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Abstract The impact of global warming on the charac-
teristics of mean and extreme precipitations over China
is investigated by using the Providing REgional Climate
Impacts for Studies (PRECIS) model. The PRECIS model
was driven by the Hadley Centre Global Environment Model
version 2 with Earth System components and coupling
(HadGEM2-ES). The results of both models are analyzed
in terms of mean precipitation and indices of precipitation
extremes (R95p, R99p, SDII, WDF, and CWD) over China
at the resolution of 25 km under the Representative Concen-
tration Pathways 4.5 and 8.5 (RCP4.5 and RCP8.5) scenarios
for the baseline period (1976-2005) and two future periods
(2036-2065 and 2070-2099). With improved resolution,
the PRECIS model is able to better represent the fine-scale
physical process than HadGEM2-ES. It can provide reliable
spatial patterns of precipitation and its related extremes with
high correlations to observations. Moreover, there is a nota-
ble improvement in temporal patterns simulation through the
PRECIS model. The PRECIS model better reproduces the
regional annual cycle and frequencies of daily precipitation
intensity than its driving GCM. Under RCP4.5 and RCP8.5,
both the HadGEMZ2-ES and the precis project increasing
annual precipitation over the entire country for two future
periods. Precipitation increase in winter is greater than the
increase in summer. The results suggest that increased radia-
tive forcing from RCP4.5 to RCP8.5 would further intensify
the magnitude of projected precipitation changes by both
PRECIS and HadGEM2-ES. For example, some parts of
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south China with decreased precipitation under RCP4.5
would expect even less precipitation under RCP8.5; regions
(northwest, northcentral and northeast China) with increased
precipitation under RCP4.5 would expect more precipitation
under RCP8.5. Apart from the projected increase in annual
total precipitation, the results also suggest that there will be
an increase in the days with precipitation higher than 15 mm
and a decrease in the days with precipitation less than 5 mm.
Under both RCPs, there would be an increasing trend in
the magnitude of changes in precipitation extremes indices
(R95p, R99p, and SDII) over China, while an opposite trend
is projected for CWD and no apparent trend is projected for
WDF from 2036-2065 to 2070-2099. Increased extreme
precipitation amounts accompanied with decreased frequen-
cies of extreme precipitation suggest that the future daily
extreme precipitation intensity is likely to become large in
northeast China and south China.

Keywords Precipitation and extremes - Dynamical
downscaling - PRECIS - China - RCP4.5 and RCP8.5

1 Introduction

China has various climates due to its large landmass, com-
plex topography and large-scale Asian monsoon driven by
the temperature differences between the Asia continent and
the Pacific Ocean (Li et al. 2011a, b). The various climates
make China sensitive to the effects of climate change mainly
in the fields of agriculture, forestry, fishery, ecosystems and
water resources. Particularly, extreme precipitation events
can cause extensive damages to various systems and undo
socioeconomic structures decades in the making. For exam-
ple, south China suffered from a severe snow storm in early
2008. Heavy snows caused extensive damage, power systems
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failure, crops loss and transportation disruption for almost
half the whole territory. The direct economic losses inflicted
by the storm were over $20 billion (Zhou et al. 2011). The
heaviest rainfall in 60 years hit Beijing on July 21st, 2012.
Around 175-200 mm fell over much of the city within 10 h.
It caused the estimated $1.5 billion economic losses and
1.9 million people affected by the downpour and flood (Zhou
et al. 2013; Zheng et al. 2016). Substantial researches dem-
onstrate that precipitation, particularly extreme precipitation,
from climate system is susceptible to the global warming
(Karl et al. 1995; Wood et al. 1997; Held and Soden 2006;
Seager et al. 2007; Hartmann et al. 2013). Therefore, study-
ing how the global warming may change the precipitation
over China in the future has great significance. Climate mod-
els play a crucial role in facilitating researchers to study
climate systems and climate change (Chen and Sun 2009).
General circulation model (GCMs) are widely used to repro-
ducing large-scale climates (Xu and Xu 2012; Sperber et al.
2013; Kitoh et al. 2013; Gong et al. 2014) and projecting
response of them to future external forcing with roughly
1-2° spatial resolution (Taylor et al. 2012). With coarse
resolutions, GCMs are incapable of representing many pro-
cesses that drive regional climate variability, especially in
terms of reflecting extreme precipitation events (Huang et al.
2013; Bucchignani et al. 2014; Bao et al. 2015). Extreme
precipitation takes place on a very small spatial scale which
makes GCMs unable to simulate (Wehner et al. 2010; Feng
et al. 2011; White et al. 2013). There is some progress in
improving the resolution of GCMs in the phase five of the
Coupled model intercomparison project (CMIP5) (Taylor
et al. 2012; Lee et al. 2014), but their resolution is still too
coarse to be applied for down streams at the regional scale.
By contrast, Regional Climate Models (RCMs) can repre-
sent fine-scale physics processes and dynamically downscale
the initial and lateral boundary conditions from GCMs to
provide regional information and (Giorgi and Mearns 1991;
Giorgi 2006; Christensen et al. 2007; Liang et al. 2008;
Giorgi et al. 2009; Colette et al. 2012; Racherla et al. 2012;
Hewitson et al. 2014; Ji and Kang 2015). RCMs make high-
resolution information available for downstream application
and have been widely used to obtain historical climate simu-
lations and future projections over China (Hirakuchi and
Giorgi 1995; Gao et al. 2001, 2011, 2012; Yu et al. 2010;
Sato and Xue 2013).

