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Abstract This study assesses present-day and future precipitation changes over China by using the
Weather Research and Forecasting (WRF) model version 3.5.1. The WRF model was driven by the Geophysical
Fluid Dynamics Laboratory Earth System Model with the Generalized Ocean Layer Dynamics component
(GFDL-ESM2G) output over China at the resolution of 30 km for the present day (1976–2005) and near future
(2031–2050) under the Representative Concentration Pathways 4.5 (RCP4.5) scenario. The results demonstrate
that with improved resolution and better representation of finer-scale physical process, dynamical downscaling
adds value to the regional precipitation simulation. WRF downscaling generally simulates more reliable spatial
distributions of total precipitation and extreme precipitation in China with higher spatial pattern correlations
and closer magnitude. It is able to successfully eliminate the artificial precipitation maximum area simulated by
GFDL-ESM2G over the west of the Sichuan Basin, along the eastern edge of the Tibetan Plateau in both summer
and winter. Besides, the regional annual cycle and frequencies of precipitation intensity are also well depicted
by WRF. In the future projections, under the RCP4.5 scenario, both models project that summer precipitation
over most parts of China will increase, especially in western and northern China, and that precipitation over
some southern regions is projected to decrease. The projected increase of future extreme precipitation makes
great contributions to the total precipitation increase. In southern regions, the projected larger extreme
precipitation amounts accompanied with fewer extreme precipitation frequencies suggest that future daily
extreme precipitation intensity is likely to increase in these regions.

1. Introduction

China is the most populous country in the world. Its vast territory, complex terrain, and intensive human
activities make it quite vulnerable to climate change. Scientific evidence has shown that precipitation,
especially extreme precipitation, is very sensitive to a warmer climate [Karl et al., 1995; Wood et al., 1997; Held
and Soden, 2006; Seager et al., 2007; Hartmann et al., 2013]. Thus, understanding how climate change has
affected precipitation in China and what may happen in the future has been an issue of considerable urgency.

Climate models are fundamental tools in helping to understand climate systems and climate change. Earth
system models (ESMs) are the current state-of-the-art climate models. These models are useful tools available
for simulating past and future response of the climate system to external forcing. The typical horizontal
resolution for current ESMs is roughly 1 to 2° for the atmospheric component and around 1° for the ocean.
Although there has been some significant progress in the development of model resolution since the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR4), it is still too coarse for
applications at regional scale. ESMs may be able to reasonably capture large-scale circulations [Sperber et al.,
2013; Gong et al., 2014], but they cannot represent the details associated with regional climate variability.
They also exhibit large biases especially in terms of precipitation simulations. Previous studies have found
that Phase Five of the Coupled Model Intercomparison Project (CMIP5) [Taylor et al., 2012] models are able to
reproduce the spatial distributions and interannual variations of surface temperature in China [C.-H. Xu and
Xu, 2012; Y. Xu and Xu, 2012; Guo et al., 2013]. However, most CMIP5 models are very limited in representing
the spatial distributions and interannual variations of regional precipitation. Chen and Frauenfeld [2014]
concluded that most CMIP5 models overestimated the magnitude of annual and seasonal precipitation in
most parts of China, whereas models tended to underestimate summer precipitation over southeastern
China. Bao and Feng [2015] found that most CMIP5 models overestimated summer mean precipitation in the
Yellow River basin and exhibited an artificial precipitation maximum area over the Sichuan Basin along the
east of the Tibetan Plateau. Huang et al. [2013] suggested that CMIP5 models exhibited large uncertainty in
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simulating both summer precipitation climatology and interannual variation in eastern China. Moreover,
extreme precipitation usually occurs at small spatial scales. As a result of limited resolutions, global climate
models (GCMs) are generally not quite capable of representing extreme precipitation events well. White et al.
[2013] stated that relying solely on low-resolution GCMs to assess extreme precipitation changes over
relatively small area like Tasmania in Australia is difficult. Wehner et al. [2010] suggested that increasing the
horizontal resolution could improve simulation of extremes.

Compared with GCMs, regional climate models (RCMs) are able to run at regional scale with higher resolutions.
They can better resolve the regional detailed atmospheric and terrestrial processes. Generally, improved
resolution leads to a better representation of finer-scale physical process, as well as effects of details in
topography, land-sea distribution, and land surface processes [Christensen et al., 2007; Hewitson et al., 2014].

