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Abstract The performance of Beijing Climate Center climate system model with different horizontal
resolutions (BCC_CSM1.1 with coarse resolution and BCC_CSM1.1m with fine resolution) in simulating the
summer precipitation over China during the recent half century is evaluated, and the possible underlying
physical mechanisms related to the model biases are also further analyzed and discussed. Results show
that increasing horizontal resolution does improve the summer precipitation simulation over most part of
China especially in western China due to the more realistic description of the topography. However, the
summer precipitation amount (PA) over eastern China characterized by monsoonal climates is much more
underestimated in the finer resolution model. It is also noted that the improvement (deterioration) of the
summer PA over western (eastern) China in BCC_CSM1.1m model is mainly due to the better (worse)
simulation of the moderate and heavy precipitation relative to BCC_CSM1.1 model. In addition, increasing
model horizontal resolution can significantly improve the convective precipitation simulation especially over
western China but shows very limited improvement in the large-scale precipitation simulation. The much
more underestimated summer PA over eastern China in BCC_CSM1.1mmodel relative to BCC_CSM1.1 model
is due to the significantly reduced positive biases of the convective PA but few changes in the negative biases
of the large-scale PA. Further mechanism analysis suggests that both the underestimated land-sea thermal
contrast and the overestimated Western Pacific subtropical high result in much less northeastward water
vapor transport and summer PA over eastern China in BCC_CSM1.1m model than in BCC_CSM1.1 model.

1. Introduction

China, located in the east of the Asian continent and on the western shore of the Pacific, is composed of a vast
variety of highly different landscapes with mostly plateaus and mountains in the west and lower lands in the
east (Figure 1). The terrain gradually descends from west to east like a staircase. Due to the unique
distribution of topography with a vast land spanning many degrees of latitude and complex terrain, the
climate over China varies radically from region to region, such as temperate continental zone over
northwestern China, monsoonal climate over central and eastern China, and highland climate over Tibetan
Plateau. Because the eastern seashores are affected more by the East Asian summer monsoon than inland
areas in northwestern China [Ding and Chan, 2005], the annual rainfall is decreasing from southeast to
northwest [Gao et al., 2006a].

Because the inhomogeneous climates over China with great spatial variability are largely due to the
heterogeneity associated with the complex terrain, growing needs to provide climate change information
at fine scale usable for regional and local impact assessment have recently promoted the development of
climate models with higher horizontal resolution to realistically resolve the topographical detail and
simulate the climates over China [Zhou and Li, 2002; Gao et al., 2006a; Kusunoki et al., 2006; Shi et al., 2008;
Gao et al., 2011]. Earlier studies have shown that the horizontal resolution of climate models plays an
important role in simulating surface climates [Giorgi and Mearns, 1991; Christensen and Kuhry, 2000; Gao
et al., 2006a, 2006c], which are strongly affected by fine-scale forcing (e.g., topography and land use
distribution). Recent study of Jiang et al. [2015] found that increasing model horizontal resolution can only
improve the simulation of precipitation magnitude over land but not over the ocean and cannot
significantly improve the timing of the precipitation. The sensitivity of climate models’ performance to
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resolution is not only due to the
description of topographical detail
but also to the direct sensitivity of
the model physics and dynamics to
resolution [Giorgi and Marinucci, 1996].
In addition, higher resolution helps to
better simulate the fine-scale structure
of synoptic and mesoscale systems
which dominate the climate of a region
[Leung and Qian, 2003; Christensen
and Kuhry, 2000]. Gao et al. [2006c]
indicated that model resolution plays
an important role in rainfall simulation
over East Asia. They also found that the
small-scale weather systems are more
sensitive to model resolution, and
increasing model resolution can help to
represent summer local convective
precipitation.