Previously, a number of studies have been carried out for
simulating climatic changes over China. For example, the
Regional Climate Model system (RegCM) was developed
to downscale the National Center for Atmospheric Research
(NCAR) Community Climate System Model over China (Liu
et al. 2013). RegCM produced high spatial pattern correla-
tions with observations for precipitation and surface air tem-
perature, and corrected some wet and cold biases in its driv-
ing GCM. The Flexible Global Ocean—Atmosphere—Land
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System model, grid point version 2 (FGOALS-g2) was also
downscaled through RegCM over China (Zou and Zhou
2013). RegCM was able to reproduce the spatial distribution
of extreme summer precipitation and projected more inten-
sified changes in extreme precipitation than FGOALS-g2.
Most recently, the Beijing Climate Center Climate System
Model version 1.1 (BCC-CSM1.1) was adopted to down-
scaled to simulate climate change through RegCM over
China. It is also shown that RegCM improved the climate
simulation (Gao et al. 2013). Results from regional climate
model COSMO-CLM (CCLM) downscaling the European
Centre/Hamburg version 5 (ECHAMS) over East Asia
shown that CCLM could reasonably capture the regional
climate features, but CCLM simulated a wet bias over some
parts of China (Wang et al. 2013). The weather research
forecasting (WRF) model driven by the operational seasonal
forecast model Climate Forecast System (CFS) was used to
downscale the annual and seasonal precipitation over the
continental China. WRF was capable of reducing the wet
bias of seasonal mean precipitation and improve inter-annual
variations over regions (Yuan et al. 2012). The WRF model
has the ability to simulate the mean and extreme precipita-
tions over China was also examined through downscaling
the Geophysical Fluid Dynamics Laboratory Earth System
Model with the Generalized Ocean Layer Dynamics compo-
nent (GFDL-ESM2G) (Dunne et al. 2012; Bao et al. 2015).
WREF successfully eliminated some artificial precipitation
maximum areas and provided more reliable spatial distribu-
tions of total and extreme precipitation in China. As for the
Providing REgional Climate Impacts for Studies (PRECIS)
model (Wilson et al. 2015), there are some researches had
been done through it for downscaling the Hadley Centre
Coupled Model version 3 (HadCM3) over China under Spe-
cial Report on Emissions Scenarios B2 (SRES B2) scenario
(Xu et al. 2006). The regional model’s ability to simulate
the historical and future climate of China was tested and
verified.

Many studies indicate that the CMIP5 multi-model has an
improved representation of rainfall compared to the CMIP3
(Sperber et al. 2013; Sun et al. 2015; Yan et al. 2015; Zhang
et al. 2015). This is reflected by the more realistic magnitude
of rainfall in terms of the skill of simulating pattern correla-
tions with respect to observations. Additionally, for rainfall/
convection the CMIP5 models outperforms the CMIP3 mod-
els for the time mean, the inter-annual variability of the East
Asian monsoon, and inter-seasonal variability.

Previous studies have demonstrated the RCMs are good
at adding value to GCMs’ simulations over China. How-
ever, most of them were in 50 km resolution and based on
the results of CMIP3. With the release of CMIP5, most of
the studies suggests there will be substantial changes in the
precipitation under RCPs compared with SRES scenarios
(Vuuren et al. 2011; Taylor et al. 2012; Chen and Frauenfeld
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2014). Therefore, it is necessary to investigate how the mean
and extreme precipitation over China will response under
any representative concentration pathways scenarios.

The aim of this study is to carry out a total of 95 years
(2005-2099) transient simulation of precipitation (includ-
ing total precipitation and extreme precipitation) over China
under RCPs at 25 km grid cells. To archive this, the his-
torical simulation of precipitation for both PRECIS and its
driving GCM will be validated with the observation dataset
regarding spatial and temporal patterns. The future precipi-
tation will be simulated by PRECIS under RCPs and ana-
lyzed with respected to changes in the mean precipitation
and selected indices of extremes. The paper is organized as
follows. Section 2 will describe model details, experimen-
tal design, and data. Evaluation of historical simulation in
terms of total precipitation and extreme precipitation by the
models will be shown in Sect. 3. Future projections under
the two RCPs will be presented in Sect. 4. The final section
will provide the summary and conclusions.

2 Models, experiment design and data

The regional climate model used in the present study is the
PRECIS model version 2.0.0 developed by Met Office Had-
ley Centre, UK (Jones et al. 2004; Wilson et al. 2015). It
is an atmospheric and land surface model of limited area
and high resolution which is originally designed to serve
both operational forecasting and atmospheric research needs.
Dynamical flow, the atmospheric sulfur cycle, clouds and
precipitation, radiative processes, the land surface and the
deep soil are all described. The PRECIS model has been
widely applied in regional simulations (Xu et al. 2006; Feng
etal. 2012; Wang et al. 2014, 2015), and its ability in clima-
tological mean and extreme climate simulations over China
has been tested and verified (Xu et al. 2009). Moreover,
PRECIS exhibits improved performance in simulating the
inter-annual variations presented by its driving data (Wang
et al. 2016).

Hadley Centre Global Environment Model version 2—
Earth Systems (HadGEM2-ES) provides the meteorologi-
cal forcing at the limits of the PRECIS model’s domain as
its lateral boundary conditions (LBC) to produce the high-
resolution historical simulation and future projection (Col-
lins et al. 2008). Though over 40 models participated in
CMIPS, only 11 of these models had the added capability to
explicitly represent biogeochemical processes that interact
with the physical. climate biogeochemical processes that
interact with the physical climate. It means that the global
climate models are Earth System Models (ESMs). These 11
ESMs are: BCC_CSM1.1, BNU-ESM, CanESM?2, GFDL-
ESM2G, GFDL-ESM2M, INM-CM4.0, IPSL-CM5A-
MR, MIROC-ESM, MIROC-ESM-CHEM, NorESM1-M

and HadGEM2-ES (MACA 2017). Distinctive to others,
HadGEM2-ES has the highest resolution among these ESMs
incorporated dynamic vegetation (Martin et al. 2011; Jiang
et al. 2015). Studies indicate that higher horizontal resolu-
tion is associated with the enhanced skill in representing the
climate variables in the CMIP5 models (Rupp et al. 2013;
Zhang et al. 2013). Plus, there are studies carried out to
examine their capacities to simulate the interested variables
(i.e. minimum/maximum temperature, precipitation, wind,
humidity, solar radiation). Overall, HadGEM2-ES is the best
model in most variables especially surface conditions and
atmospheric circulation in these studies.

