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ABSTRACT

Future changes in the 50-yr return level for temperature and precipitation extremes over mainland China are investigated
based on a CMIP5 multi-model ensemble for RCP2.6, RCP4.5 and RCP8.5 scenarios. The following indices are analyzed:
TXx and TNn (the annual maximum and minimum of daily maximum and minimum surface temperature), RX5day (the
annual maximum consecutive 5-day precipitation) and CDD (maximum annual number of consecutive dry days). After
first validating the model performance, future changes in the 50-yr return values and return periods for these indices are
investigated along with the inter-model spread. Multi-model median changes show an increase in the 50-yr return values of
TXx and a decrease for TNn, more specifically, by the end of the 21st century under RCP8.5, the present day 50-yr return
period of warm events is reduced to 1.2 yr, while extreme cold events over the country are projected to essentially disappear.
A general increase in RX5day 50-yr return values is found in the future. By the end of the 21st century under RCP8.5, events
of the present RX5day 50-yr return period are projected to reduce to < 10 yr over most of China. Changes in CDD-50 show a
dipole pattern over China, with a decrease in the values and longer return periods in the north, and vice versa in the south. Our
study also highlights the need for further improvements in the representation of extreme events in climate models to assess
the future risks and engineering design related to large-scale infrastructure in China.

Key words: CMIP5, extremes, return values and periods, China

Citation: Xu, Y., X. J. Gao, F. Giorgi, B. T. Zhou, Y. Shi, J. Wu, and Y. X. Zhang, 2018: Projected changes in temperature
and precipitation extremes over China as measured by 50-yr return values and periods based on a CMIP5 ensemble. Adv.
Atmos. Sci., 35(4), 376–388, https://doi.org/10.1007/s00376-017-6269-1.

1. Introduction
Increasing attention is being paid to projections of future

changes in weather and climate extremes because of their
profound impacts on human society and natural ecosystems.
As concluded by IPCC in its Special Report on Managing
the Risks of Extreme Events to Advance Climate Change
Adaptation (Seneviratne et al., 2012), the impact of climate
change is greater on extreme climates than the mean climate.
The probability of occurrence of extreme climate events will
continue to increase in the future (IPCC, 2013), and climate
models are the main tools to address this issue. Climate
change simulations with the latest generation of AOGCMs
and ESMs are available for analysis within CMIP5 (Taylor et
al., 2012). In general, compared to the previous generation of
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AOGCMs (CMIP3) (Meehl et al., 2007), the CMIP5 models
are of higher spatial resolution (e.g., a highest horizontal res-
olution of up to 0.56◦ and 95 vertical levels) and more com-
prehensive. Many studies have been conducted to analyze
future changes in extremes based on ensembles of CMIP5
models (Chen, 2013, 2014; Chen et al., 2013, 2014; Kharin et
al., 2013; Kunkel et al., 2013; Sillmann et al., 2013a, 2013b;
Toreti et al., 2013; Fischer and Knutti, 2014; Wuebbles et al.,
2014). In general, significant increases in hot spells and in-
tensification of precipitation extremes in the middle and high
latitudes throughout the globe are reported in these studies.

There are several ways to quantify temperature and pre-
cipitation extremes, e.g., the indices from the Expert Team
on Climate Change Detection and Indices (ETCCDI) (Frich
et al., 2002; Zhang et al., 2011; Giorgi et al., 2014a; Zhou et
al., 2014; Xu et al., 2015a, 2015b). Another approach is, for
example, that of Kharin et al. (2005, 2007, 2013), who ana-
lyzed changes in return values and periods using Generalized
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Extreme Value (GEV) distributions.
Located in the East Asian monsoon region, China is char-

acterized by a climate with large natural variability and the
region is vulnerable to climate change due to its relatively
low adaptive capacity (Qin, 2012). More and more research
is being devoted to extremes over China, from observational
changes in past decades (Zhai et al., 1999; Zhai and Pan,
2003; Su et al., 2005; Qian et al., 2007; Zhang and Zhai,
2011; Chen and Zhai, 2013) to future projections based on ei-
ther global (CMIP3 and CMIP5) or regional climate models
(Gao et al., 2002; Jiang et al., 2004; Zhang et al., 2006; Xu et
al., 2009a; Chen, 2013; Xu et al., 2013; Zhou et al., 2014; Sun
et al., 2015). In particular, projected changes in extremes of
20-yr return levels have been investigated by Xu (2010) and
Wu et al. (2012) using CMIP3 ensembles and high-resolution
regional climate simulations, respectively. Changes in re-
turn values indicate a general increase in heat waves and de-
crease in cold spells in the future in this region, both in terms
of temporal frequency and spatial spread, as well as an in-
tensification of extreme precipitation. However, few studies
have thus far been conducted using the current state-of-the-
art CMIP5 model simulations. In addition, a gridded dataset
at the daily scale based on denser station observations over
China recently became available (Wu and Gao, 2013), which
helps in better evaluating models’ performances in simulating

extremes.
The main objective of this paper is therefore to investi-

gate future changes in temperature and precipitation extremes
over China based on the most recent CMIP5 multi-model en-
semble. Building on previous work, the analysis focuses on
the very-high-risk events defined by the 50-yr return levels
of the extreme indices from ETCCDI. We compare the simu-
lated return values in the present against observations to vali-
date the model performance, and assess projected changes in
return values and return periods for these very extreme events
under forcings from three greenhouse gas future scenarios:
RCP2.6, RCP4.5 and RCP8.5 (Moss et al., 2010).

Following this introduction, the datasets and methodol-
ogy are described in section 2, followed by the validation
of present-day simulations in section 3. Projected future
changes in 50-yr return values and periods are presented in
section 4, with a summary concluding the paper in section 5.

2. Data and method
The CMIP5 ensemble includes 32 models for the his-

torical period 1950–2005, 22 for RCP2.6, 31 for RCP4.5,
and 29 for RCP8.5 (over the period 2006–2100). We se-
lect the 22 models that provide daily output and only con-
sider one run per scenario. Information on the 22 models is

Table 1. List of the 22 CMIP5 models used in the analysis.