Dynamical downscaling, in which a GCM provides initial and lateral boundary conditions for a RCM, provides
regional climate information related to climate change projections. It has become a common approach for
obtaining high-resolution regional climate simulations and future projections [Giorgi and Mearns, 1991;
Giorgi, 2006] and has been widely adopted in current climate change simulations over East Asia [Hirakuchi
and Giorgi, 1995; Gao et al., 2001]. Šeparović et al. [2013] used the fifth-generation Canadian Regional Climate
Model (CRCM5) to dynamically downscale two GCMs. They revealed that CRCM5 produced the North
American regional climate features relatively well and that CRCM-simulated precipitation accumulations at
daily temporal scale were much more realistic than that simulated by the driving GCMs. Liu et al. [2013] used
the regional climate model version 3 (RegCM3) to downscale the National Center for Atmospheric Research
(NCAR) Community Climate System Model. They found that RegCM3 downscaling corrected the wet and
cold biases over the Sichuan Basin and produced higher spatial pattern correlation coefficients with
observations for precipitation and surface air temperature except during winter. Wang et al. [2013] compared
results from regional climate model COSMO-CLM (CCLM) downscaling the ERA-40 reanalysis data and
European Centre/Hamburg version 5 (ECHAM5) over East Asia. They revealed that CCLM was able to
reasonably capture the climate features, but total precipitation over the Tibetan Plateau and east Indonesia
had a pronounced wet bias. Zou and Zhou [2013] studied the results that used the Flexible Global Ocean-
Atmosphere-Land System model, grid point version 2 (FGOALS-g2) downscaled by RegCM3. They revealed
that RegCM3 added value with respect to FGOALS-g2 in simulating the spatial patterns of the summer
extreme precipitation over China for the present-day climate, and RegCM3 projected much stronger
amplitude of extreme precipitation changes than FGOALS-g2 did. Gao et al. [2013] used RegCM4.0 to
downscale Beijing Climate Center Climate System Model version 1.1 (BCC-CSM1.1) to simulate climate
change over China. Their results suggested that RegCM4.0 simulations exhibited marked improvement in
producing present-day temperature and precipitation compared with the driving BCC-CSM1.1 model. Lee
et al. [2014] assessed future climate change over East Asia using the Global/Regional Integrated Model
system-Regional Model Program forced by the Hadley Center Global Environment Model version 2, and their
results showed higher reproducibility of extreme precipitation events over South Korea. Previous studies
have demonstrated that dynamical downscaling technique can add some value to GCM simulations of
climate in China, but most of them were based on CMIP3 results. Besides, studies focusing primarily on
dynamical downscaling simulation and projection of precipitation including extreme precipitation are rare.
The aim of this study is to identify the present-day simulations of precipitation (including total precipitation
and extreme precipitation) using the dynamical downscaling technique and provide downscaling projections
of future precipitation change over China with a RCM driven by the latest model results from CMIP5.

The paper is organized as follows. Section 2 describes model details, experimental design, data, and
methodology. Evaluation of present-day simulation in terms of total precipitation and extreme
precipitation by the models is in section 3. Future projections under the RCP4.5 scenario are presented in
section 4. The final section provides a discussion of the results and conclusions.

2. Model Details, Experimental Design, Data, and Methodology

The regional climate model used in the present study is the Weather Research and Forecasting (WRF) model
with Advanced Research WRF dynamic core version 3.5.1 [Skamarock et al., 2008], which was developed
at the U.S. National Center for Atmospheric Research (NCAR) in Boulder, CO. It is a nonhydrostatic
mesoscale numerical weather prediction system originally designed to serve both operational forecasting
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and atmospheric research needs. The
WRF models have been widely applied
in regional simulations [Caldwell et al.,
2009; Chotamonsak et al., 2011; Feng
et al., 2012; Wang et al., 2012; Gonçalves
et al., 2014], and their ability in
climatological mean and extreme
climate simulations over China has
been tested and verified [Yu et al., 2010;
Yang et al., 2012]. Moreover, WRF
could improve the performance
of interannual variations that are
presented by its driving data [Yuan
et al., 2012; Sato and Xue, 2013].

The initial and lateral boundary
conditions of WRF at 6-hourly intervals
for air temperature, specific humidity,
and wind are derived from the

historical simulation and the future projection by the Geophysical Fluid Dynamics Laboratory Earth System
Model with the Generalized Ocean Layer Dynamics component (GFDL-ESM2G) [Dunne et al., 2012]. The
horizontal resolution of its atmospheric component is 2° × 2.5°. This model has been validated to have
certain ability in simulating present-day climate in China [Huang et al., 2013; Song et al., 2013].

