalous atmospheric
circulation from simulation and bias of LSP, Figure 9 gives the difference of the longitude-height distribution
of the atmospheric circulation, specific humidity, and large-scale precipitation against ERAS data regionally
averaged over the areas north to 30°N and south to 30°N in summer during 1989-1999, respectively. In the area
north to 30°N (Figures 9a, 9b, 9e, and 9f), the descending motion with the negative bias of specific humidity
in Expl.5 over west of 110°E results in the dry bias of LSP over this region. Meanwhile, the ascending motion
in most levels with the positive bias of specific humidity over 700 hPa levels account for the wet bias over the
area along 110°E-120°E (Figures 9 and 9e). In addition, the anomalous updraft in the lower troposphere along
106°E-110°E leads to the wet bias of LSP in the Nest_Exp over this area. However, the negative bias of specific
humidity and anomalous downdraft restrain the generation of precipitation and thereafter dry bias in the area
along 112°E-120°E (Figures 9b and 9f).

In the area south to 30°N (Figures 9c, 9d, 9g, and 9h), all experiments produce dry bias in LSP (Figures 5i-51).
The Exp1.5 tends to show anomalous descending motion in most layers with the negative bias of specific humid-
ity in the lower troposphere, corresponding to the dry bias of LSP over this region (Figures 9c and 9g). Further-
more, the strong dry downdraft over the whole troposphere in Nest_Exp accounts for the dry bias of LSP with
the maximal bias of 4.3 mm-d~' (Figures 9d and 9h). In general, the direct downscaling experiments produce
wet bias in LSP over the region north to Yangtze River and dry bias over the area south to Yangtze River. And
the Nest_Exp shows dry bias over most parts of the model domain, which well corresponds to the bias in the
atmospheric circulation.

The convective precipitation mainly results from the abundant water vapor transport and strong uplift (Bozkurt
et al., 2019). To reveal what leads to the errors of modeled CP in the two group experiments, Figure 10 shows
the differences in water vapor convergence flux (WVCF) between simulation and ERAS data. The WVCF can
be calculated according to Equation 5. From Figures 10a—10c, all of the direct downscaling experiments tend to
produce positive biases of WVCF over the northwest of the model domain and the areas south to Yangtze River,
indicating much stronger water vapor convergence and ascending motion over these regions with complex terrain
leading to the wet biases of CP simulation (Figures Se-5g). However, among the direct downscaling experiments,
the WVCEF biases are comparable, suggesting that the influence of LBC derived from the reanalysis data with
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Figure 10. The differences in the modeled water vapor convergence flux against ERA5 data in summer averaged during
1989-1999.
different resolutions on CP is slight. In addition, the negative biases of WVCF produced by the Nest_Exp over
most areas south to the Yangtze River (Figure 10d) lead to the underestimation of CP (Figure 5h) over those
regions, despite abundant water vapor in the discrete area (Figure 8h).
Figure 11 gives the schematic diagram to illustrate the mechanism related to the bias of precipitation simulation.
From the direct downscaling experiments, the modeled anomalous vortex against ERAS data located in Jiang-
Huai Valley accounts for the wet updraft resulting in the wet bias of LSP (Figures 5, 8, and 9). In addition, the
discrete positive bias of WVCF mainly leads to the wet bias of CP over the west and parts of the south model
domain with complex terrain (Figures 5 and 10). For the double-nested experiment, due to the propagation and
accumulation of the errors in the lateral boundary (particularly wind and geopotential height) (Figure 7), the
I draft ortex
updra D
downdraft a L
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Figure 11. The diagram of the mechanism related to the bias of modeled precipitation over central eastern China in summer.
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atmospheric circulation biases featured by high pressure with stronger dry downdraft (Figure 8) lead to the dry
bias of LSP over most parts of the model domain, despite a wet bias of precipitation over the northwest influ-
enced by the anomalous vortex (Figure 9). In general, compared to the direct downscaling experiments, the
double-nested experiment shows much lower skill in simulating the 2 m air temperature and precipitation over
central eastern China in summer (Figure 4).