Model Institution; Country
Resolution

(Lon. × Lat., no. levels)

ACCESS1-0 Commonwealth Scientific and Industrial Research Organization/Bureau of Me-
teorology; Australia

192×145, L38

BCC CSM1.1 Beijing Climate Center, China Meteorological Administration; China 128×64, L26 (T42)
BNU-ESM Beijing Normal University; China 128×64, L26 (T42)
CanCM4 Canadian Centre for Climate Modelling and Analysis; Canada 128×64
CanESM2 Canadian Centre for Climate Modelling and Analysis; Canada 128×64, L35 (T63)
CCSM4 National Center for Atmospheric Research (NCAR); USA 288×192, L26
CESM1 (BGC) National Science Foundation/Department of Energy, NCAR; USA 288×192, L26
CMCC-CM Centro Euro-Mediterraneo per i Cambiamenti; Italy 480×240, L31 (T159)
CNRM-CM5 Centre National de Recherches Météorologiques, Meteo-France; France 256×128, L31 (T159)
CSIRO Mk3.6.0 Australian Commonwealth Scientific and Industrial Research Organization;

Australia
192×96, L18 (T63)

GFDL-ESM2G Geophysical Fluid Dynamics Laboratory; USA 144×90, L24
GFDL-ESM2M Geophysical Fluid Dynamics Laboratory; USA 144×90, L24
INM-CM4.0 Institute for Numerical Mathematics; Russia 180×120, L21
IPSL-CM5A-LR L’Institut Pierre-Simon Laplace; France 96×96, L39
MIROC5 Model for Interdisciplinary Research on Climate; Japan 256×128, L40 (T85)
MIROC-ESM Model for Interdisciplinary Research on Climate; Japan 128×64, L80 (T42)
MIROC-ESM-CHEM Model for Interdisciplinary Research on Climate; Japan 128×64, L80 (T42)
MIROC4h Model for Interdisciplinary Research on Climate; Japan 640×320, L56 (T213)
MPI-ESM-LR Max Planck Institute for Meteorology; Germany 192×96, L47 (T63)
MPI-ESM-MR Max Planck Institute for Meteorology; Germany 192×96, L95 (T63)
MRI-CGCM3 Meteorological Research Institute; Japan 320×160, L48 (T159)
NorESM1-M Norwegian Climate Centre; Norway 144×96, L26
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given in Table 1, and more detail can be found at http://cmip-
pcmdi.llnl.gov/ cmip5/.

The gridded observation dataset CN05.1 developed by
Wu and Gao (2013) is employed to validate the model per-
formance in simulating the extremes. The dataset is com-
posed of daily mean, minimum and maximum temperature,
and daily precipitation, over China. It is a further develop-
ment of CN05 (Xu et al., 2009b), being based on an interpo-
lation from more station observations (760 stations for CN05
and 2416 for CN05.1) at different spatial resolutions of 0.25◦,
0.5◦, 1◦ and 2◦. Here, we use the 0.5◦ resolution to match the
highest resolution of the models.

We use the following indices defined by ECTTDI (http://
etccdi.pacificclimate.org/indices.shtml): annual TXx (the
maximum of daily maximum 2-m surface air temperature);
annual TNn (the minimum of daily minimum temperature);
annual RX5day (the maximum consecutive 5-d precipita-
tion); and annual CDD (maximum number of consecutive dry
days, or days with < 1 mm of precipitation). The indices are
among the most commonly used out of the tens of indices rec-
ommended by ECTTDI (e.g., Tebaldi et al., 2006; Sillmann
et al., 2013a, 2013b).

The analysis of return periods is employed in this study,
following the approach of Kharin et al. (2005, 2007, 2013). A
GEV model is used to fit the probability of occurrence of the
extreme events, and the parameters of the distribution (e.g.,
return period) are estimated based on the L-moment method,
which is computationally fast and suitable for small-sample
data (Hosking, 1990). We focus on events with a 50-yr re-
turn period in the present-day climate as a metric for the rare
extremes of temperature and precipitation. The 50-yr return
values of the abovementioned annual extremes are referred to
as TXx-50, TNn-50, RX5day-50 and CDD-50, respectively.

It is noted that the return periods and return values are
estimated using statistical models that describe the expected
probability of an event. An event with a 50-yr return period
is not necessarily expected to happen at intervals of 50 yr, but
may also happen during a 20-yr period or several times within
a 50-yr period. The 50-yr return period indicates that the ex-
pected probability of the event happening in a given year is
1/50 (=2%).

Return values are first estimated for the CN05.1 data on
its 0.5◦ × 0.5◦ latitude—longitude grids, and each model on
its native grid, and are then bilinearly interpolated onto the
0.5◦ × 0.5◦ grids for computing the multi-model ensemble
statistics. In addition, regionally aggregated extreme value
statistics are assessed over the eight sub-regions of China
shown in Table 2. For the multi-model ensemble, the multi-
model median is used in the analysis instead of the mean (av-
erage), where the median is the value separating the top and
bottom halves of the model values in the ensemble, thereby
defining the “middle” value.

Changes in temperature and precipitation extremes in the
future are compared to the reference (present-day) period of
1986–2005, while 2016–35, 2046–65 and 2080–99 are con-
sidered as the early, mid and end of the 21st century, respec-
tively. The term “change” in the paper indicates the diff-

Table 2. Coordinates of the sub-regions considered in the analysis∗.

Region Abbreviation Latitudes Longitudes

Whole of China CN 15◦–55◦N 70◦–140◦E
Northeast China NEC 39◦–54◦N 119◦–134◦E
North China NC 36◦–46◦N 111◦–119◦E
East China EC 27◦–36◦N 116◦–122◦E
Central China CC 27◦–36◦N 106◦–116◦E
South China SC 20◦–27◦N 106◦–120◦E
Southwest China 1

(Tibetan Plateau)
SWC1 27◦–36◦N 77◦–106◦E

Southwest China 2 SWC2 22◦–27◦N 98◦–106◦E
Northwest China NWC 36◦–46◦N 75◦–111◦E

∗See also Fig. 5.

erence (anomaly) between values for a future period and the
present-day one.

We use box-and-whisker plots to illustrate the inter-
model agreement or disagreement in the projected changes,
which consist of the multi-model median, the interquartile
model range (the range between the 25th and 75th quan-
tiles, i.e., the box) and the full inter-model range (i.e., the
whiskers). The interquartile model spread corresponds to an
agreement across at least 75% of the models, which is re-
ferred to as “the majority of models” in this study (Sillmann
et al., 2013a, 2013b).