The physics options used in this study include the new Kain-Fritsch cumulus parameterization [Kain, 2004],
the WRF Single-Moment 5-class microphysics scheme [Hong et al., 2004], the NCAR Community
Atmosphere Model longwave and shortwave radiation [Collins et al., 2004], the Noah Land Surface Model
[Chen and Dudhia, 2001], and the Mellor-Yamada-Janjic planetary boundary layer scheme [Janjic, 1994].
The WRF computational domain is centered at (36°N, 105°E), and it covers China with 196× 156 horizontal
grid points and a lateral buffer zone of 10 grid points. The horizontal resolution is 30 km. The Lambert
conformal conic projection is used for the model horizontal coordinates with the standard parallel at 105°E
(Figure 1). Regarding the vertical coordinates, 28 terrain-following eta levels from the surface to 50 hPa are
used. The WRF runs are integrated continuously during 1975–2005 for the historical simulation and
2030–2050 for the future projections. The first year of the simulations (1975 or 2030) is considered as a
spin-up and therefore is not included in the subsequent analysis. Future projection simulations are forced
with specified concentrations consistent with a medium emission scenario (RCP4.5). RCP4.5 is a
stabilization scenario, with the total radiative forcing of 4.5W/m2 until 2100 [Moss et al., 2010]. The forcing
pathway of this scenario is comparable to a number of climate policy scenarios [van Vuuren et al., 2011].
Compared with other RCP scenarios, it is considered a more realistic scenario.

Four key analysis regions are selected to help to further understand regional precipitation changes in the
near future. These four regions are chosen because they are mainly over the eastern and southern
economically developed regions where most Chinese people live. Figure 1 shows the four key analysis
regions: Northeast China (NEC), Yellow River basin (Yellow RB), Yangtze River basin (Yangtze RB), and south
China (SC).

Six precipitation indices are used in this study (Table 1). They are described in detail in Frich et al. [2002] and
Zou and Zhou [2013], including extreme precipitation amount (R95p), extreme precipitation percentage
(R95pT), extreme precipitation frequency (R95pF), simple daily intensity (SDII), wet-day frequency (WDF),
and consecutive wet days (CWD).

To assess the skills of model simulations of the present climate, observational data are used as references to
compare with the model results. The observed precipitation is from gridded data with a resolution of
0.25° × 0.25° (CN05.1) [Wu and Gao, 2013]. The CN05.1 data set was based on the interpolation from over
2400 observation stations in China. It was constructed by the “anomaly approach” during the interpolation
as did by Xu et al. [2009]. In the anomaly approach, a gridded climatology is first calculated, and then a
gridded daily anomaly is added to the climatology to obtain the final data set.

Figure 1. Model domain, topography (m), and the four key analysis
regions: Northeast China (NEC), Yellow River basin (Yellow RB), Yangtze
River basin (Yangtze RB), and south China (SC).
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3. Present-Day Simulations of Precipitation
3.1. Simulations of Total Precipitation

Figure 2 shows spatial distributions of 1976–2005 annual, winter, and summer mean precipitation over China
from GFDL-ESM2G, WRF, and observations. Observations show that annual mean precipitation amounts are
relatively high over southeast China, decreasing northwestward (Figure 2c). The winter and summer mean
precipitation also show similar distribution patterns. The difference is that winter precipitation amounts
are lower and summer precipitation amounts are higher because of the monsoon climate in East Asia [Lau
and Weng, 2002]. Compared with observations, GFDL-ESM2G simulates an artificial precipitation maximum
area over the west of the Sichuan Basin along the eastern edge of the Tibetan Plateau in both seasons.

Figure 2. Spatial distributions of precipitation (units: mm/d) for 1976–2005 over China from (a, d, and g) GFDL-ESM2G, (b, e, and h) WRF, and (c, f, and i) observations.

Table 1. Definitions of Extreme Precipitation Indices Used in This Study

Label Name Index Definition Units

R95p Extreme precipitation amount Accumulated precipitation amounts of daily precipitation greater than the 95th percentile of wet days mm
R95pT Extreme precipitation percentage Contributed percentages from the R95p to the total precipitation amount %
R95pF Extreme precipitation frequency The ratio of the number of days with extreme precipitation to the total number of days %
SDII Simple daily intensity Annual precipitation amounts on wet days (daily precipitation amount higher than 1mm) divided