PRECIS computational domain is centered at (34°N,
105°E), and it covers China with 292 x 186 horizontal grid
points and a lateral buffer zone of 20 grid points. The spa-
tial resolution is 0.22°x 0.22°. PRECIS runs are integrated
continuously during 1969-2005 for the historical simulation
and 2006-2099 for the future projections. Future projection
simulations are forced with specified concentrations consist-
ent with a medium emission scenario (RCP4.5) and a high
emission scenario (RCP8.5). RCP4.5 is a stabilization sce-
nario, with the total radiative forcing of 4.5 W/m? until 2100.
RCP8.5 is a scenario of comparatively high greenhouse gas
emissions with stabilizing near 8.5 W/m? (Moss et al. 2010).
With these two RCP scenarios, changes in precipitation can
be investigated under increasing radiative forcing.

Considering the internal regional features of precipita-
tion in China and based on some previous studies (Li et al.
2011a, b; Luo et al. 2013; Bucchignani et al. 2014; Guo et al.
2017), we divide the contiguous China domain into five sub-
regions, namely northwest China, northcentral China, Tibet,
northeast China, and south China. As shown in Fig. 1, these
sub-regions are typically used in weather and climate related
discussions in China because of the climatic similarities
within each sub-region. The five sub-regions represent five
distinct climate types which are dry, warm, plateau, cold,
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Fig. 1 Model domain, topography (unit: m), and the five sub-
regions: Northwest, Northcentral, Northeast, Tibet and South
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and wet climate. For each sub-region, we calculate the area-
averaged precipitation for the validation and undermentioned
differences in total and extreme precipitation changes. Five
precipitation indices are used in this study (Table 1). They
are described in detail by Frich et al. (2002) and Zou and
Zhou (2013), including percentage of wed days exceeding
95 percentile (R95p), percentage of wed days exceeding 99
percentile (R99p), simple daily intensity index (SDII), wet-
day frequency (WDF), and consecutive wet days (CWD). To
assess the skills of model simulations of the historical cli-
mate, observational data are needed as references to compare
with the model results. The observed precipitation and tem-
perature (used in examine Clausius—Clapeyron relation) is
from APHRODITE’s (Asian Precipitation—Highly-Resolved
Observational Data Integration Towards Evaluation) gridded
daily precipitation and temperature dataset with a spatial
resolution of 0.25° % 0.25° (Yatagai et al. 2012). The APH-
RODITE dataset is based on the interpolation from more
than 5000 valid stations across Asia and covers a period
of more than 50 years. It applies enhancement of quality
control algorithm to develop the only Asian precipitation
products highly resolved in time and space.

3 Historical simulation of precipitation

Figure 2 shows the spatial distribution of annual, winter and
summer mean precipitation over China from HadGEM2-
ES, PRECIS, and APHRODITE for the period from 1976 to
2005. Three months’ result, namely June, July and August
(JJA) in summer, and December, January and February
(DJF) in winter are selected to calculating the two-seasonal
mean precipitation. APHRODITE shows that annual mean
precipitation amounts are relatively low over northwest
China, increasing southeastward and reaching the maximum
at the southwest of Yunnan-Kweichow Plateau (located in
between 22°N and 30°N, 100°E and 111°E) in south China.
The mean precipitation for winter and summer also exhibit
similar spatial distribution. But the summer precipitation

Table 1 Definitions of extreme precipitation indices used in this study

amounts outweigh the winter’s due to the nature of mon-
soon climate in East Asia. Comparing to APHRODITE,
HadGEM2-ES simulates the annual mean precipitation in a
different spatial pattern, the precipitation amount increasing
southward. The simulated precipitation amounts are higher
than the observations’ over south China and Tibetan Plateau.
There is an artificial strong precipitation area simulated by
HadGEM2-ES over the west of Tarim Basin in northwest
China along the southern edge of the Tibetan Plateau in both
seasons. The overestimation of precipitation here is a com-
mon occurrence in many other GCMs with coarse resolu-
tion (Flato et al. 2013). PRECIS significantly reduces their
occurrences and reproduces better spatial patterns of mean
precipitation. Furthermore, PRECIS captures the observa-
tional maximum precipitation area locating at the southwest
of Yunnan-Kweichow Plateau and eliminates the artificial
strong precipitation area over the Tarim Basin in both sea-
sons. These results are congruent with previous studies that
employed other RCMs such as RegCM and WREF to simu-
late the historical climate over China (Gao et al. 2008; Zou
and Zhou 2013; Bao et al. 2015). It should be noticed that
the PRECIS model is not implicitly perfect since the simu-
lated precipitation is overestimated over south China and
Tibetan Plateau in winter. 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 simula-
tion of present-day climate provides confidence that future
projections are more credible (Wang et al. 2016). In this
study, we will use the simulations to calculate the percentage
changes in precipitation to minimize the effects of the mod-
eling bias on the reliability of future precipitation projec-
tions. Future precipitation projections will be developed by
applying the projected changes to the observed precipitation
for the current climate of China. In this sense, the developed
precipitation projections in this study will be bias-corrected
and thus can provide helpful information for assessing the
potential effects of climate change in the context of China.
Besides, there is a study showing that bias correction

Labels Name Index definition Units
R95p  Percentage of wed days exceeding 95 percentiles The percentage of wet days (define a wet day as having precipitation %
>1 mm/day) with daily precipitation exceeding the 95th percentile of the
daily precipitation at wet days
R99p  Percentage of wed days exceeding 99 percentiles The percentage of wet days where the daily precipitation amount is over the %
99th percentile of the daily precipitation amount at wet days
SDII  Simple daily intensity index The daily mean intensity of a time series of daily precipitation amounts at ~ mm/day
wet days
WDF  Wet-day frequency The percentage of days in baseline period which are wet days %
CWD Consecutive wet days The largest numbers of consecutive wet days of a time series of daily day

precipitation
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Fig. 2 Spatial distributions of precipitation (unit: mm/day) for 1976-2005 over China from HadGEM2-ES (a, d, g), PRECIS (b, e, h), and

observations (APHRO referred as APHRODITE) (c, f, i)

methods impaired the GCM advantages by altering spati-
otemporal field consistency and relations among variables,
they largely neglected the feedback mechanisms (Ehret et al.
2012). Thus, the validity of correcting the model bias using
bias correction methods still remains to be verified. But it is
indubitable that PRECIS more reasonably captures spatial
patterns than HadGEM2-ES does in both seasons.