3. Validation of present-day simulations
The multi-model medians of TXx-50, TNn-50, RX5day-

50 and CDD-50 from the reference period (1986–2005) sim-
ulations, as well as the corresponding bias compared to the
observations, are presented in Fig. 1. The largest values of
TXx-50 are found over the basins in Northwest and North
China, with minima over the Tibetan Plateau. For TNn-50,
the largest negative values are found in a band extending
from Northeast China to the Tibetan Plateau, as well as the
northern part of Northwest China, with the smallest values
over southern China. Compared to observations, the CMIP5
model median shows a prevailing tendency to overestimate
TXx-50 and to underestimate TNn-50, with biases typically
within a few degrees over most of China, except in the west
with its complex topography. Averaged over the entire China
territory, there is a warm bias of 1.2◦C for TXx-50 and a
cold bias of −4.1◦C for TNn-50. The largest warm bias for
TXx-50 and the largest cold bias for TNn-50, both greater
than 10◦C, are found over the mountains in Northwest China
and the Tibetan Plateau, and in the Sichuan Basin. These are
most likely due to the coarse model resolution and thus an ex-
cessively smoothed representation of the topography, which,
along with a tendency of observing stations to lie in valleys
rather at high elevations, leads to a generally warm bias in
high mountain regions and cold bias in valley basins (Gao et
al., 2013). We also note that the biases of TXx-50 and TNn-
50 show consistent patterns with the biases in TXx and TNn,

http://cmip-pcmdi.llnl.gov/cmip5/
http://cmip-pcmdi.llnl.gov/cmip5/
http://etccdi.pacificclimate.org/indices.shtml
http://etccdi.pacificclimate.org/indices.shtml
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Fig. 1. Observed extreme indices (left-hand column) and differences between the CMIP5 multi-model median and ob-
servation (right-hand column) over China in the present day (1986–2005): (a, b) TXx-50 (units: ◦C); (c, d) TNn-50
(units: ◦C); (e, f) RX5day-50 (units: mm); (g, h) CDD-50 (units: d).

although the magnitudes are larger in some areas (Dong et
al., 2015).

Moving to the precipitation based extremes, the largest
observed values of RX5day-50 are found over the monsoon
areas of eastern China, while the largest values of CDD-
50 are found over the desert areas of Northwest China (and
smallest over eastern China). In general, the bias in the multi-
model median appears to be negatively correlated with the
patterns of both RX5day-50 and CDD-50, indicating that the
models tend to underestimate the magnitude of precipitation

wet and dry extremes. In particular, large underestimations
of RX5day-50 are found in eastern China centered over the
middle and lower reaches of the Yangtze River, where mon-
soon precipitation dominates (Fig. 1f), which has also been
found in previous simulations (Xu et al., 2010). The overesti-
mation of RX5day-50 over central and western China is also
a typical deficiency of climate model simulations over these
regions (Zhang et al., 2008; Xu et al., 2013). As reported
by Gao et al. (2008), the overestimation of RX5day-50 at the
southern edge of the Tibetan Plateau is due to the low reso-
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lution of the GCMs, which allows the penetration of precip-
itation fronts from the southern slope of the Himalaya into
the region. The China-wide average bias of the RX5day-50
simulation over China is about 21% of the observed value.

For CDD-50, greater values in the range of 0–25 d com-
pared to observations are found in eastern and southern
China, and large negative biases are found at the northern
edges of the Tibetan Plateau. It should be noted that the later
biases occur in the region with the poorest observational net-
work (Wu et al., 2011; Wu and Gao, 2013), which can also
cause some uncertainty. Averaged over China, the bias of
CCD-50 is about −36 d compared to observations. Similar to
the temperature indices, the biases of Rx5day-50 and CDD-
50 show consistencies with those for Rx5day, and CDD, but

with larger values (Chen, 2014).
A summary of the observed and CMIP5 multi-model

simulations for the extreme indices of TXx-50, TNn-50,
RX5day-50 and CDD-50, over the whole of China and the
eight sub-regions, is provided in Fig. 2. Information on the
model simulations in the figure include the multi-model me-
dians, the interquartile model ranges spanned by the 25th and
75th quantiles, and the total inter-model range.

The median values of TXx-50 are typically in the range
from 34◦C to 40◦C across the sub-regions, indicating the oc-
currence of warm summers throughout the country, except
in SWC1 (23◦C) where the Tibetan Plateau is located (Fig.
2a). More diverse values of TNn-50 are found across the
sub-regions, with median values lower than −35◦C in NEC

Fig. 2. Box-and-whisker plots for the observation and multi-model CMIP5 ensemble of (a) TXx-50 (units: ◦C), (b)
TNn-50 (units: ◦C), (c) RX5day-50 (units: mm) and (d) CDD-50 (units: d) over China and the eight sub-regions
in the present day (1986–2005). The observation and models’ median are indicated by the red stars and black bars,
respectively.
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and SWC1, and around −8◦C in SC (Figs. 2b). For TXx-50,
in five (NEC, NC, EC, SWC1, NWC) out of the eight sub-
regions, as well as the whole country (CN), the observations
are within the interquartile model spread. TXx-50 is slightly
overestimated in these sub-regions, and largely overestimated
in the other three regions (CC, SC and SWC2), where the ob-
servations fall outside the interquartile model spread. In gen-
eral, more extreme warm events are simulated by the models.
Conversely, an underestimation of TNn-50 corresponding to
more cold events in the models can be found over most sub-
regions, with the observations falling within the interquar-
tile model spread in four sub-regions (CC, SC, SWC1 and
SWC2) and the whole of China (Fig. 2b).

The models show lower performance in reproducing the
observed precipitation extremes. They tend to overestimate
RX5day-50 (Fig. 2c) in most sub-regions, with the obser-
vations falling outside the interquartile model spread. The
largest overestimation is found in SWC1, SWC2 and NC.
Conversely, a greatly underestimated RX5day-50 is found
in EC, where monsoon climate dominates. In fact, only the
value from one model simulation is found to be close to the
observations. Note that EC is also a sub-region with large
inter-model spread, indicating a large difference in model per-
formance over the area. Overall, the models simulate shorter
CDD-50 for the whole of China compared to observations
(Fig. 2d), which is in line with the general finding that models
tend to produce too many low precipitation events (e.g., Sill-
mann et al., 2013a). In CN, SWC1 and NWC, the observa-
tions in fact have values that are about twice the multi-model
median, and are far from the interquartile model spread. It is
interesting to note that, in NEC and SC, where a large bias
of CDD-50 is found, the observed RX5day-50 is within the
interquartile model spread, showing the different behaviors
of the models in simulating the two ends of the precipitation
extremes.

In summary, the CMIP5 ensemble shows reasonably
good performance in simulating temperature extremes over
China, with a prevailing tendency for overestimating both
warm and cold extremes. Lower performance is found for the
precipitation extremes, with observations lying outside the
interquartile model range in the majority of regions, and the
models showing a prevailing tendency to overestimate (un-
derestimate) the wet (dry) extreme indices analyzed.