by the number of wet days
mm/d

WDF Wet-day frequency The ratio of the number of days with daily precipitation amount higher than 1mm to the total number of days %
CWD Consecutive wet days Maximum number of consecutive days with daily precipitation amount higher than 1mm per reference period days
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The overestimation of precipitation here was also found to exist in many other GCMs [Flato et al., 2013]. WRF
downscaling successfully eliminates this overestimation and faithfully reproduces the precipitation center in
the southeast China. These are consistent with some previous studies [Gao et al., 2001, 2008; Zou and Zhou,
2013]. In addition, WRF downscaling generally simulates more reliable spatial distributions of total
precipitation in China and four subregions with higher spatial pattern correlations and closer magnitude
(Table 2). Despite the fact that precipitation amounts over the southeast China are underestimated by
WRF, it still produces more realistic spatial distribution patterns in both summer and winter, which is well
reflected in the Taylor diagram (Figure 3). The Taylor diagram summarizes the comparison of different
models and observations [Taylor, 2001]. It provides a method for comparing correlation coefficient (COR),
standard deviation, and root-mean-square error (RMSE) within a 2-D graph. In the Taylor diagram, a closer
distance between the compared object and the reference object is considered to be a better agreement.
Figure 3 displays the agreement of annual, winter, and summer mean precipitation between the reference
and model results. It is evident that WRF downscaling results are relatively more consistent with

observations; it has much higher CORs and lower
RMSEs than GFDL-ESM2G in both seasons, meaning
that WRF downscaling performs better than its
driving GCM (GFDL-ESM2G) in simulating annual,
summer, and winter precipitation distributions.

Figure 4 shows the annual cycles of precipitation
averaged over China and four subregions. First, in
China, WRF downscaling perfectly captures the
observed features of the annual cycle of
precipitation, but GFDL-ESM2G overestimates
precipitation amounts in all months. In Northeast
China, the annual cycles of GFDL-ESM2G and
WRF downscaling generally follow each other.
Both models exhibit overestimation especially in
spring and autumn. In the Yellow River basin,
GFDL-ESM2G strongly overestimates precipitation
amounts in all months, while the annual cycles
downscaled by WRF agree well with observations.
As in the Yangtze River basin, GFDL-ESM2G

Table 2. Statistical Summary of Model Simulations of Regional Mean Precipitation and Pattern Correlationa

Region Model/OBS

Mean Precipitation (mm/d) Pattern Correlation

ANN DJF JJA ANN DJF JJA

China GFDL-ESM2G 2.13 0.66 4.05 0.62 0.37 0.71
WRF 1.65 0.39 3.42 0.77 0.52 0.82
OBS 1.63 0.43 3.40 - - -

NEC GFDL-ESM2G 1.75 0.36 3.90 0.70 0.82 0.53
WRF 1.87 0.27 4.37 0.88 0.85 0.78
OBS 1.43 0.16 3.79 - - -

Yellow RB GFDL-ESM2G 2.30 0.63 4.25 0.52 0.52 0.26
WRF 1.49 0.20 3.27 0.85 0.83 0.78
OBS 1.45 0.22 3.39 - - -

Yangtze RB GFDL-ESM2G 3.43 1.44 5.64 �0.32 �0.45 �0.10
WRF 2.56 0.67 5.02 0.67 0.82 0.49
OBS 3.49 1.40 5.96 - - -

SC GFDL-ESM2G 2.90 0.73 6.16 0.01 0.56 0.62
WRF 3.14 0.72 7.13 0.68 0.76 0.66
OBS 4.23 1.75 7.15 - - -

aThe closer magnitude of regional mean precipitation amount to observations and higher pattern correlations are
highlighted in bold.

Figure 3. Comparison of model simulations of precipitation
during 1976–2005 over China in Taylor diagrams.
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Figure 4. Annual cycle of precipitation (units: mm/d) over China and the four analysis regions during 1976–2005.

Figure 5. Frequencies (units: %) of daily precipitation intensities (units: mm/d) of model simulations and observations for
1976–2005 over the four subregions.
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Figure 6. Spatial distributions of annual mean extreme precipitation indices (R95p, units: mm; R95pT, units: %; R95pF, units: %; SDII, units: mm/d; WDF, units: %; and
CWD, units: days) for 1976–2005 over China from GFDL-ESM2G, WRF, and observations.
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simulates an earlier wet season,
and both models underestimate pre-
cipitation amounts after August.
Finally, in south China, both GFDL-
ESM2G and WRF downscaling simula-
tions show July as the wettest month,
whereas observed wettest month is
June. It is worth mentioning that
the maximum precipitation amount
simulated by WRF is closer to obser-
vations than the amounts simulated

by GFDL-ESM2G. Both models cannot represent the annual cycle of precipitation in the Yangtze River basin
and south China. The bad performance here might be related to the uncertainties in simulating large-scale
circulation (e.g., the East Asian monsoon and the movement of the western Pacific subtropical high)
[Huang et al., 2013].