Although regional climate models may
apply very high resolutions [Wang

et al., 2000; Gong and Wang, 2000; Tang et al., 2007; Gao et al., 2006b; Shi et al., 2008; Gao et al., 2011], they
are highly dependent upon the lateral boundary forcing, which limits their utility in studying long-term
climate behaviors. Therefore, climate system models (CSMs) or coupled global climate models (CGCMs) are
important tools for climate research as they can objectively describe interactions among atmosphere,
hydrosphere, lithosphere, cryosphere, and biosphere in the climate systems [Huang et al., 2014]. The fast
growth of computer capability during the last decade has allowed a substantial increase in the resolution
of CSMs or CGCMs. Indeed, long-term climate change information provided by CSMs or CGCMs with high
resolution is demanded for impact assessment studies at the regional and local scales [Tian and Jiang,
2013]; therefore, it is very important and necessary to evaluate the performance of CSMs or CGCMs in
simulating regional climates and to reveal the impacts of model resolution on climate simulation over
different regions due to different applications at a wide range of spatial scales.

Previous studies have shown that most of current CSMs or CGCMs tend to display a very poor ability in
simulating the climates over China [Liang et al., 2001; Rajendran et al., 2004; Jiang et al., 2005; Zhou and Yu,
2006; Ding et al., 2007; Zou et al., 2010], especially for precipitation [Gao et al., 2001, 2004; Sun and Ding,
2008; Zhou et al., 2008a; Xu et al., 2007; Chen et al., 2010; Xu and Xu, 2012]. To realistically simulate the
regional patterns, temporal variations, and correct combination of precipitation frequency (PF) and
precipitation intensity (PI) is still one challenge for CSMs or CGCMs [Kang et al., 2002; Rajendran et al., 2004;
Wang et al., 2004; Meehl et al., 2005; Sun et al., 2006; Zhang et al., 2008; Duan et al., 2013].

Recently, Beijing Climate Center (BCC) of China has developed CSMs at coarse resolution (T42, or approximately
280 km; BCC_CSM1.1) and moderate resolution (T106, or approximately 110 km; BCC_CSM1.1m), in which the
ocean, land surface, atmosphere, and sea ice components are fully coupled [Wu et al., 2014]. Both models have
participated the Coupled Model Intercomparison Project phase five (CMIP5) experiments and contributed a
large amount of simulation outputs for use in climate studies [Xin et al., 2012]. Recent studies have shown
that the performance of both models is comparable to that of other CMIP5 models [Jiang et al., 2012; Arora
et al., 2013; Su et al., 2013]. To reveal the performance of the BCC_CSM1.1 and BCC_CSM1.1m models in
climate simulation globally and regionally, a great number of previous studies have been conducted to
address the model’s ability in simulating the surface air temperature [Gao et al., 2012; Xin et al., 2013a,
2013b] and precipitation [Zhang et al., 2013; Su et al., 2013; Wu et al., 2014]. The distribution of precipitation
over many regions of the globe is improved in BCC_CSM1.1m relative to BCC_CSM1.1; however, the
negative precipitation bias over East Asia is increased [Wu et al., 2014]. Meanwhile, both models have
difficulties in reproducing the exact timing and amount of precipitation in spite of the seasonal migration of
the precipitation band over East Asia captured reasonably well [Su et al., 2013].

Figure 1. Distribution of the 824 observation stations (black dots) and the
surface elevation (shaded). The seven subregions are denoted by green
rectangles. The Yangtze River and Yellow River are indicated by blue lines.
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Therefore, deeply revealing the errors in simulated precipitation fields and associated influencing processes
is necessary and valuable for further development and improvement of BCC_CSMmodel. In this study, based
on the outputs of CMIP5 historical experiment produced by the BCC_CSM1.1 and BCC_CSM1.1m models
during recent half century, we focus on the evaluation of the model performance in simulating the
summer precipitation over China for the reason that summer is the rainy season in China and the summer
precipitation accounts for large part of the annual precipitation. Such questions will be addressed as
follows: (1) How are the distributions of the summer precipitation in terms of amount, frequency, and
intensity simulated by BCC_CSM1.1 and BCC_CSM1.1m models and their biases over China? (2) Can
increasing model horizontal resolution improve the summer precipitation simulation over the entire China
or some subregions? (3) What are the possible physical mechanisms related to the improvement or
deterioration of the precipitation simulation by increasing model horizontal resolution?