4. Projected future changes

In this section we begin by calculating the 50-yr return
values of temperature (TXx-50 and TNn-50) and precipita-
tion (RX5day-50 and CDD-50) extremes from the CMIP5
multi-model ensemble for different periods of the 21st cen-
tury, and then we compare them to the values calculated for
the corresponding present-day period.

4.1. Changes in temperature extremes

Figure 3 presents the spatial distribution of the multi-
model ensemble median changes in TXx-50 and TNn-50 for

the end of the century (2080–99) relative to the present-day
period (1986–2005) under the RCP2.6, RCP4.5 and RCP8.5
scenarios. As shown in the figure, the warming causes an in-
crease in the magnitude of both TXx-50 and TNn-50 follow-
ing the increase in greenhouse gas forcings, which is mini-
mum under RCP2.6, maximum under RCP8.5, and interme-
diate under RCP4.5.

The change in warm and cold extremes shows differ-
ent spatial patterns. Cold extremes index (TNn-50) in-
creases considerably faster over the high-latitude (Northeast
and Northwest China) and high-altitude (Tibetan Plateau) ar-
eas, as related to the snow and ice albedo feedbacks (Giorgi
et al., 1997). Most notably, a pronounced increase in TNn-50
of up to 8◦C is found in Northeast China under RCP8.5 (Fig.
3f). Conversely, the projected increase in warm extremes is
more evenly distributed. The increase in TXx-50 is mostly
in the range of 5◦C to 7◦C under RCP8.5 over the whole of
the country, except in parts of Inner Mongolia, the Tibetan
Plateau, and the southern coast.

Figure 4 shows box-and-whisker plots of the projected
sub-regional changes in TXx-50 and TNn-50 by the end of
the 21st century under different scenarios. This figure con-
firms the greater spatial variability in the change of TNn-50
compared to TXx-50, and shows how the upper tail (larger
warming) of the distribution of changes is more pronounced
than the lower tail, i.e., it shows the presence of individual
models with very high temperature sensitivity. The most
significant increases in TXx-50 under RCP8.5 are found in
EC and CC, with a multi-model median value of 5.9◦C and
6.6◦C, respectively. However, relatively large model spreads
are also found in these two sub-regions. The increase in TXx-
50 is in the range of 5.1◦C to 5.8◦C in other sub-regions (Fig.
4a). China-wide median changes in TXx-50 are 1.5◦C, 3.0◦C
and 5.4◦C under the RCP2.6, RCP4.5 and RCP8.5 scenarios,
respectively.

For TNn-50, the increases are more pronounced in NEC
and NC, with values of 8.5◦C and 7.1◦C (RCP8.5), respec-
tively, while a minimum warming of 4.1◦C is found in SC.
The maximum inter-model spread in TNn-50 occurs over dif-
ferent regions compared to TXx-50, and specifically over the
northern regions of NWC and NEC. This is likely related to
the different strength of the snow-feedback effect in the dif-
ferent models. Median changes over China are 1.6◦C, 2.7◦C
and 5.6◦C under the RCP2.6, RCP4.5 and RCP8.5 scenarios,
respectively.

Return periods of the present-day TXx-50 in different
periods of the 21st century under the three scenarios over
China and different sub-regions are summarized in the box-
and-whisker plots of Fig. 5. As shown in the figure, general
decreases in the TXx-50 return periods are found in all the
scenarios and across all the sub-regions throughout the 21st
century. Changes in the return periods show less dependency
on the emission scenarios in the early period of the 21st cen-
tury, and then become more pronounced in the high-forcing
scenarios. By the end of the century, the multi-model me-
dian return periods of the present day (50 yr) are projected
to reduce dramatically to 5.5, 2.8 and 1.2 yr under RCP2.6,
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Fig. 3. CMIP5 multi-model median changes in TXx-50 (left) and TNn-50 (right) by the end of the 21st century
(2080–99) relative 1986–2005 under RCP2.6 (top), RCP4.5 (middle) and RCP8.5 (bottom) (units: ◦C).

RCP4.5 and RCP8.5, respectively, which will lead to a se-
vere increase in extreme warm events. The largest reduc-
tions in return periods are found in the western China regions
(SWC1, SWC2 and NWC), followed by Central China (CC).
The model spreads tend to be lowest by the end of the century
and under RCP8.5.

Cold extremes are projected to be much less frequent in
the future. By the end of the 21st century, the multi-model
median return period of TNn increases to over 100 and 500
years under RCP2.6 and RCP4.5, respectively, and to infinite
numbers in RCP8.5, essentially indicating the disappearance
of such events. Inter-model uncertainties in return periods
of TNn are in general greater than those of TXx (figures not
shown for brevity).

4.2. Changes in precipitation extremes
Moving our attention to the precipitation extremes, the

CMIP5 multi-model median changes of RX5day-50 and

CDD-50 at the end of the 21st century under the different
scenarios are presented in Fig. 6. With a mixture of positive
and negative changes under RCP2.6, a dominant increase in
RX5day-50 can be found under the higher forcing scenarios
of RCP4.5 and RCP8.5. The increase under RCP8.5 is mostly
in the range of 10%–25% throughout the country, with the
largest increase of up to 50% found in Yunnan Province of
Southwest China.

The pattern of CDD-50 changes shows, to some extent,
consistencies across the scenarios, characterized by a dipole
structure of increases over most of the north and decreases in
the south. The dipole pattern is most evident in the RCP8.5
scenario, where, by the end of the century, the CDD-50 is
10–25 d longer than in the present day over most of the
southern areas. Conversely, the CDD-50 is 10–25 d shorter
than present day in the north. We stress that the increase in
CDD-50 over southern China is combined with an increase
of RX5day-50, indicating a shift toward a regime of greater
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Fig. 4. Box-and-whisker plots for multi-CMIP5 ensemble of (a) TXx-50 and (b) TNn-50 changes over China and the
eight sub-regions by the end of the 21st century under different scenarios (units: ◦C). The colors indicate the different
scenarios, with blue for RCP2.6, green for RCP4.5 and red for RCP8.5. The model median is indicated by the bars.

Fig. 5. Box-and-whisker plots for the multi-model CMIP5 ensemble of return periods of the present-day TXx-50 values in dif-
ferent periods (2016–35, 2046–65, 2080–99) of the 21st century over China and the eight sub-regions under different scenarios
(units: yr). The colors indicate the different scenarios, with blue for RCP2.6, green for RCP4.5 and red for RCP8.5. The model
median is indicated by the bars.

occurrence of both flood-producing and drought-producing
events over the region (Giorgi et al., 2011, 2014b). This re-
sponse is most pronounced in Southwest China, where the
largest changes in both RX5day-50 and CDD-50 are found.