To gauge the skills of HaddGEM2-ES and PRECIS in
reproducing the annual, summer and winter mean precipi-
tation, the Taylor Diagram is introduced to summarize how
closely the patterns from two models’ results match the
observation (Taylor 2001). It exhibits the correlation coeffi-
cient (COR), standard deviation (SD), and root-mean-square
error (RMSE) between simulated patterns and the obser-
vational pattern in a graphical way. The simulated pattern

with the right amplitude of its variations (represented by
SD), high correlation, and low RMSE agrees well with the
observation. On the plot, the pattern will have a closer dis-
tance to the reference point marked “OBS” on the x-axis.
Figure 3 shows the relative merits of HadGEM2-ES and
PRECIS with respect to reproducing the spatial patterns of
annual, summer and winter mean precipitation for China and
five sub-regions. In comparison with HadGEM2-ES, all the
annual and two seasons’ results from PRECIS have CORs
between 0.6 and 0.9, and SDs between 1 and 1.5 for China,
which indicates that PRECIS has reasonable performance in
simulating the spatial distribution of precipitation. Overall,
PRECIS has a relatively high skill of reproducing the spa-
tial distribution of mean precipitation in both seasons over
China. As for the five sub-regions, PRECIS still performs
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Fig. 3 Comparison of model simulations of precipitation during 1976-2005 over China and five sub-regions in Taylor diagrams
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better than HadGEM2-ES in simulating annual, summer and
winter precipitation, but PRECIS, itself, shows an inconsist-
ent performance level at the different sub-region. Results
of PRECIS over northwest China have the lowest CORs
and highest RMSEs compared with the results of other four
regions. The poor performance of PRECIS could be caused
by its driving GCM since HadGEM2-ES, here, simulates the
highest RMSE and SD among all five sub-regions. Simu-
lated patterns of PRECIS over Tibetan Plateau agrees best
with the observation as they have the lowest RMSEs and
highest CORs for both seasons. However, the relatively high
skill of PRECIS in simulating spatial patterns is not nec-
essarily related to the inputs of the driving GCM because
the performance of HadGEM2-ES over Tibetan Plateau is
not the best. The high skill of PRECIS may result from the
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model’s inherent capacity of simulating the precipitation in
high altitude areas. Overall, it is evident that PRECIS out-
performs HadGEM2-ES in respect of simulating the spatial
distributions of annual, summer, and winter precipitation for
China and five sub-regions.

Figure 4 demonstrates the annual cycles of precipitation
estimated from two models’ outputs and the observational
data for China and five sub-regions. For China, the curve of
PRECIS well matches the annual cycle of APHRODITE. It
is noteworthy that the maximum value of the curve equals
to the value of observational curve. Though HadGEM2-
ES does capture the trends of the observed annual cycle,
it holistically overestimates the amount ranging from 0.5
to 1.9 mm/day. For northwest China, the contrast between
two models’ results is more obvious than that for the entire
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Fig. 4 Annual cycle of precipitation (unit: mm/day) over China and the five sub-regions during 1976-2005
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country. The annual cycle for PRECIS agrees with the
observational cycle, while the cycle for HadGEM?2-ES tow-
ers above the observation for all months with the maximum
difference up to 250% of the reference value. However, PRE-
CIS overestimates the precipitation amounts before July, and
both models simulate an earlier wet season. As for Tibet,
both models over simulate precipitation amounts for the full
cycle, but values of PRECIS are closer to the observation
than those of HadGEM2-ES. For northcentral China, two
models’ results exhibit overestimations in all seasons and
especially in spring and autumn. Nonetheless, both PRECIS
and HadGEM2-ES do capture the wettest month, July. For
northeast China, the annual cycles of HadGEM2-ES and
PRECIS generally stick together from March to August and
reach the maximum at July which is the observed wettest
month. But the results of PRECIS match the observation
better than HadGEM2-ES for the months before March and
after September. For south China, HadGEM2-ES simulate
July as the wettest month in the annual cycle, whereas the
month with maximum precipitation is June in the PRECIS
simulation and the observation. Based on the results above,
PRECIS is more reliable than HadGEM2-ES to represent the
annual cycles for China and all five sub-regions.

Figure 5 shows the histograms of the frequency dis-
tribution of the daily precipitation intensity of PRECIS,
HadGEM2-ES, and APHRODITE for the baseline period
over five sub-regions. For each chart, it takes the daily pre-
cipitation data of every grid cell in the selected region into
account for the analysis. Each column represents the per-
centage of days that all grids’ precipitation amounts in a sub-
region falling into a range (0-5, 5-10, 10-15, 15-20, 20-30
and >30) for 30 years. Compared with the observation, both
simulations tend to underestimate the frequencies of daily
precipitation intensities below 5 mm/day and overestimate
the frequencies of daily precipitation intensities between
5 mm/day and 30 mm/day for five sub-regions. However,
the PRECIS model performs better than HadGEM?2-ES as its
results are more accordant with APHRODITE data. Moreo-
ver, the observed shifting of the daily precipitation amount
distribution toward heavy precipitation is in agreement with
a recent published study (Ma et al. 2017). Ma et al. provide
evidence that the observed shift from weak precipitation to
intense precipitation is primarily due to the contribution of
increased radiative forcing, with anthropogenic aerosols
forcing offsetting some of the effects of the increased radia-
tive forcing during the second half of the twentieth century.
Anthropogenic aerosols from air pollution can affect precipi-
tation via aerosol-radiation interaction (ARI) and aerosol-
cloud interaction (ACI) effects (Li et al. 2017). While the
ARI effect is included in most of CMIP5 models, only a
very small number of models fully or partially include the
ACI effect, which implies that current climate models do not
have all the capacities needed to fully represent the multiple
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aerosol effects on precipitation. The aerosol group from Met
Office develops the aerosols emission, transport, and deposi-
tion schemes, and the interaction of aerosols with radiation
and clouds within the PRECIS model to make the simulated
results more consistent with observations (Mulcahy et al.
2014).