The model, data, and methodology are given in section 2. An evaluation of each model’s performance in
simulating the summer precipitation during the past half century is indicated in section 3. Possible
underlying physical mechanisms related to the improvement or deterioration of simulation by increasing
model horizontal resolution are discussed in section 4. The summary is provided in section 5.

2. Model, Data, and Methodology
2.1. Model

The CSMs used in this study are BCC_CSM1.1 and BCC_CSM1.1m models developed by Beijing Climate Center
of China. BCC_CSM1.1, adopting a horizontal resolution of T42 (or approximately 280 km) in the atmosphere
and land component models [Wu et al., 2014], fully couples the atmospheric model BCC_AGCM2.1 [Huang
et al., 2013], the land surface model BCC_AVIM1.0, the global ocean circulation model MOM4_L40v1, and the
global dynamic/thermodynamic sea ice model Sea Ice Simulator (SIS) [Winton, 2000] using a flux coupler. The
Modular Ocean Model (MOM)4_L40v1 ocean model has 40 vertical layers with a horizontal resolution of
1° × 1° poleward of 30°N and 30°S incrementally descending to 0.33° within 30°N and 30°S. The SIS sea ice
model has the same horizontal resolution and sea-land distribution of the MOM4_L40v1. As the upgraded
version of BCC_CSM1.1, BCC_CSM1.1m adopts a horizontal resolution of T106 (or approximately 110 km) in
the atmospheric model BCC_AGCM2.2 and land surface model BCC_AVIM1.0 with the same resolution in
ocean and sea ice component models as BCC_CSM1.1 [Wu et al., 2014]. Overall, both BCC_CSM1.1 and
BCC_CSM1.1m models have the same physical package and the same 26 vertical levels in atmosphere; the
only difference is the horizontal resolution in the atmospheric and land surface component models.

2.2. Data

The data used in this study are listed as follows:

1. The daily precipitation, monthly convective precipitation and large-scale precipitation, and atmospheric
variable outputs of the CMIP5 historical experiment [Xin et al., 2013c] produced by the BCC_CSM1.1 and
BCC_CSM1.1m models during 1960–2012, which are available at http://adm07.cmcc.it/esgf-web-fe/live.

2. The daily rain gauge precipitation data (SURF_CLI_CHN_MUL_DAY_V3.0, which is available at http://cdc.cma.
gov.cn/home.do) from 824 stations over China (Figure 1) during 1960 to 2012, which are collected and quality
controlled by the National Meteorological Information Center of the China Meteorological Administration.
As shown in Figure 1, the rain gauges are densely (coarsely) distributed in the east China (northwest
China), especially rare rain gauges are located over western part of Tibetan Plateau and Tarim Basin.

3. The 40 year European Centre for Medium-Range Weather Forecasts Re-Analysis (ERA-40) monthly
convective and large-scale precipitation data [Uppala et al., 2005] with the horizontal resolution of
0.5° × 0.5° during 1960–2002, which is available at http://apps.ecmwf.int/datasets/data/era40_mnth/.

4. National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR)
reanalysis data [Kalnay et al., 1996] during 1960–2012, including air temperature, geopotential height,
and wind vectors with the horizontal resolution of 2.5° × 2.5° at 17 vertical layers, which can be obtained
from ftp://ftp.cdc.noaa.gov/Datasets/ncep.reanalysis.derived/pressure/.

2.3. Methodology

The observed and modeled precipitation were interpolated onto 1° latitude × 1° longitude grid using the
inverse distance weighting method [Bartier and Keller, 1996] within a radius of 1° around each grid box.
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Based on the method provided by Zhou et al. [2008b], the June-July-August (JJA) averages of precipitation
amount (PA) (the accumulated precipitation divided by the number of days during JJA), PF (defined as the
percentage of all days during JJA having measurable precipitation above a threshold of 0.5mmd�1 here),
and PI (the mean rates averaged over the precipitating days) are computed for each year.