Late 21st century projected changes in precipitation ex-
tremes (RX5day-50 and CDD-50) under the three scenarios

over China and its sub-regions are summarized in Fig. 7. For
RX5day-50, the median change is positive in all regions and
scenarios, as is the interquartile range (except for NC and
SC under RCP2.6). The full inter-model spread is relatively
large, but still above the zero line in the majority of regional
cases. The largest multi-model median increase for RCP8.5 is
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Fig. 6. The CMIP5 multi-model median changes in RX5day-50 (units: %) (left) and CDD-50 (units: d) (right) by the
end of the 21st century (2080–99) relative to 1986–2005 under RCP2.6 (top), RCP4.5 (middle) and RCP8.5 (bottom).

found in SWC2 (42%), and the minimum in NC (24%). The
inter-model spreads are in general wider under RCP8.5 com-
pared to RCP4.5 and RCP2.6, with the largest inter-model
spread occurring over SC and SWC2. The median changes
of RX5day-50 averaged over China are 7%, 15% and 29%
under RCP2.6, RCP4.5 and RCP8.5, respectively. Thus, the
signal of increase in wet extremes over the country is robust.

For CDD-50, the dipole structure of the change identified
above produces predominant declines in the northern regions
(NEC, NC, NWC) and increases in the central and southern
ones, albeit with more inter-regional variability than for the
wet extremes. The interquartile and full inter-model spreads
are large and in most cases cross the zero line, indicating a
lack of agreement in the sign of the response across the en-
semble. When averaging over the entire China territory, we
find a slight reduction in the median of 3.5, 4 and 5 d un-

der RCP2.6, RCP4.5 and RCP8.5, respectively. Therefore, a
larger uncertainty in the response of dry extremes than wet
extremes is found in the CMIP5 ensemble.

Sub-regional and China-wide changes in return periods
of present-day RX5day-50 and CDD-50 are summarized in
Figs. 8a and b, respectively. A reduction in RX5day return
periods is projected by all models under the different future
scenarios (Fig. 8a). Averaged over China, the median return
period of RX5day is reduced from 50 yr in the present day to
∼ 20 years during 2016–35 under the three scenarios, with a
further drop to 17, 13 and 7 yr by the end of the century under
RCP2.6, RCP4.5 and RCP8.5, respectively. The largest de-
crease in the return period is found over the Tibetan Plateau
(SWC1), with a value of 4.8 yr in 2080–99 under RCP8.5.
The model spreads are in general small by the end of the 21st
century under RCP8.5, except for a few models projecting
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Fig. 7. Box-and-whisker plots for the multi-model CMIP5 ensemble changes in (a) RX5day-50 and (b) CDD-50
over China and the eight sub-regions by the end of the 21st century (2080–99) relative to 1986–2005 under different
scenarios (units: % and d). The colors indicate the different scenarios, with blue for RCP2.6, green for RCP4.5 and
red for RCP8.5. The model median is indicated by the bars.

very large values over SWC2 and SC.
The changes in the CDD return periods are smaller com-

pared to RX5day, and show less evident scenario dependence
(Fig. 8b). When averaged over China, the median of the CDD
return period during 2016–35 is reduced from the present-day
value of 50 yr to ∼ 32 yr under the three scenarios. By the end
of the 21st century, the projected return periods are 38, 36 and
29 yr under RCP2.6, RCP4.5 and RCP8.5, respectively. For
the different sub-regions, decreases in the return periods in
the south and increases in the north are found, corresponding
to the dipole pattern shown in Fig. 6. The largest increase, up
to ∼ 85 years, is found in NEC, and the largest decrease, ∼ 13
years, in SWC2, under RCP8.5. The inter-model spreads are
in general larger than RX5day.

5. Summary and concluding remarks
This paper investigates the performance of a CMIP5

global model ensemble in simulating present-day 50-yr re-
turn values of temperature and precipitation extreme indices
(TXx, TNn, RX5day and CDD), along with the correspond-
ing projected changes in return values and return periods (re-
occurrence times) under different greenhouse gas concentra-
tion scenarios over China in the 21st century. The main con-
clusions can be summarized as follows:

(1) The CMIP5 multi-model median estimates of the 50-
yr return values of TXx and TNn (TXx-50 and TNn-50) in
general agree with observations over China, albeit with a ten-
dency for overestimation of TXx-50 and underestimation of
TNn-50. The differences between model simulations and ob-
servations are usually within a few degrees, except over areas
with complex topography. Better performance and smaller
inter-model spread are found for TXx-50 compared to TNn-
50. The simulation of 50-yr return values of precipitation
extremes (RX5day-50 and CDD-50) is not as good as that

for temperature. A predominant underestimation of RX5day-
50 in South China and overestimation in North China can be
found, indicating a relatively low performance of the models
in reproducing the monsoonal precipitation over the region.
Generally, an underestimation of CDD-50 is found over most
of China.

(2) Significant increases in TXx-50 and TNn-50 are found
in the 21st century. The increase in TXx-50 is spatially more
evenly distributed throughout China than TNn-50, while
larger increases in TNn-50 are found in Northeast China and
the Tibetan Plateau. Substantial decreases in the return pe-
riods of the present-day TXx-50 are projected in the future,
with values reduced from 50 to 1.2 yr under RCP8.5 by the
end of 21st century. This is indicative of much more frequent
extreme warm events in the future. Conversely, extreme cold
events become rarer, and in fact the present-day 50-yr return
period events may no longer exist by the end of 21st century
under RCP8.5.

(3) General increases in RX5day-50 values are projected
in the future, being more pronounced under the higher emis-
sion scenarios and in the late century, evenly distributed
across the country, and with good inter-model agreement.
The change in CDD-50 shows a dipole structure, with a re-
duction in the north and increment in the south. The median
of the return periods for RX5day decreases from 50 yr in the
present day to only a few years by the end of the century un-
der RCP8.5, while for CDD the return period increases in the
north and decreases in the south. Therefore, an increase in
both wet and dry extremes can be found over southern China.

Finally, although the resolutions of the CMIP5 models
are in general higher than those of the previous-generation
CMIP3 ensemble, they are still insufficient to reproduce the
monsoonal climate over East Asia well (Gao et al., 2006,
2008); and in fact, our analysis shows that GCMs need to be
improved to better simulate precipitation extremes especially.
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Fig. 8. Box-and-whisker plots for the multi-model CMIP5 ensemble return periods of the present-day (1986–2005) (a) RX5day-
50 and (b) CDD-50 values in different periods (2016–35, 2046–65, 2080–99) of the 21st century over China and the eight
sub-regions under different scenarios (units: yr). The colors indicate the different scenarios, with blue for RCP2.6, green for
RCP4.5 and red for RCP8.5. The model median is indicated by the bars.