In Fig. 6, simulated indices of precipitation extremes
(R95p, R99p, SDII, WDF, and CWD) from HadGEM2-ES
and PRECIS are validated with indices derived from the
observation for the baseline period. R95p is defined as the
percentage of wet days (define a wet day as having precipi-
tation >1 mm/day) with daily precipitation exceeding the
95th percentile of the daily precipitation at wet days for the
baseline period. The spatial patterns of R95p (Fig. 6a—c) is
well simulated by PRECIS. High values of the wet days with
extreme precipitation over the east part of south China and
southwest of Yunnan-Kweichow Plateau are well captured.
Low values of the index over northwest China, Tibet, and
northcentral China are also very well produced. HadGEM2-
ES tends to greatly overestimate the high values over south-
east China and low values over northwest China and Tibet.
HadGEM?2-ES fails to capture the maximum values of the
index over the southwest of Yunnan-Kweichow Plateau. As
for R99p (Fig. 6d-f), it is defined as the percentage of wet
days where the daily precipitation amount is over the 99th
percentile of the daily precipitation amount at wet days for
the given reference period. Both models have a similar spa-
tial distribution with observations’, but they slightly overes-
timate values of the index over southeast China and Tibetan
Plateau, and underestimate the values over the southwest of
Yunnan-Kweichow Plateau. PRECIS better captures the low
values of R99p over northeast China than HadGEM2-ES
does. The Simple Daily Intensity Index (SDII) is defined
as the daily mean intensity of a time series of daily pre-
cipitation amounts at wet days. As shown in Fig. 6g—i, there
is good agreement between the PRECIS simulating SDII
and the observed SDII over China. However, SDII is under-
estimated in the model over northwest China and south
China. Despite the simulation over Tibet, HaddGEM2-ES
largely underestimate SDII all over China. The Wet Day
Frequency (WDF) is defined as the percentage of days in
baseline period which are wet days. The simulated WDF and
observed WDF are shown in Fig. 6j-1. High frequencies of
wet days over the southwest of Yunnan-Kweichow Plateau
and low frequencies over northwest China and northcen-
tral China are well simulated by PRECIS. HadGEM2-ES,
whereas, highly overestimate the index for the Sichuan Basin
with the maximum value being 70%. Figure 6m—o show the
spatial distribution of the Consecutive Wet Days (CWD) per
baseline period over China. The index presents the largest
numbers of consecutive wet days of a time series of daily
precipitation. The CWD is more in south China and Tibet,
and less in northwest China for both models. These spatial
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Fig. 5 Frequencies (unit of axis y: %) of daily precipitation intensities (unit of axis x: mm/day) of model simulations and observations over the

five sub-regions for 19762005

patterns are well captured by PRECIS. The index is largely
overestimated by HadGEM2-ES over China except for the
two sub-regions, northeast China and northcentral China.
Therefore, it is unequivocal that PRECIS better depicts spa-
tial distributions of extreme precipitation than HadGEM2-
ES simulation does for China.

In Fig. 7, regional statistics are shown for indices of
precipitation extremes derived from two models and the
observation over five sub-regions. Overall, results of

PRECIS are more consistent with the observation data than
results of HadGEM2-ES are. PRECIS gives more reliable
and reasonable regional averages of indices of precipita-
tion extremes for China. In northwest China, both models
tend to overestimate R95p, R99p, WDF, and CWD and
underestimate SDII. However, HadGEM2-ES simulates
much higher values for R95p, R99p, WDF, and CWD and
lower value for SDII in comparison with APHRODITE. In
Tibet and northcentral China, both models produce higher
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values of all five indices than the observation. In north-
east China, HadGEM2-ES overestimates the averages of
R95p, R99p, and CWD and underestimates the averages of
SDII and WDF. PRECIS simulating indices are consistent
with results of HaddGEM2-ES excepting on CWD which is
underestimated by PRECIS. In south China, HadGEM2-
ES underestimates the averages of R95p, R99p, and SDII
and overestimates the averages of WDF and CWD. PRE-
CIS is only consistent with HadGEM2-ES for R95p, SDII,
and WDF. For R99p and CWD, PRECIS slightly over-
estimates the indices instead of underestimating them.
However, PRECIS simulating indices are all closer to the
indices derived from APHRODITE. Therefore, PRECIS
makes a remarkable improvement in reproducing the his-
torical precipitation compared with its driving GCM. It is
further proved that high-resolution simulation is essential
to obtain the plausible distribution of precipitation over

China. A faithful reproduction of historical climate is the
premise for projecting a plausible range of future climate.

Increasing observational and climate modelling stud-
ies have investigated the relationship between atmospheric
temperature and rainfall intensity as a basis for projecting
changes in daily rainfall extremes, arguing that the intensity
should increase following either the Clausius—Clapeyron
(CC) relation or Super CC relation over certain ranges of
temperature and availability in moisture. As shown in Fig. 8,
both models reproduce the CC scaling of daily precipitation
extremes under 14 °C and the supper CC rate of extremes
above 15 °C up to 22 °C reasonably well for the 90th, 99th
and 99.9th percentiles. There are subtle differences between
the two models for temperature above 22 °C. HadGEM2-ES
appears to retain the super CC scaling, whereas the PRECIS
model simulates a strong reduction in precipitation inten-
sity. The strong reduction in modeled precipitation intensity
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Fig. 8 Dependencies of dif-
ferent extreme percentiles
(90th—-99.9th) of the distribu-
tion of daily precipitation on
temperature in three dataset
(HadGEM2-ES, PRECIS, and
APHRODITE)
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for temperatures above 22 °C is associated with a deficit in
atmospheric moisture content, but this relationship is yet to
be understood. Relations between temperature and precipita-
tion are difficult to asses because of an ambiguity of causes
and effects, in particular over moisture-limited regions and
the summer season (Trenberth and Shea 2005). Most impor-
tant is the dependency of both temperature and precipitation
on the atmospheric circulation conditions (Lenderink and
Meijgaard 2009). For temperatures above 22 °C, anomalous
atmospheric conditions (e.g. with severe soil drying and/or
strong high pressure systems) is likely to suppress the occur-
rence and intensity of precipitation extremes. High pressure
systems could cause warm weather with at the same time
low relative humidity and low precipitation amounts. A pro-
longed period with dry weather could result in soil moisture
depletion, with further reduced surface evaporation and tem-
perature increases (Vautard et al. 2007). This again implies
a negative correlation between temperature and precipita-
tion, which could also be further enhanced by feedbacks
from clouds. Moreover, in the observations there are is a
fall off in precipitation intensity with increase in the highest
temperature range. It is interesting that the PRECIS model
discussed here employs a closure of the convection scheme
based on moisture convergence (Wilson et al. 2015). Results
show that this closure led to a strong positive feedback with
soil drying leading to a reduction in precipitation, opposing
the results of HadGEM2-ES that gave rise to a negative soil
moisture feedback. Therefore, the results exhibit a reference
for adding values to its driving GCM by catching fine-scale
physical process.