To give details of themodel performance in different regions of China, China is divided into seven subregions
as shown in Figure 1 with four subregions in the western China (west of 108°E), which are characterized by
complex terrain and inland climates, and three subregions in eastern China, which are dominated by East
Asian monsoonal climates. The seven subregions are as follows: Xinjiang (Reg.1: 73°E–97°E, 38°N–48°N),
middle and western Tibetan Plateau (Reg.2: 75°E–97°E, 28°N–38°N), eastern Tibetan Plateau and Sichuan
Basin (Reg.3:97°E–108°E, 28°N–42°N), Yunnan and Guizhou Plateau (Reg.4: 97°E–108°E, 20°N–28°N),
southern China (Reg.5: 108°E–122°E, 16°N–30°N), Jianghuai-northern China (Reg.6: 108°E–122°E, 30°N–40°N),
and northeastern China (Reg.7: 108°E–135°E, 40°N–54°N).

To quantify the model validation, a measure of skill score S [Taylor, 2001] for the simulated summer
precipitation is given by

S ¼ 4 1þ Rð Þ
σ þ 1 σ

. �
2 1þ R0ð Þ

� (1)

where R is the pattern correlation between observation and simulation, σ is the modeled spatial standard
deviation divided by that of observation (so it is a normalized spatial standard deviation), and R0 is an
achievable maximum correlation (here set as 1). S evaluates both the amplitude and pattern of variability
simultaneously [Taylor, 2001]. As the model variance approaches the observed variance (i.e., σ =1) and as
R= R0, the skill approaches 1. Meanwhile, S decreases toward 0 as the correlation becomes more and more

negative, or the σ approaches either zero or infinity. It is obvious that S ranges from 0 to 1 and higher skill is

indicated by Swith larger value. In addition, the relative errors (RE ¼ Pmodel�Pobs
Pobs *100%. Pmodel and Pobs are the

simulation and observation, respectively), and biases are also used to evaluate the model’s performance in
simulating the quantity.

3. Model Evaluation

Figure 2 gives the climatology of the observed and simulated summer PA, PF, and PI. As shown in Figure 2a,
the observed summer PA over China decreases from southeast to northwest. Rain band is located to the east
of 95°E and stretches from the southwest to the northeast. Strong rainfall centers over 8mmd�1 mainly lie in
the southern China. Two large rainfall centers can also be noted over Sichuan basin and lower reaches of
Yangtze River valley. Both models (Figures 2b and 2c) can reproduce the decreasing trend from southeast
to northwest but produce a strong rainfall center located over the eastern Tibetan Plateau. In addition, the
summer PA over the southeastern China is underestimated by both versions of BCC_CSM models.
Compared to BCC_CSM1.1 model, BCC_CSM1.1m model improves (deteriorates) the simulation of PA in
the eastern Tibetan Plateau, Sichuan basin, and south coast of China (Jianghuai-northern China). Figure 2d
shows that the eastern Tibetan Plateau with the observed PF over 60% rains much more frequently than
the other regions of China. However, the PF in the semiarid and arid areas of northwestern China is less
than 30%, especially in the Tarim basin, where the PF is below 20%. Over eastern China, the PF ranging
from 30% to 60% clearly shows high-low-high centers located over southern China, Jianghuai-northern
China, and northeastern China. Figures 2e and 2f show that the two models can reasonably simulate the
overall observed patterns but overestimate the PF in most part of China. Compared to the BCC_CSM1.1
model, the spatial distribution of the PF produced by BCC_CSM1.1m model is much closer to the
observation. The PI (Figure 2g) shows similar features to those of PA (Figure 2a). Relative to the
observation, both models underestimate the PI over eastern China (Figures 2h and 2i) with the maximum
center shifting farther northwest.

Figure 3 gives the differences in the summer PA, PF, and PI between BCC_CSM1.1 simulation and observation
(Figures 3a–3c) and those between BCC_CSM1.1 and BCC_CSM.1.1m (Figures 3d–3f), respectively. From
Figure 3a, the summer PA simulated by BCC_CSM1.1 model shows negative (positive) biases over north
Xinjiang and southeastern China (Tarim basin, Tibetan Plateau, and Yungui Plateau) with the largest bias
centers located in eastern Tibetan Plateau (over 3mmd�1) and southern China (over �2mmd�1).
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Compared to BCC_CSM1.1 model, the BCC_CSM1.1mmodel (Figure 3d) largely reduces the biases over most
of western China except for strengthened negative biases of the summer PA over most of southeastern China.
It is shown in Figure 3b that the BCC_CSM1.1 model overestimates the summer PF over almost the entire
China except for north Xinjiang where the summer PF is underestimated by ~5%. From Figure 3e, the
biases of the modeled summer PF over most part of China in BCC_CSM1.1m model are significantly
decreased compared to BCC_CSM.1.1 model. The biases of the summer PI simulated by BCC_CSM1.1
model (Figure 3c) show similar distributions to those of summer PA (Figure 3a). Figures 3c and 3f suggest
that relative to BCC_CSM1.1 model, the BCC_CSM1.1m model improves the summer PI simulation over
most part of western China; however, the negative biases over southeastern China are strengthened.