In this respect, we plan to extend our study to the multi-RCM
ensemble simulations performed under the CORDEX frame-
work (Giorgi et al., 2009; Gao et al., 2016). Future studies
should also include more targeted analyses to better under-

stand the physical processes underlying both the model bi-
ases and the changes in the regional distribution of extremes
over the Chinese territory.



APRIL 2018 XU ET AL. 387

Acknowledgements. This study was supported by the Na-
tional Key R&D Program of China (Grant No. 2017YF0605004),
the National Natural Science Foundation of China (Grant No.
41675069), and the Climate Change Specific Fund of China (Grant
No. CCSF201731). We acknowledge the World Climate Research
Programme’s Working Group on Coupled Modeling, which is re-
sponsible for CMIP, and we thank the climate modeling groups for
producing and making available their model output. For CMIP, the
U.S. Department of Energy’s Program for Climate Model Diagnosis
and Intercomparison provides coordinating support and led the de-
velopment of software infrastructure in partnership with the Global
Organization for Earth System Science Portals.

REFERENCES

Chen, H. P., 2013: Projected change in extreme rainfall events
in China by the end of the 21st century using CMIP5 mod-
els. Chinese Science Bulletin, 58, 1462–1472, https://doi.org/

10.1007/s11434-012-5612-2.
Chen, H. P., J. Q. Sun, and X. L. Chen, 2014: Projection and un-

certainty analysis of global precipitation-related extremes us-
ing CMIP5 models. International Journal of Climatology, 34,
2730–2748, https://doi.org/10.1002/joc.3871.

Chen, X. C., 2014: Assessment of the performance over China
simulated by CMIP5 multi-models. M.S. thesis, Department
of Meteorological Science, Chinese Academy of Meteorolog-
ical Sciences, Beijing, 93 pp. (in Chinese)

Chen, Y., and P. M., Zhai, 2013: Persistent extreme precipita-
tion events in China during 1951-2010. Climate Research, 57,
143–155, https://doi.org/10.3354/cr01171.

Dong, S. Y., Y. Xu, B. T. Zhou, and Y. Shi, 2015: Assessment
of indices of temperature extremes simulated by multiple
CMIP5 models over China. Adv. Atmos. Sci., 32(8), 1077–
1091, https://doi.org/10.1007/s00376-015-4152-5.

Fischer, E. M., and R. Knutti, 2014: Detection of spatially ag-
gregated changes in temperature and precipitation extremes.
Geophys. Res. Lett., 41(2), 547–554, https://doi.org/10.1002/

2013GL058499.
Frich, P., L. V. Alexander, P. Della-Marta, B. Gleason, M. Haylock,

A. M. G. Klein Tank, and T. Peterson, 2002: Observed coher-
ent changes in climatic extremes during the second half of the
twentieth century. Climate Research, 19, 193–212, https://doi.
org/10.3354/cr019193.

Gao, X. J., Z. C. Zhao, and F. Giorgi, 2002: Changes of extreme
events in regional climate simulations over East Asia. Adv. At-
mos. Sci., 19, 927–942, https://doi.org/10.1007/s00376-002-
0056-2.

Gao, X.-J., M.-L. Wang, and F. Giorgi, 2013: Climate change
over China in the 21st century as simulated by BCC CSM1.1-
RegCM4.0. Atmospheric and Oceanic Science Letters, 6(5),
381–386, https://doi.org/10.3878/j.issn.1674-2834.13.0029.

Gao, X. J., Y. Xu, Z. C. Zhao, J. S. Pal, and F. Giorgi, 2006:
On the role of resolution and topography in the simulation of
East Asia precipitation. Theor. Appl. Climatol., 86, 173–185,
https://doi.org/10.1007/s00704-005-0214-4.

Gao, X. J., Y. Shi, R. Y. Song, F. Giorgi, Y. G. Wang, and D. F.
Zhang, 2008: Reduction of future monsoon precipitation over
China: Comparison between a high resolution RCM simula-
tion and the driving GCM. Meteor. Atmos. Phys., 100, 73–86,
https://doi.org/10.1007/s00703-008-0296-5.

Gao, X. J., Y. Shi, and F. Giorgi, 2016: Comparison of convective
parameterizations in RegCM4 experiments with CLM as the
land surface model over China. Atmos. Oceanic Sci. Lett., 6,
246–254, https://doi.org/10.1080/16742834.2016.1172938.

Giorgi, F., C. Jones, and G. Asrar, 2009: Addressing climate infor-
mation needs at the regional level: The CORDEX framework.
WMO Bulletin, 58, 175–183.

Giorgi, F., E. Coppola, and F. Raffaele, 2014b: A consistent picture
of the hydroclimatic response to global warming from multi-
ple indices: Models and observations. J. Geophys. Res., 119,
11 695–11 708, https://doi.org/10.1002/2014JD022238.

Giorgi, F., J. W. Hurrell, M. R. Marinucci, and M. Beniston, 1997:
Elevation dependency of the surface climate change signal:
A model study. J. Climate, 10, 288–296, https://doi.org/

10.1175/1520-0442(1997)010<0288:EDOTSC>2.0.CO;2.
Giorgi, F., E.-S. Im, E. Coppola, N. S. Diffenbaugh, X. J. Gao,

L. Mariotti, and Y. Shi, 2011: Higher hydroclimatic intensity
with global warming. J. Climate, 24, 5309–5324, https://doi.
org/10.1175/2011JCLI3979.1.

Giorgi, F., and Coauthors, 2014a: Changes in extremes and hydro-
climatic regimes in the CREMA ensemble projections. Cli-
matic Change, 125, 39–51, https://doi.org/10.1007/s10584-
014-1117-0.

Hosking, J. R. M., 1990: L-moments: Analysis and estimation
of distributions using linear combinations of order statistics.
Journal of the Royal Statistical Society. Series B, 52, 105–
124.

IPCC, 2013: Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment Re-
port of the Intergovernmental Panel on Climate Change, T. F.
Stocker et al., Eds., Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA, 1029 pp.

Jiang, D.-B., H.-J. Wang, and X.-M. Lang, 2004: Multimodel en-
semble prediction for climate change trend of China under
SRES A2 scenario. Chinese Journal of Geophysics, 47, 878–
886, https://doi.org/10.1002/cjg2.564.