4 Projections of future precipitation

In Fig. 9, it shows the projected precipitation changes rela-
tive to the baseline period for HadGEM2-ES and PRE-
CIS under RCP4.5 and RCP8.5 scenarios for the period
2036-2065 (2050s) and the period 2070-2099 (2080s). For
the 2050s, both models project a general increase in the
annual precipitation over most parts of China under both
scenarios. HadGEM2-ES simulates less precipitation in
northern sub-regions (northwest China, northcentral China
and northeast China) than southern sub-regions (Tibet and
south China). However, PRECIS gives an opposite spatial
pattern where northern sub-regions have larger increment
than southern sub-regions. For northern sub-regions, their
relatively high latitudes make them receive more positive
albedo-temperature feedback. Therefore, the northern sub-
regions have higher temperature increase than the southern
sub-regions (Li et al. 2011a, b). Due to a rise in air tempera-
ture, water vapor in the atmosphere increases nonlinearly
with temperature. This increase in precipitable water is,
to first order, responsible for the increase in precipitation,

particularly in middle to high latitudes. As for Tibet, melt-
ing of the ice and snow cover in the high-elevation areas
under warming climate increases water vapor which traps
more heat in the surface, and makes the surface less reflec-
tive and adds to the warming effect (Hewitson et al. 2014).
Hence, it is associated with an establishment of a large-scale
thermal contrast between the Asian land mass and neigh-
boring oceans (Li et al. 2008; Li and Yanai 1996; Wu et al.
2012). However, in the air above, models consistently pro-
ject enhanced upper-tropospheric warming in the tropics
(Meehl et al. 2007). This is related to increasing condensa-
tional heating in the future climate. The upper-troposphere
over the Indian Ocean warms more than over the Tibetan
plateau, reducing the meridional thermal gradient between
the Asian continent and adjacent oceans, thus leading to a
weakening of the Asian monsoon circulation (Ueda et al.
2006). Therefore, less precipitation should be projected in
the southern sub-regions than in the northern sub-regions.
The results provide a useful reference for identifying the
added value of high-resolution model over its low-resolution
counterpart in terms of precipitation projection.

Under RCP4.5, PRECIS projects the maximum posi-
tive changes taking place in northwest China. These results
derived from PRECIS are in consistence with the results
of Bao’s research on WRF driven by GFDL-ESM2G and
Gao’s research on RegCM driven by FvGCM over China
(Gao et al. 2008; Bao et al. 2015). For the 2080s, the area
with maximum annual precipitation change remains the
same location for two models but becomes larger than it in
the 2050s. Under each representative concertation pathway
scenario, it also has been found that the positive precipita-
tion changes are increasing from the 2050s to the 2080s.
Figure 10 demonstrates the area-averages of precipitation
changes and their differences between RCP4.5 and RCP8.5
for five sub-regions. Through the comparison between the
results under two RCPs, the changes in Northwest and
Northcentral China are more sensitive to the increase in
the radiative forcing for both models, especially in winter.
It is possible that the enhanced warming under RCP8.5
reduces the thermal contrast between the Asian land mass
and neighboring oceans in wintertime. Therefore, northern
sub-regions will experience a weak winter monsoon, which
prevents cold-dry air from high latitudes. For South China,
HadGEM2-ES models the precipitation with a low sensitiv-
ity to the high radiative forcing scenario, whereas PRECIS
simulates the precipitation a relatively strong response to
the radiative forcing increase and has all negative changes
for both season in the 2080s. As for precipitation changes in
winter and summer, it is evident that precipitation increases
in winter are greater than increases in summer, especially
for HadGEM2-ES. Also, a downward trend from north to
south over the landmass of China is detected in the output
of PRECIS for both seasons, and an opposite trend from

@ Springer



4050

J. Zhu et al.

(@) Hasceme-es_RoPa s 20508 ANN (g) PRECIS_RCP4.5 20505

(m)aacsmzrss,ncm 520805 (S)PRECls,RCPA 520805

ANN ANN ANN
ey ’jﬁ% S ’_)_5;;7}‘7 ey 5@2\7 ey 5?\7
%l IR By S % ol I P ) > L2 y
g@ 5%/,§%§ q 1 q\‘fd 1
g / g Y \.v\/v)::ﬁ 7
o iU e 1|
b . 20N 20N o q Mo 20N - ‘Z N
Ao 1 ; T Ao 1 Az a 1
(h)PREC\SﬁRCPB 520508 ANN (nyademz-zsﬁcps 520805 ANN (t) PRECIS_RCP8.5 20805 ANN
o 5’;7‘\7 o ?Z\j e 52\7
o] o STt o o il o] el
imk q . <
A @ g T . NGA A ki
(1) Pl q
20N i B 20n 20N o N T
Lk (ks
(| PRECIS_RCP4.5 2050s (o)maewzss RCP4.5 2080s DJF (u)’HECIS RCP4.5 2080s DJF

T A

son o son o

Sy ~
40°N = q S ’) a0°N. 40°N
- >
30°N. ol - A ELUE SRR e | 30°N.
N ) ; :
\/"i\ﬁ Axs
20 p B 20 o 20
R
ta ) =
T T T T
7 e 1o5E 13ve 7 s0e 105°€ 1208 135°E 75 e 105°€ 3 13 75€ o tos%e 1208 1a5e
(d) HadGEM2-ES_RCP8.5 20505 DUF (]) PRECIS_RCP8.5 20505 DUF (p)dauGEMzEs,Hcps 520805 DUF (V)PRECls,HCPe 520805 DUF
son o so'n o P son o s o
o o ¢ % aon o
o~ £
3 o il
N N AN ofeeehee aon e
— e
i 1)
2n 2o R 2o 20 ; e
I ‘ 5
T = T T E— =
e a0e 105 120E 1a5°E 75 w0 105°E 120e 115 5 e 105 5 e res 120 15
(e) HadGEM2-ES_RCP4.5 2050s. JIA (k)PnEcws,Rcm 520508 JIA (q)—ladGEMZ—EsiRCPA 52080s JIA (W)REC\SjiCPAj 2080s.

son o

.