Figure 5 displays the frequency distributions of the daily precipitation intensity by model simulations and
observations for 1976–2005 over the four subregions. For this analysis, data from all grid cells in each
analysis region are taken into account. Both WRF and GFDL-ESM2G are able to capture the general
distributions of precipitation intensities in all four analysis regions. Compared with GFDL-ESM2G, WRF
simulates higher frequencies of precipitation intensity below 1mm/d and lower frequencies of
precipitation intensities above 1mm/d. In Northeast China and the Yellow River basin, WRF downscaling
performs better than GFDL-ESM2G, whereas in the Yangtze River basin and south China, both models tend
to underestimate the frequency of strong precipitation intensities over 20mm/d.

3.2. Simulations of Extreme Precipitation

Figure 6 shows the spatial distributions of 1976–2005 annual mean extreme precipitation indices (R95p,
R95pT, R95pF, SDII, WDF, and CWD) over China from GFDL-ESM2G, WRF, and observations. Overall, the
R95p has a similar spatial distribution pattern as the total precipitation in both observations and

Table 3. Pattern Correlations of Extreme Precipitation Indices Between
Model Simulations and Observationsa

GFDL-ESM2G WRF

R95p 0.56 0.78
R95pT 0.75 0.82
R95pF 0.67 0.81
SDII 0.80 0.88
WDF 0.67 0.81
CWD 0.64 0.72

aThe higher pattern correlations are highlighted in bold.

Figure 7. Regional averages for annual mean precipitation indices (R95p, units: mm; R95pT, units: %; R95pF, units: %; SDII,
units: mm/d; WDF, units: %; and CWD, units: days) from GFDL-ESM2G, WRF, and observations.
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simulations (Figures 6a–6c). GFDL-ESM2G tends to strongly overestimate R95p over the Sichuan Basin with
the maximum extreme precipitation amount being over 500mm. WRF downscaling profoundly improves
the simulation of R95p in terms of spatial distribution pattern and extreme precipitation magnitude. The
spatial pattern by WRF downscaling is better correlated to observations with the correlation coefficient of
0.78, whereas the correlation coefficient between GFDL-ESM2G and observations is 0.56 (Table 3). Despite
the fact that the simulated R95p by WRF downscaling is underestimated over southeast China, it still agrees
much better with observations than GFDL-ESM2G does. As for R95pT (Figures 6d–6f), observations show that
large values of R95pT are mainly located in the eastern and southern parts of China. The main feature
simulated by GFDL-ESM2G is characterized by large values over the central part of China, whereas the R95pT
values over southeast China are strongly underestimated. The correlation coefficient of R95pT between
GFDL-ESM2G and observations is 0.75. WRF downscaling generally improves the simulation of R95pT with a
spatial correlation coefficient of up to 0.82. The R95pF (Figures 6g–6i) is also well presented by WRF
downscaling with large R95pF values located over the south, while GFDL-ESM2G unreasonably shows high
R95pF values over the Tibetan Plateau. The pattern correlation coefficient of R95pF between WRF
downscaling and observations (0.81) is also higher than that between GFDL-ESM2G and observations (0.67).
The strong overestimation of total precipitation amounts by GFDL-ESM2G over the Sichuan Basin along the
east of Tibetan Plateau is closely related to the overestimate of WDF rather than SDII as GFDL-ESM2G
simulates a much higher WDF and a reasonable SDII there (Figures 6j and 6m). Likewise, WRF outperforms
GFDL-ESM2G in terms of spatial distributions of SDII and WDF. Finally, better agreement is also found for
WRF simulations of CWD, as GFDL-ESM2G strongly overestimates CWD over the south regions and Tibetan
Plateau (Figures 6p–6r). For these three indices, the pattern correlations of WRF are also higher than those of
GFDL-ESM2G (Table 3). It is evident that with finer resolution, extreme precipitation distributions downscaled
by WRF are better depicted than those simulated by GFDL-ESM2G.

Figure 8. Spatial distributions of near-future percentage changes (2031–2050 relative to 1976–2005) of annual, winter, and
summer mean precipitation (units: %) as projected by GFDL-ESM2G and WRF.
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Figure 7 gives the regional statistics for
extreme precipitation indices derived
from GFDL-ESM2G and WRF over four
analysis regions. WRF downscaling pre-
sents more reasonable regional averages
of extreme precipitation indices in
most regions. In all regions except the
Yangtze River basin, precipitation indices
simulated by WRF are generally closer to
observations. In the Yangtze River basin,
WRF tends to underestimate regional
mean R95p, R95pF, and WDF, while
GFDL-ESM2G presents much larger and
more reasonable values of R95p, R95pF,
and WDF. However, the high values
of precipitation indices simulated by
GFDL-ESM2G are mainly contributed by
the artificial overestimation over the
west of the Yangtze River basin, which
is not consistent with observations.