To further quantify the model performance in different subregions, the skill score S indicated by equation (1)
and relative errors are used to evaluate the model performance in simulating both the amplitude and pattern
of variability [Taylor, 2001] and the close agreement in quantity, respectively. As shown in Figure 4, compared
with BCC_CSM1.1 model, despite the deteriorated simulation of the PA over Jianghuai-northern China
(Reg.6), BCC_CSM1.1m model improves almost all aspects of the summer precipitation climatology over
China. Figure 5 exhibits the relative errors of the BCC_CSM1.1 and BCC_CSM1.1m in simulating the
climatic mean of the summer PA, PF, and PI over 1960–2012. As shown in Figures 5a and 5c, the
BCC_CSM1.1m model produces relatively smaller biases in PA and PI over western China (Regs.1–4) than
BCC_CSM1.1 model. However, over eastern China which is located in East Asian summer monsoon region
(Regs.5–7), the biases of the summer PA and PI are strengthened in BCC_CSM1.1m model relative to
BCC_CSM1.1 model. It is shown in Figure 5b that the biases of the simulated summer PF over all
subregions in China are largely reduced by BCC_CSM1.1m model compared to BCC_CSM1.1 model.

Overall, the results mentioned above show that BCC_CSM1.1m model with relatively finer horizontal
resolution exhibit better ability than BCC_CSM1.1 model in simulating the climatology of summer PA, PF,

Figure 2. Spatial distributions of the observed and modeled summer mean PA, PF, and PI averaged over 1960–2012.

Journal of Geophysical Research: Atmospheres 10.1002/2015JD023131

KAN ET AL. BCC_CSM MODEL EVALUATION 5



and PI over most regions of China, especially in the regions such as western China with complex terrains
(Figure 1), which is possibly due to the more realistic description of the land surface in the BCC_CSM1.1m
model. Despite the improvement in simulation of both the amplitude and pattern of variability, the
BCC_CSM1.1m model shows larger biases in simulating the summer PA and PI over eastern China
(Figures 5a and 5c), where the climates are largely affected by the East Asian summer monsoon.

Figure 4. Scores of BCC_CSM1.1 and BCC_CSM1.1m in simulating the climatic mean of the summer PA, PF, and PI
regionally averaged over each subregion of China during 1960–2012.

Figure 3. The spatial distributions of the differences in the summer mean PA, PF, and PI averaged over 1960–2012,
respectively.
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4. Possible Causes

To further reveal what leads to the biases in the modeled summer precipitation, we first reveal the biases in
different precipitation categories. According to the Chinese Central Bureau of Meteorology, precipitation is
divided into four categories in terms of the daily PI as follows: light precipitation (0.1~10mmd�1),
moderate precipitation (10.0~25mmd�1), heavy precipitation (25.0~50mmd�1), and torrential
precipitation (≥50.0mmd�1). From the observation, over 90% of the total summer PA over northwestern
China is contributed by light and moderate precipitation (Figure 6a). In contrast, the heavy and torrential
precipitation contribute over 60% of the total precipitation over southeastern China in summer (Figure 6d).
From the model simulations (Figures 6b, 6c, 6e, and 6f), the contributions of light and moderate
precipitation to the total summer PA in both models over northwestern China are comparable to those in
the observation (Figures 6a and 6d). However, the two models both overestimate (underestimate) the
contributions of light and moderate (heavy and torrential) precipitation to the total PA over central and
southeastern China, where the climates are strongly affected by the East Asian summer monsoon.