ErN
e

. —

e
&
30°N. \-v : i

- )
2o o . oy
R

75E s0E

(I) PRECIS_RCP8.5 2050s

son

3 L
.}."‘,‘
30°N 30°N 4
~ i
20°N = 20°N =4 p
-120 -90 60 30 0 30 60 90 120 120 -90 60 -30 0 30 60 90 120

g z g @
30°N 30°N 2
Y 7 \”\/v):\‘ﬁ . 2
a/ o
20m L I 20 o Bl S
e 3o
Pl R Joo A7
T T
e e e v e e we e e e
(r)HadGEMZES RCP8.5 2080s A (X)PRECIS RCP8.5 20805

son o son o

a0 o a0 o

20 o 20

Fig. 9 Spatial distributions of percentage changes for two future periods (2036-2065 relative to 1976-2005 and 2070-2099 relative to 1976—
2005) of annual, winter, and summer mean precipitation (unit: %) as projected by HadGEM2-ES and PRECIS

south to north is found in the output of HadGEM?2-ES in
winter. This result is consistent with the studies on the pre-
cipitation associated with climate warming in China (Piao
et al. 2010; Liu et al. 2013; Sun and Ao 2013; Zhou et al.
2014). They found that the coupling relationship of winter
precipitation and climate warming over China can be physi-
cally explained via the East Asian winter monsoon (EAWM)
variability. Previous studies have shown that the EAWM
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experienced an abrupt decadal change around the mid-1980s
(Wang and He 2012), after which it became weaker, the
weakening of the EAWM during the past several decades
could be related to climate warming, because simulations of
coupled climate models show that the EASM will decrease
under the warming background (Hori and Ueda 2006). The
weakened EAWM further weakens the control of its related
cold-dry air over East Asia, favouring the northward flow
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Fig. 10 Future percentage
changes (20362065 relative
to 1976-2005 and 2070-2099
relative to 1976-2005) of
annual, winter, and summer
mean precipitation (unit: %)
for HadGEM2-ES and PRECIS
over the five sub-regions under
RCP4.5 and RCP8.5
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of warm-moist air from low latitudes and the ocean. Con-
sequently, in a weaker EAWM year, there is more winter
precipitation over China (Zhou 2011). These results are
consistent with the distribution of winter precipitation and
extreme precipitation associated with climate warming in
China. The quantitative analysis shows that both winter and
summer precipitation and extreme precipitation are increas-
ing, however, the rate of increase in summer is less than
that in winter. These results indicate that the response of
precipitation and extreme precipitation is stronger in winter,
the season with greater warming, which further suggests that
investigating the seasonal impact of warming offers more
comprehensive data.

Temporal changes in the frequencies of precipitation
intensities under RCP4.5 and RCP 8.5 between future peri-
ods and the reference period are shown in Fig. 11. For all five
sub-regions, both PRECIS and HadGEM2-ES have negative
changes in the frequencies of precipitation intensities below
5 mm/day and positive changes in the frequencies of precipi-
tation intensities above 15 mm/day under no matter which
radiative concentration pathway scenario for both periods.
The above results suggest a shift of the precipitation distri-
bution from light to intense precipitation together across the
whole of China. Studies indicate that this is primarily due
to the contribution of radiative forcing increased by Green
House Gas (GHG). GHG-induced warming increases the
water holding capacity of the atmosphere and thus increases
atmospheric precipitable water. As the atmosphere becomes
more stable with more moisture, the frequency of precipi-
tating events decreases, but the precipitation intensity can
be stronger once an event occurs because more moisture
is available in a warmer atmosphere. Furthermore, the
observed changes are qualitatively consistent with model
projected changes under increasing radiative forcing (Sun
et al. 2007; Chou and Lan 2012; Ma et al. 2015), although
we should note that the observed changes of precipitation
in China are significantly affected by internal climate vari-
ability (Dong et al. 2014). Zhou et al. distinguished that the
changes in precipitation characteristics more due to external
radiative forcing than internal climate variability (Zhou et al.
2013). Overall, most results of PRECIS are consistent with
its driving GCM for temporal changes over five sub-regions.
Howeyver, there are some inconsistencies between two mod-
els for the frequencies of precipitation intensities from 5 to
30 mm/day over the southern sub-regions. PRECIS projects
positive changes in the frequencies of precipitation intensi-
ties between 5 and 30 mm/day, while HadGEM?2-ES projects
negative changes among that range over Tibet and south
China. PRECIS simulates a more violent alteration in the
temporal changes in the frequencies of precipitation intensi-
ties than HadGEM2-ES does. From the 2050s to the 2080s,
different trends are detected in the temporal changes derived
from PRECIS and HadGEM2-ES for five sub-regions.