The above analyses demonstrate that
WRF downscaling exhibits significant
improvement in terms of precipitation
simulations in China. A more accurate
simulation of present-day climate pro-
vides confidence that future projections
are more credible.

4. Near-Future Projections
of Precipitation
4.1. Projections of Total
Precipitation

The projected change of future precipi-
tation under the RCP4.5 scenario for
the period 2031–2050 relative to
1976–2005 is shown in Figure 8. Under

the RCP4.5 scenario, both WRF and GFDL-ESM2G project that annual precipitation over most parts of
China will increase especially in western and northern China. The increasing magnitude in northern
regions is stronger than that in southern regions. This is consistent with the results derived from RegCM3
driven by the NASA/NCAR global model FvGCM that future precipitation will increase in China with the
largest increases over northwest China [Gao et al., 2008]. Precipitation over some southern regions is
projected to decrease. Over southwestern China, GFDL-ESM2G projects future drier conditions; WRF
downscaling tends to enhance the dry conditions here. The annual future precipitation pattern projected
by WRF downscaling is very close to the results presented by Feng et al. [2011] with the ECHAM5 model
under the A1B scenario. However, Chen and Sun [2009] suggested that the CMIP3 multimodel ensemble
projected that there would be a decrease in the Xinjiang province in northwest China. In addition,
the projection by Bucchignani et al. [2014] with COSMO-CLM under the RCP4.5 scenario shows a
similar pattern of winter precipitation changes but nearly an opposite changing pattern of summer
precipitation changes. Therefore, large uncertainties still exist in future precipitation projections in China
[Gao et al., 2012]. It is apparent that summer precipitation changes primarily contribute to the annual
precipitation changes as the spatial distributions of annual precipitation changes and summer
precipitation changes are quite similar. WRF projection of precipitation in winter follows more or less
that of GFDL-ESM2G. In winter, central northeastern China, northwestern China, and the Yangtze River

Figure 9. Near-future percentage changes (2031–2050 relative to
1976–2005) of annual, winter, and summer mean precipitation (units: %)
from WRF and GFDL-ESM2G over the four subregions under the RCP4.5
scenario.
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basin are projected by GFDL-ESM2G to be drier. WRF downscaling tends to enhance the dry conditions over the
eastern China and the wet conditions over northwestern China. Figure 9 shows the percentage changes of
future precipitation derived from WRF and GFDL-ESM2G over the four subregions under the RCP4.5
scenario. The models agree that near-future annual and summer precipitation is projected to increase in all
four regions and that the increasing magnitude in north regions is stronger than that in southern regions.
Differences between model projections of precipitation exist in winter as GFDL-ESM2G projects increases in
the south China while WRF projects slight decreases there. The models concur that in winter precipitation
will increase in the Yellow River basin and decrease in the Yangtze River basin.

Figure 10 displays the temporal changes of the precipitation frequencies between the near-future period and
the reference period for the RCP4.5 scenario. In Northeast China, both WRF and GFDL-ESM2G reduce the
frequencies of weak precipitation intensities below 5mm/d and increase the relative frequencies in all
higher-intensity classes (above 5mm/d). In the Yellow River basin, WRF and GFDL-ESM2G concur that under
the RCP4.5 scenario frequencies of precipitation below 1mm/d will decrease and precipitation above
1mm/d will increase. In the Yangtze River basin, the occurrence of precipitation intensity below 1mm/d is
projected by both models to increase considerably, whereas frequencies of precipitation intensity in the
range between 1 and 15mm/d will decrease. In addition, frequencies of heavy precipitation (above
15mm/d) will generally increase especially according to GFDL-ESM2G. In south China, the precipitation
frequency changes are similar to those in the Yangtze River basin, which are that the frequencies of weak
rainfall intensities below 1mm/d are projected to increase and precipitation intensity in the range between 1
and 15mm/d will decrease. Furthermore, frequencies of precipitation intensities above 15mm/d projected
by GFDL-ESM2G and intensities above 30mm/d projected by WRF will also increase.