Figure 7 gives the differences of PA and PF for each precipitation category between the simulation of the
BCC_CSM1.1 model and observation and those between BCC_CSM1.1m and BCC_CSM1.1. From Figure 7a,
the overestimated PA over Regs.2–4 in western China in BCC_CSM1.1 model are attributed to the
overestimation of all precipitation categories; the underestimated (overestimated) PA in Regs.1 and 5
(Regs.6 and 7) results from the underestimated (overestimated) moderate to torrential (light and
moderate) precipitation. As shown in Figure 7b, compared to BCC_CSM1.1 model, the positive biases in
the summer PA over Regs.2–4 are significantly reduced, and the improved PA simulation over Regs.2 and 3
(Reg.4) is mainly due to the reduced biases in the moderate and heavy (moderate to torrential)

Figure 5. Relative errors of BCC_CSM1.1 and BCC_CSM1.1m in simulating the climatic mean of the summer PA, PF, and PI
regionally averaged over each subregion of China during 1960–2012.

Figure 6. Distributions of the contributions of the light moderate precipitation and heavy torrential precipitation to the
total summer precipitation from observation and simulation during 1960–2012.
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precipitation in BCC_CSM1.1m model. Meanwhile, BCC_CSM1.1m model produces relatively weaker
summer PA over eastern China (Regs.5–7), which is mainly attributed to the less simulated moderate and
heavy precipitation.

As shown in Figure 7c, the summer PF over Regs.2–7 (Reg.1) is overestimated (underestimated) by BCC_CSM1.1
model. Among the four precipitation categories, the summer PF biases over western (eastern) China in
BCC_CSM1.1 model mainly results from the biases of the light and moderate (light) PF. Relative to
BCC_CSM1.1 model, the improvements of the summer PF over western China in BCC_CSM1.1m are mainly
due to the reduced biases of the moderate to heavy PF simulation (Figure 7d). However, the improved PF
over eastern China in BCC_CSM1.1m model shows much more complex features compared to those over
western China. BCC_CSM1.1m model produces more light precipitation and less moderate to torrential
precipitation over southern China, while the modeled total PF is nearly unchanged relative to BCC_CSM1.1
model. The reduced biases of the light to heavy (moderate) PF result in better simulation of the total
summer PF over Jianghuai-northern (northeastern) China in BCC_CSM1.1mmodel than in BCC_CSM1.1 model.

As shown in Figure 8, we also present the biases of the modeled large-scale, convective, and total PA from
BCC_CSM1.1 and BCC_CSM1.1m models against ERA-40 reanalysis data over each subregion. Although
some differences in the total summer PA between the ERA-40 and station gauge data can be noted (not
shown), the model biases against ERA-40 data show very similar features to those relative to the station
gauge data. Furthermore, the convective precipitation to total precipitation ratio in ERA-40 over China also
shows very similar features to those derived from the Tropical Rainfall Measuring Mission_3A12_satellite
product (not shown), indicating that the ERA-40 data can be used for model evaluation. From Figures 8a
and 8b, it is noted that the convective precipitation are remarkably improved by BCC_CSM1.1m model
compared with BCC_CSM1.1 model over all subregions, especially over Regs.2–4 which are characterized
by complex terrain. However, BCC_CSM1.1m model shows very limited improvement in the large-scale
precipitation relative to BCC_CSM1.1 model. BCC_CSM1.1m model significantly improves the total PA
simulation (Figure 8c) over Regs.2–4 by reducing the biases in the simulated convective precipitation
compared to BCC_CSM1.1 model. However, relative to BCC_CSM1.1 model, although the biases in the
convective PA is reduced over eastern China (Regs.5–7), the negative biases of the large-scale PA is not
reduced, leading to an underestimation of the total PA over eastern China in BCC_CSM1.1m model (Figure 8c).

Figure 7. Differences in the climatic mean PA and PF of different precipitation categories regionally averaged over each
subregion during 1960–2012.
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Overall, increasing model horizontal resolution can significantly improve the convective precipitation
simulation over China especially over regions with complex terrain but shows very limited improvement in
the large-scale precipitation simulation.