4. Concluding Remarks and Discussions

In this study, we have investigated the impact of the horizontal resolution of LBC and downscaling approach
on the performance of RegCM4.6 with a 20-km horizontal resolution in simulating the 2 m air temperature and
precipitation over central eastern China and indicated the possible causes related to the differences in model
performance. The main conclusions are summarized as follows:

The direct downscaling experiments consistently outperform the double-nested experiment to simulate the 2 m
air temperature and precipitation over central eastern China, suggesting that adopting the direct downscaling
method is appropriate to simulate the surface climate over central eastern China. Meanwhile, the direct downscal-
ing experiments driven by the LBC derived from the reanalysis data with the horizontal resolution ranging from
0.75° to 2.5° display very comparable performance with a little better performance by adopting the LBC derived
from the reanalysis data of much finer resolution.

Further mechanism analysis indicates that much larger errors of LBC produced by the double-nested downscaling
method lead to the positive pressure biases and negative biases of water vapor convergence flux over Jianghuai
Valley, which contribute to the much larger biases of precipitation and 2 m air temperature in the double-nested
downscaling experiment compared to the direct downscaling experiments. For the direct downscaling experi-
ments, the main causes for wet bias of total precipitation are the anomalous vortex at 850 hPa levels over Jiang-
huai Valley and the positive bias of water vapor convergence flux in most parts of Yangtze River with complex
terrain.

From the result of this study, the main cause of the dissatisfied performance of Nest_Exp has resulted from the
accumulation and propagation of bias of LBC. However, as mentioned, the double-nested downscaling method
is region-dependent (Hong et al., 2010; Im et al., 2006) and case-dependent (Gu et al., 2020; Raffa et al., 2021),
which needs more checkout when using different models in different regions. In addition, all experiments still
existed with the overestimated precipitation in the north of the model domain. As we know, many factors can
significantly affect the precipitation simulation, especially the configuration of model parameterization (Gao
et al., 2016; Gao & Giorgi, 2017a; Hu et al., 2016; Yang et al., 2018; Zhang et al., 2015). In this study, we used
the default configuration of the RegCM4 to analyze the initial performance under the different resolutions of LBC
and the nested strategy. In the future, studies on the sensitivity of model performance using the double-nested
downscaling method to different physical parameterizations should be further addressed in central eastern China.

Data Availability Statement

Data—the reanalysis data with different resolutions from the European Centre for Medium-Range Weather Fore-
casts (ECMWF) (available at http://apps.ecmwf.int/datasets/data/Interim-full-daily/levtype=sfc/), the sea surface
temperature data are the National Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation (OI)
SST V2 data (available at https://www.psl.noaa.gov/data/gridded/data.noaa.oisst.v2.html), the fifth generation of
ECWMF atmospheric reanalysis data (ERAS) (available at https://cds.climate.copernicus.eu/cdsapp#!/search?-
type=dataset), and the daily observed precipitation data set SURF_CLI_CHN_PRE_MON_GRID_0.5_V2.0
(available at http://data.cma.cn/) are used in this study. Software—Figures 1-3, 5, 6, and 8—10 were made with the
Grid Analysis and Display System (GrADS) V2.2.0 (COLA, 2017, available under the terms of the GNU (2015)
General Public License at ftp://cola.gmu.edu/grads/2.2/grads-2.2.0-src.tar.gz). Figures 4 and 7 were made with
OriginPro (OriginLab) and can be purchased at https://store.originlab.com/store/Default.aspx?CategorylD=0
and free tried at https://www.originlab.com/try. Figures 1, 9, and 11 were made with Adobe Illustrator CC 2018
(Adobe, 2018) and can be purchased and free tried at https://www.adobe.com/products/illustrator.html.
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