4.2. Projections of Extreme Precipitation

Figure 11 is the projected near-future changes of extreme precipitation indices over China under the RCP4.5
scenario. Under the RCP4.5 scenario, GFDL-ESM2G projects an increase of R95p in most parts of China
(Figure 11a). The maximum increasing amount is about 50mm, which is over the Sichuan Basin. WRF
downscaling provides more regional features and projects a decrease of R95p over eastern Zhejiang
province (around 30°N, 120°E) and the southwest part of China. The spatial distributions of R95pT changes
according to both WRF and GFDL-ESM2G generally follow those of R95p changes, which are that R95pT in

Figure 10. Temporal changes of the precipitation frequency (units: %) between the near-future period (2031–2050) and
the reference period (1976–2005) as projected by GFDL-ESM2G and WRF.
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Figure 11. Spatial distributions of near-future absolute changes (2031–2050 relative to 1976–2005) of annual mean preci-
pitation indices (R95p, units: mm; R95pT, units: %; R95pF, units: %; SDII, units: mm/d; WDF, units: %; and CWD, units: days)
over China under the RCP4.5 emissions scenario as projected by GFDL-ESM2G and WRF.
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most parts of China is projected to increase, except in the southern coastal regions and somewestern regions
(Figures 11c and 11d). WRF downscaling generally presents a stronger magnitude of R95pT changes at
regional scales compared with GFDL-ESM2G. Ji and Kang [2015] also projected a widespread increase of
R95pT over China by using RegCM4 to downscale BCC-CSM1.1 under the RCP 8.5 scenario. Besides, they
found that the largest increases were in Northwest China. This is consistent with our results. As for the
R95pF (Figures 11e and 11f), GFDL-ESM2G projects an increase of R95pF in the northern parts of China
and a decrease in the southern parts of China under the RCP4.5 scenario. The largest increase of R95pF is
mainly over the northern part of the Tibetan Plateau. WRF downscaling provides similar patterns but with
more regional features. Under the RCP4.5 scenario, WRF downscaling shows opposite features of R95pF to
GFDL-ESM2G over northeastern China and the increasing magnitude of R95pF in the northern part of the
Tibetan Plateau is smaller. The same pattern is also found for WDF (Figures 11i and 11j), suggesting
that changes of R95pF and WDF are consistent under RCP4.5 scenario. SDII as projected by WRF and
GFDL-ESM2G will generally increase except that GFDL-ESM2G projects slightly decreases in the Yellow
River basin and WRF projects decrease in the east of Yangtze River basin (Figures 11g and 11h). The
projected SDII change pattern by WRF is very similar to the result presented by Xu et al. [2013] who used
the RegCM3 to downscale the global model of CCSR/NIES/FRCGC/MORPC3.2_hires under the IPCC A1B
scenario. Finally, for CWD (Figures 11k and 11l), GFDL-ESM2G projects increases of CWD in north regions
and decreases of CWD over south regions, while WRF shows very weak changes.

In Figure 12a, R95p is projected to increase in all four regions by WRF and GFDL-ESM2G, except that WRF
projects a slight decrease of R95p in the Yangtze River basin. In addition, the changing magnitudes of
R95p are stronger than those of total precipitation. This is consistent with previous studies [Feng et al.,
2011; Li et al., 2011]. As for the regional percentage change of R95pT (Figure 12b), both models agree that
in all four regions R95pT is projected to increase, while R95pF is projected to decrease in the Yangtze River
basin and south China and increase in Northeast China and Yellow River basin (Figure 12c). More extreme
precipitation amounts accompanied with fewer extreme precipitation frequencies suggest that future daily
extreme precipitation intensity is likely to increase in the Yangtze River basin and south China. Regional
mean SDII as projected by both models will increase in all subregions (Figure 12d), while regional mean

Figure 12. Near-future absolute changes (2031–2050 relative to 1976–2005) of annualmean precipitation indices (R95p, units:
mm; R95pT, units: %; R95pF, units: %; SDII, units: mm/d; WDF, units: %; and CWD, units: days) fromWRF and GFDL-ESM2G over
the four subregions.
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WDF tends to increase in north regions (Northeast China and Yellow River basin) and decrease in south
regions (Yangtze River basin and south China). Finally, CWD is projected to decrease in most regions,
except that WRF projects a slight increase in the Yellow River basin and GFDL-ESM2G projects increase in
Northeast China (Figure 12f).

5. Discussion and Conclusion

In this study, the regional climate model WRF was used to downscale the GFDL-ESM2G model over China for
the present day (1976–2005) and near future (2031–2050) under the RCP4.5 scenario. Model performances of
precipitation are evaluated by comparing the model results with observations. The results demonstrate that
compared with results from GFDL-ESM2G, dynamical downscaling adds great value to the regional
precipitation simulation.