@ Springer

Figure 12 shows the projected changes relative to the
reference period in the indices of precipitation extremes
over China under RCP4.5 and RCP8.5 for two future peri-
ods. Regional statistics for projected changes relative to
the baseline period in indices of precipitation extremes
and comparison between results under RCP4.5 and under
RCP8.5 for two future periods are displayed in Fig. 13. As
shown in Figures, most markers are above 0 for R95p, R99p
and SDII which means both models simulate an increase
in three indices over China under both scenarios for two
periods. A widespread increase of R95p was also projected
over China by using RegCM4 to downscale BCC-CSM1.1.
under the RCPs scenario (Ji and Kang 2015). Results from
R99p have the similar spatial distribution with R95p, but the
magnitude of maximum change is up to 10%. The projected
SDII change pattern is very similar to the result derived
by using RegCM3 to downscale the CCSR/NIES/FRCGC/
MORPC3.2_hires under A1B (Xu et al. 2013). With increase
in the radiative forcing, both models simulate positive
changes of R95p, R99p and SDII in most sub-regions, except
negative changes simulated by PRECIS in south China and
northeast China in 2080s. As for WDF and CWD, both mod-
els tend to have markers below 0 for northeast China and
south China. Therefore, the extreme precipitation amounts
in northeast China and south China are projected to increase
while the frequencies of their extreme precipitation are
decreasing for both models. It suggests that the future daily
extreme precipitation intensities are likely to become large
in northeast China and south China. Researchers also found
that the frequency of precipitating events decreases (CWD
decreases), but the precipitation intensity can be stronger
once an event occurs because more moisture is available
in a warmer atmosphere (Kitoh and Hirokazu 2016; Zou
et al. 2016). In WDF, changes are increased by the incre-
ment in radiative forcing for the northern sub-regions and
decreased for the southern sub-regions for PRECIS. As for
HadGEM2-ES, only changes over Tibet, northeast China and
south China in the 2050s are decreased by the radiative forc-
ing increasing. Under both RCPs, HadGEM2-ES projects an
increase in CWD over Tibet and northwest China for both
periods. Compare to the results under RCP4.5, HadGEM2-
ES tends to simulate CWD with lower values under RCP8.5.
PRECIS, however, simulates negative changes in CWD over
most parts of China, particularly in the three northern sub-
regions. The CWD modeled by PRECIS is relatively less
sensitive to the increase in the radiative forcing compared
with its driving GCM.

5 Conclusions

In this study, the high-resolution model PRECIS driven by
HadGEM2-ES was used to downscale the historical and two
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Fig. 11 Temporal changes in
the frequencies of precipitation
intensities (unit: %) between
two future periods (20362065
and 2070-2099) and the refer-
ence period (1976-2005) as
projected by HadGEM2-ES and
PRECIS
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Fig. 12 Spatial distributions of projected changes in the indices of
precipitation extremes (R95p, unit: %; R99p, unit: %; SDII, unit: mm/
day; WDF, unit: %; and CWD, unit: days) between two future peri-

ods (2036-2065 and 2070-2099) and the baseline period over China
under RCP4.5 and RCP8.5 as projected by HadGEM2-ES and PRE-
CIS
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Fig. 12 (continued)

future periods’ precipitation and extremes under RCP4.5 and
RCPS8.5 over China. First, this study examines the perfor-
mances of both models on simulating the historical climate
for the baseline period from 1976 to 2005. The PRECIS
model is capable of simulating precipitation and the related
extremes, and reproducing their spatial distributions over
China. The PRECIS model also captures the regional fea-
tures in observations and exhibits more reasonable regional
averages of indices of precipitation extremes. With improved
resolution, the PRECIS model is capable of better repre-
senting the fine-scale physical process than HadGEM?2-ES.
It can provide reliable spatial patterns of precipitation and
extremes with high spatial correlations to observations. In
terms of temporal distribution, both the annual cycle and the
frequency of daily precipitation intensity simulated by PRE-
CIS agree well with the observation. Through the discussion
and analysis, it further proves that dynamical downscaling
adds values to regional simulation in the mean precipitation

and extreme precipitation with physical explanations. All of
the above points to the importance of using a high-resolution
regional climate model to represent the historical precipita-
tion better and provide reliable projections for the future
precipitation and extremes over China.

Under RCP4.5 and RCP8.5, both models project the pre-
cipitation increased over most parts of China for two future
periods. The projected maximum change in the annual
mean precipitation is about 1.5 times of that for the base-
line period. Precipitation changes in winter are greater than
changes in summer for both models. The PRECIS model
simulates a more violent alteration in the temporal changes in
the frequencies of precipitation intensities than HadGEM2-
ES does. The radiative forcing increasing from RCP4.5 to
RCP8.5 intensifies the precipitation changes for two models
in the 2050s and the 2080s. Under each representative con-
certation pathway scenario, it also has been found that the
positive precipitation changes are increased from the 2050s

@ Springer
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Fig. 13 Projected changes

in indices of precipitation
extremes (R95p, unit: %; R99p,
unit: %; SDIL, unit: mm/day;
WDF, unit: %; and CWD, unit:
days) between two future peri-
ods (2036-2065 and 2070-
2099) and the baseline period
over China under RCP4.5

and RCP8.5 as projected by
HadGEM2-ES and PRECIS
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to the 2080s. Both models have the geographical differences
in projected precipitation changes as is evident that three
northern sub-regions have larger magnitudes of precipitation
changes than the two southern sub-regions. For all five sub-
regions, both PRECIS and HadGEM2-ES project negative
changes in the frequencies of precipitation intensities below
5 mm/day and positive changes in the frequencies of precipi-
tation intensities above 15 mm/day under both RCPs for the
two future periods. Especially, frequencies of precipitation
intensities above 30 mm/day are found with a high rise over
northeast China, Tibet, and south China.

Analysis of changes in the indices of precipitation
extremes relative to the baseline period indicates that both
models simulate an increase in R95p, R99p, and SDII over
China under both scenarios for two periods. Both mod-
els tend to have negative changes in WDF and CWD over
northeast China and south China. The increased extreme
precipitation amounts accompanied with decreased frequen-
cies of their extreme precipitation suggests that the future
daily extreme precipitation intensities are likely to become
large in northeast China and south China for both models.
For five sub-regions, their changes have a growing trend in
R95p, R99p and SDII, and an opposite trend in CWD from
the 2050s to the 2080s. As radiative forcing increasing from
RCP4.5 to RCP8.5, HadGEM2-ES intensifies the changes
in R95p, R99p and SDII for all sub-regions; intensifies the
changes in WDF over the northern sub-regions and dimin-
ishes the changes over the southern sub-regions; diminishes
the changes in CWD as a whole for the five regions.
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