The possible mechanisms related to the atmospheric circulations leading to the biases in the precipitation
simulation will be briefly discussed in the following section. To illustrate how the model horizontal
resolution can affect the large-scale atmospheric circulations, Figure 9 shows the modeled and NCEP
reanalysis summer geopotential height and wind vector at 850 hPa level averaged over 1960–2012. It is
clearly shown in Figures 9a and 9c that BCC_CSM1.1 model produces comparable features of the
geopotential height and wind vector with NCEP reanalysis. Southwesterlies can be noted along eastern

Figure 8. Model biases in the climatic summer large-scale and convective PA regionally averaged over each subregion of
China during 1960–2002.

Figure 9. Themodeled and NCEP reanalysis summer geopotential height (contour, dgpm) and wind vector at 850 hPa level
averaged over 1960–2012.
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China in the simulations of the two
versions of BCC_CSM model and
NCEP data. However, BCC_CSM1.1m
model produced relatively weak
southeasterlies over southeastern China
which resulted from the overestimated
Western Pacific subtropical high with
farther northwest location (Figure 9b).

Figure 10 gives the differences in the
summer mean upward net surface
heat flux which is calculated by
subtracting the sum of downward net
longwave and shortwave radiation
from the sum of upward sensible and
latent heat fluxes, vertically averaged
air temperature between 700 hPa and
200 hPa, and 850 hPa wind vector
and geopotential height between
BCC_CSM1.1m and BCC_CSM1.1
simulations. As shown in Figure 10a,
relative to BCC_CSM1.1 model,
BCC_CSM1.1m model produces stronger
upward net surface heat flux over most
part of the domain of 0°N–60°N and
60°E–160°E with large centers located
over oceanic area. It can also be noted
that relatively weaker upward net
surface heat flux is located over Tibetan
Plateau in BCC_CSM1.1m model. The
air temperature differences between
700hPa and 200hPa (Figure 10b) are
well corresponding to the upward
net surface heat flux differences
(Figure 10a), resulting in weakened
land-sea thermal contrast and southeast-
northwestward pressure gradient
force at 850 hPa level over East
Asian continent and the northwest
Pacific (Figure 10c). Accordingly, the
southwesterlies at 850hPa are weaker
in BCC_CSM1.1m model than in
BCC_CSM1.1 model over southeastern
China and adjacent oceans (Figure 10c),
which will inevitably lead to the

decrease of northeastward water vapor transport [Tian et al., 2004; Huang et al., 2007; Zhou and Yu, 2005]
and thereafter less precipitation over southeastern China. In addition, relative to BCC_CSM1.1 model, the
weakened upward net surface heat flux and lower air temperature (Figures 10a and 10b) in BCC_CSM1.1m
model could induce a stronger geopotential height center and an associated anticyclonic differences at
850 hPa level over Tibetan Plateau and adjacent regions (Figure 10c), which further weaken the
southwesterlies and result in less precipitation over southeastern China in BCC_CSM1.1m.

Figure 11 further gives the modeled and NCEP reanalysis summer geopotential height at 500 hPa level
averaged over 1960–2012. Compared with BCC_CSM1.1m model (Figure 11b), the intensity of the 500 hPa
geopotential height produced by BCC_CSM1.1 model (Figure 11a) is much closer to the NCEP reanalysis

Figure 10. Differences of the summer mean (a) upward net surface heat
flux, (b) vertically averaged air temperature between 700 hPa and 200 hPa,
and (c) wind vector and geopotential height (shaded) at 850 hPa level
between BCC_CSM1.1m and BCC_CSM1.1 averaged over 1960–2012.
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data (Figure 11c). Taking the 586 dgpm contour as reference line, we can see that BCC_CSM1.1m model
(Figure 11b) produces a much stronger subtropical high over the Western Pacific with farther northwest
location, which may result in less northeastward water vapor transport (Figure 10c) and thereafter much
more underestimated precipitation over southeastern China relative to BCC_CSM1.1 model (Figure 5a).