Because of its improved resolution and better representation of finer-scale physical processes, WRF
downscaling is able to provide more regional features and present the present-day simulation with more
reliable results. WRF downscaling generally simulates more reasonable spatial distribution patterns of
precipitation in China by successfully eliminating the artificial precipitation maximum area simulated by
GFDL-ESM2G over the west of the Sichuan Basin in both summer and winter. In terms of annual cycles of
regional mean precipitation, WRF downscaling also shows significant improvement against GFDL-ESM2G
especially over China and the Yellow River basin.

For extreme precipitation simulations, WRF downscaling displays obvious advantages over its driving GCM
(GFDL-ESM2G). It is able to capture the observed features of spatial distributions of extreme precipitation
indices including R95p, R95pT, R95pF, SDII, WDF, and CWD and exhibits higher spatial pattern correlations
with observations. Besides, WRF downscaling presents more reasonable regional averages of extreme
precipitation indices in most regions.

Under the future RCP4.5 scenario, both models project that annual precipitation over most parts of China will
increase especially in western and northern China and the increasing magnitude in northern regions is
stronger than that in southern regions. Over southwestern China, GFDL-ESM2G projects future drier
conditions; WRF downscaling tends to enhance the dry conditions here.

In Northeast China and the Yellow River basin, both models project that frequencies of very weak
precipitation will decrease, whereas the number of strong precipitation intensities will increase. Increased
frequency of heavy rainfall is also projected to happen in the Yangtze River basin and south China. This
shift of precipitation intensity implies the intensification of heavy precipitation in a warming climate. The
increase of heavy precipitation in the future is also projected to happen in Europe [Christensen and
Christensen, 2007; Jacob et al., 2014].

WRF and GFDL-ESM2G concur that extreme precipitation amounts in most parts of China will increase,
whereas extreme precipitation frequency is projected to decrease in the Yangtze River basin and south
China. In addition, extreme precipitation percentage is also projected to increase, indicating that the
increase of future extreme precipitation makes great contributions to the total precipitation increase.
Furthermore, in southern regions like the Yangtze River basin and south China, more extreme precipitation
amounts accompanied with fewer extreme precipitation frequencies suggest that future daily extreme
precipitation intensity is likely to increase in these regions. We also find that WDF changes are consistent
with R95pF changes. It is worth noting that SDII is projected to increase by both models in all subregions.

Generally, major model biases in simulating present-day climate would be systematically propagated into
future climate projections at regional scales [Liang et al., 2008; Xue et al., 2014]. A more accurate simulation
of present-day climate provides confidence that future projections are more credible. In this study,
compared with biases in GFDL-ESM2G, the systematic biases are greatly reduced in the WRF simulation.
Despite the significant improvement by dynamical downscaling simulation, there are studies focusing on
reducing the biases by applying some bias correction methods. Colette et al. [2012] revealed that the biases
of the downscaled fields with bias correction were lower compared to those without bias correction. Xu and
Yang [2012] suggested that an improved dynamical downscaling method with GCM bias correction prior to
the simulation greatly improved the simulations in both climatological means and extreme events relative to
the traditional downscaling simulation without correction. While Ehret et al. [2012] maintained a different
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view that bias correction methods impaired the GCM advantages by altering spatiotemporal field consistency
and relations among variables, they largely neglected the feedbackmechanisms. Thus, the validity of correcting
the model bias using bias correction methods still remains to be verified.

In this study, WRF downscaling adds value in terms of present-day precipitation simulations, with improved
resolution, and better representation of finer-scale physical processes regional climate models by
dynamical downscaling can give more reliable projection results at regional scales. However, it should be
noted that large uncertainties still exist in future projections. First, climate projections of the near-term
period are subjected to three sources of uncertainty: natural internal variability, past and future external
forcing by natural and anthropogenic forcing agents, and the response of the climate system to the
specified forcing agents [Kirtman et al., 2013]. Second, a clear relation between present-day simulations
and future projections is still not granted [Knutti et al., 2010]. Racherla et al. [2012] suggested that the
RCM skill in simulating climatological mean conditions was not closely related with skill in capturing
future climate change. They also pointed out that RCM skill was strongly limited by the skill of its driving
GCM. Third, here we only use one RCM simulation driven by one GCM. Multimodel ensembles of
downscaling projections are important ways to reduce the uncertainties [Gao et al., 2011], and the
Coordinated Regional Climate Downscaling Experiment (CORDEX) framework is developed to improve
the regional downscaling techniques and achieve robust and valuable conclusions in future regional
climate projections [Giorgi et al., 2009]. Currently, related studies on multimodel ensembles of CORDEX
Africa and Europe are widely conducted [Endris et al., 2013; Kim et al., 2013; Jacob et al., 2014; Kotlarski
et al., 2014], but it is still rare for East Asia; this will be the topic of our future work.
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