Kharin, V. V., F. W. Zwiers, and X. B. Zhang, 2005: Intercompar-
ison of near-surface temperature and precipitation extremes
in AMIP-2 simulations, reanalyses, and observations. J. Cli-
mate, 18, 5201–5223, https://doi.org/10.1175/JCLI3597.1.

Kharin, V. V., F. W. Zwiers, X. B. Zhang, and G. C. Hegerl,
2007: Changes in temperature and precipitation extremes in
the IPCC ensemble of global coupled model simulations. J.
Climate, 20, 1419–1444, https://doi.org/10.1175/JCLI4066.1.

Kharin, V. V., F. W. Zwiers, X. Zhang, and M. Wehner,
2013: Changes in temperature and precipitation extremes
in the CMIP5 ensemble. Climatic Change, 119, 345–357,
https://doi.org/10.1007/s10584-013-0705-8.

Kunkel, K. E., T. R. Karl, D. R. Easterling, K. Redmond, J. Young,
X. G. Yin, and P. Hennon, 2013: Probable maximum pre-
cipitation and climate change. Geophys. Res. Lett., 40, 1402–
1408, https://doi.org/10.1002/grl.50334.

Meehl, G. A., C. Covey, K. E. Taylor, T. Delworth, R. J. Stouf-
fer, M. Latif, B. McAvaney, and J. F. B. Mitchell, 2007: The
WCRP CMIP3 multimodel dataset: A new era in climate
change research. Bull. Amer. Meteor. Soc., 88, 1383–1394.
https://doi.org/10.1175/BAMS-88-9-1383.

Moss, R. H., and Coauthors, 2010: The next generation of scenar-
ios for climate change research and assessment. Nature, 463,
747–756, https://doi.org/10.1038/nature08823.

Qian, W. H., J. L. Fu, and Z. W. Yan, 2007: Decrease of light
rain events in summer associated with a warming environ-

https://doi.org/10.1007/s11434-012-5612-2
https://doi.org/10.1007/s11434-012-5612-2
https://doi.org/10.1002/joc.3871
https://doi.org/10.3354/cr01171
https://doi.org/10.1007/s00376-015-4152-5
https://doi.org/10.1002/2013GL058499
https://doi.org/10.1002/2013GL058499
https://doi.org/10.3354/cr019193
https://doi.org/10.3354/cr019193
https://doi.org/10.1007/s00376-002-0056-2
https://doi.org/10.1007/s00376-002-0056-2
https://doi.org/10.3878/j.issn.1674-2834.13.0029
https://doi.org/10.1007/s00704-005-0214-4
https://doi.org/10.1007/s00703-008-0296-5
https://doi.org/10.1080/16742834.2016.1172938
https://doi.org/10.1002/2014JD022238
https://doi.org/10.1175/1520-0442(1997)010$<$0288:EDOTSC$>$2.0.CO;2
https://doi.org/10.1175/1520-0442(1997)010$<$0288:EDOTSC$>$2.0.CO;2
https://doi.org/10.1175/2011JCLI3979.1
https://doi.org/10.1175/2011JCLI3979.1
https://doi.org/10.1007/s10584-014-1117-0
https://doi.org/10.1007/s10584-014-1117-0
https://doi.org/10.1002/cjg2.564
https://doi.org/10.1175/JCLI3597.1
https://doi.org/10.1175/JCLI4066.1
https://doi.org/10.1007/s10584-013-0705-8
https://doi.org/10.1002/grl.50334
https://doi.org/10.1175/BAMS-88-9-1383
https://doi.org/10.1038/nature08823


388 PROJECTED EXTREMES OVER CHINA VOLUME 35

ment in China during 1961-2005. Geophys. Res. Lett., 34(11),
L11705, https://doi.org/10.1029/2007GL029631.

Qin, D. H., 2012: The Sythetic Report of Assessment of Climate
and Environment Changes in China: 2012. Meteorological
Press, 87 pp.

Seneviratne, S. I., and Coauthors, 2012: Changes in climate ex-
tremes and their impacts on the natural physical environment.
Managing the Risks of Extreme Events and Disasters to Ad-
vance Climate Change Adaptation, C. B. Field et al., Eds.,
Cambridge University Press, Cambridge, UK, and New York,
NY, USA, 109–230.

Sillmann, J., V. V. Kharin, X. Zhang, F. W. Zwiers, and D.
Bronaugh, 2013a: Climate extremes indices in the CMIP5
multimodel ensemble: Part 1. Model evaluation in the present
climate. J. Geophys. Res., 118, 1716–1733, https://doi.org/

10.1002/jgrd.50203.
Sillmann, J., V. V. Kharin, F. W. Zwiers, X. Zhang, and D.

Bronaugh, 2013b: Climate extremes indices in the CMIP5
multimodel ensemble: Part 2. Future climate projections. J.
Geophys. Res., 118, 2473–2493, https://doi.org/10.1002/jgrd.
50188.

Su, B. D., B. Xiao, D. M. Zhu, and T. Jiang, 2005: Trends in fre-
quency of precipitation extremes in the Yangtze River basin,
China: 1960-2003. Hydrological Sciences Journal, 50, 492,
https://doi.org/10.1623/hysj.50.3.479.65022.

Sun, Q. H., C. Y. Miao, and Q. Y. Duan, 2015: Comparative analy-
sis of CMIP3 and CMIP5 global climate models for simulat-
ing the daily mean, maximum, and minimum temperatures
and daily precipitation over China. J. Geophys. Res., 120,
4806–4824, https://doi.org/10.1002/2014JD022994.

Taylor, K. E, B. J. Stouffer, and G. A. Meehl, 2012: An overview of
CMIP5 and the experiment design. Bull. Amer. Meteor. Soc.,
93, 485–498, https://doi.org/10.1175/BAMS-D-11-00094.1.

Tebaldi, C., K. Hayhoe, J. M. Arblaster, and G. A. Meehl,
2006: Going to the extremes: An intercomparison of model-
simulated historical and future changes in extreme events.
Climatic Change, 79, 185–211, https://doi.org/10.1007/

s10584-006-9051-4.
Toreti, A., and Coauthors, 2013: Projections of global changes in

precipitation extremes from Coupled Model Intercomparison
Project Phase 5 models. Geophys. Res. Lett., 40, 4887–4892,
https://doi.org/10.1002/grl.50940.