5. Concluding Remarks and Discussions

In this study, the performance of the BCC_CSMmodels with different horizontal resolutions (i.e., BCC_CSM1.1
and BCC_CSM1.1m) in simulating the summer precipitation over China during 1960–2012 is evaluated. The
effect of the horizontal resolution on the model performance as well as the possible reasons related to the
model biases and underlying physical mechanisms are also further investigated and discussed. The main
results can be obtained as follows.

BCC_CSM1.1m model with finer horizontal resolution shows better ability than BCC_CSM1.1 model in
simulating the summer precipitation amount, precipitation frequency, and precipitation intensity over
most subregions of China in terms of amplitude and pattern of variability, suggesting that increasing
horizontal resolution does help to improve the precipitation simulation due to more realistic description of
the land surface. In addition, BCC_CSM1.1m model reduces (increases) the biases of the PA and PI over
western (eastern) China and significantly decreases the biases of the PF over all subregions of China
relative to BCC_CSM1.1 model. Analysis of the biases in different precipitation categories shows that the
improved simulation of PA and PF over most part of western China in BCC_CSM1.1m model is mainly
attributed to the reduced biases in the moderate and heavy precipitation. However, the much more
underestimated PA over eastern China in BCC_CSM1.1m model is mainly due to less simulated moderate
and heavy PA relative to BCC_CSM1.1 model. The reduced biases of the light to heavy (moderate) PF in
BCC_CSM1.1m model result in better simulation of the total PF over Jianghuai-northern China
(northeastern China) than in BCC_CSM1.1 model.

Further analysis indicates that increasing model horizontal resolution can significantly improve the
convective precipitation simulation especially over regions with complex terrain but shows very limited
improvement in the large-scale precipitation simulation. The significantly improved summer PA simulation

Figure 11. The modeled and NCEP reanalysis summer geopotential height at 500 hPa level averaged over 1960–2012
(unit: dgpm).
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over western China in BCC_CSM1.1m model mainly results from the reduced biases of convective
precipitation simulation. The much more underestimated summer PA over eastern China in BCC_CSM1.1m
model relative to BCC_CSM1.1 model is attributed to the significantly reduced positive biases of the
convective PA but few changes in the negative biases of the large-scale PA. Mechanism analysis suggests
that both the underestimated land-sea thermal contrast and the overestimated Western Pacific subtropical
high result in much less northeastward water vapor transport and summer PA over eastern China in
BCC_CSM1.1m model than in BCC_CSM1.1 model.

This study shows that increasing horizontal resolution of BCC_CSMmodel can only improve the precipitation
simulation over complex terrain land in western China but not over other regions, suggesting that
deficiencies in model physics cannot be corrected just by increasing the horizontal resolution [Jiang et al.,
2015]. Both BCC_CSM1.1m and BCC_CSM1.1 models adopt the deep convective scheme with closure
assumption in which stabilization of the atmosphere by convection is in quasi-equilibrium with
destabilization by large-scale forcing in the troposphere [Wu, 2012], implying that the precipitation
intensity may be largely determined by large-scale environment which cannot be changed by just
increasing horizontal resolution. This may lead to few changes in the biases of the simulated large-scale
precipitation despite significant improvement of the simulated convective precipitation by increasing
horizontal resolution. Meanwhile, increasing model horizontal resolution may allow more cloud processes
resolved by the microphysics scheme rather than by convection scheme and result in less convective
precipitation (Figure 8). In addition, increasing the atmospheric model’s horizontal resolution may result in
the changes of atmospheric circulation, which will affect the air-sea interaction in the coupled model
system. The changed air-sea interaction in the BCC_CSM model with finer resolution may further regulate
the impact of the increased horizontal resolution on the model simulation in turn [Cherchi and Navarra,
2007]. Giorgi and Marinucci [1996] have also pointed out that the sensitivity of climate models’
performance to resolution is not only due to the description of topographical detail but also to the direct
sensitivity of the model physics and dynamics to resolution. Since precipitation is the result of interaction
among multiple atmospheric processes, such as cloud microphysics, cumulus convection, planetary
boundary layer processes, and many others, studies on the sensitivity of the model dynamics and different
physical processes to horizontal resolution are needed in the future to further improve the precipitation
simulation over the East Asian monsoon regions.
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