Wu, J., and X. J. Gao, 2013: A gridded daily observation dataset
over China region and comparison with the other datasets.
Chinese Journal of Geophysics, 56, 1102–1111, https://doi.
org/10.6038/cjg20130406. (in Chinese with English abstract)

Wu, J., X. J. Gao, and Y. Shi, 2012: Changes of 20-year re-
turn temperature and precipitation extremes over China sim-
ulated by RegCM3. Progressus Inquisitiones de Mutatione
Climatis, 8, 243–249, https://doi.org/10.3969/j.issn.1673-
1719.2012.04.002. (in Chinese)

Wu, J., X. J. Gao, Y. Shi, and F. Giorgi, 2011: Climate change
over Xinjiang region in the 21st century simulated by a high
resolution regional climate model. Journal of Glaciology and
Geocryology, 33(3), 479–487. (in Chinese)

Wuebbles, D., and Coauthors, 2014: CMIP5 climate model anal-
yses: Climate extremes in the United States. Bull. Amer.
Meteor. Soc., 95, 571–583, https://doi.org/10.1175/BAMS-D-
12-00172.1.

Xu, C. H., 2010: Simulation and projection for extremes climate
events in China by global climate models. PhD dissertation,
Institute of Atmospheric Physics, Chinese Academy of Sci-
ence. (in Chinese)

Xu, J. Y., Y. Shi, X. J. Gao, and F. Giorgi, 2013: Projected changes
in climate extremes over China in the 21st century from a
high resolution regional climate model (RegCM3). Chinese
Science Bulletin, 58, 1443–1452, https://doi.org/10.1007/

s11434-012-5548-6.
Xu, Y., X. J. Gao, and F. Giorgi, 2010: Upgrades to the relia-

bility ensemble averaging method for producing probabilis-
tic climate-change projections. Climate Research, 41, 61–81,
https://doi.org/10.3354/cr00835.

Xu, Y., C. H. Xu, X. J. Gao, and Y. Luo, 2009a: Projected changes
in temperature and precipitation extremes over the Yangtze
River Basin of China in the 21st century. Quaternary Inter-
national, 208, 44–52, https://doi.org/10.1016/j.quaint.2008.
12.020.

Xu, Y., X. J. Gao, Y. Shi, and B. T. Zhou, 2015a: Detection and
attribution analysis of annual mean temperature changes in
China. Climate Research, 63, 61–71, https://doi.org/10.3354/

cr01283.
Xu, Y., J. Wu, Y. Shi, B.-T. Zhou, R.-K. Li, and J. Wu,

2015b: Change in extreme climate events over China
based on CMIP5. Atmos. Oceanic Sci. Lett., 8(4), 185–192,
https://doi.org/10.3878/AOSL20150006.

Xu, Y., X. J. Gao, Y. Shen, C. H. Xu, Y. Shi, and F. Giorgi, 2009b:
A daily temperature dataset over China and its application in
validating a RCM simulation. Adv. Atmos. Sci., 26(4), 763–
772, https://doi.org/10.1007/s00376-009-9029-z.

Zhai, P. M., and X. H. Pan, 2003: Trends in temperature extremes
during 1951-1999 in China. Geophys. Res. Lett., 30(17),
1913, https://doi.org/10.1029/2003GL018004.

Zhai, P. M., A. J. Sun, F. M. Ren, X. N. Liu, B. Gao, and
Q. Zhang, 1999: Changes of climate extremes in China.
Climatic Change, 42(1), 203–218, https://doi.org/10.1023/

A:1005428602279.
Zhang, D. F., X. J. Gao, L. C. Ouyang, and W. J. Dong, 2008: Sim-

ulation of present climate over East Asia by a regional climate
model. Journal of Tropical Meteorology, 14(1), 19–23.

Zhang, H., and P. M. Zhai, 2011: Temporal and spatial charac-
teristics of extreme hourly precipitation over eastern China
in the warm season. Adv. Atmos. Sci., 28, 1177–1183,
https://doi.org/10.1007/s00376-011-0020-0.

Zhang, X. B., L. Alexander, G. C. Hegerl, P. Jones, A. K. Tank, T.
C. Peterson, B. Trewin, and F. W. Zwiers, 2011: Indices for
monitoring changes in extremes based on daily temperature
and precipitation data. Wiley Interdisciplinary Reviews: Cli-
mate Change, 2, 851–870, https://doi.org/10.1002/wcc.147.

Zhang, Y., Y. L. Xu, W. J. Dong, L. J. Cao, and M. Sparrow, 2006:
A future climate scenario of regional changes in extreme cli-
mate events over China using the PRECIS climate model.
Geophys. Res. Lett., 33, L24702, https://doi.org/10.1029/

2006GL027229.
Zhou, B. T., Q. H. Wen, Y. Xu, L. C. Song, and X. B. Zhang, 2014:

Projected changes in temperature and precipitation extremes
in China by the CMIP5 multimodel ensembles. J. Climate,
27, 6591–6611, https://doi.org/10.1175/JCLI-D-13-00761.1.

https://doi.org/10.1029/2007GL029631
https://doi.org/10.1002/jgrd.50203
https://doi.org/10.1002/jgrd.50203
https://doi.org/10.1002/jgrd.50188
https://doi.org/10.1002/jgrd.50188
https://doi.org/10.1623/hysj.50.3.479.65022
https://doi.org/10.1002/2014JD022994
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.1007/s10584-006-9051-4
https://doi.org/10.1007/s10584-006-9051-4
https://doi.org/10.1002/grl.50940
https://doi.org/10.6038/cjg20130406
https://doi.org/10.6038/cjg20130406
https://doi.org/10.3969/j.issn.1673-1719.2012.04.002
https://doi.org/10.3969/j.issn.1673-1719.2012.04.002
https://doi.org/10.1175/BAMS-D-12-00172.1
https://doi.org/10.1175/BAMS-D-12-00172.1
https://doi.org/10.1007/s11434-012-5548-6
https://doi.org/10.1007/s11434-012-5548-6
https://doi.org/10.3354/cr00835
https://doi.org/10.1016/j.quaint.2008.12.020
https://doi.org/10.1016/j.quaint.2008.12.020
https://doi.org/10.3354/cr01283
https://doi.org/10.3354/cr01283
https://doi.org/10.3878/AOSL20150006
https://doi.org/10.1007/s00376-009-9029-z
https://doi.org/10.1029/2003GL018004
https://doi.org/10.1023/A:1005428602279
https://doi.org/10.1023/A:1005428602279
https://doi.org/10.1007/s00376-011-0020-0
https://doi.org/10.1002/wcc.147
https://doi.org/10.1029/2006GL027229
https://doi.org/10.1029/2006GL027229
https://doi.org/10.1175/JCLI-D-13-00761.1

	Introduction
	Data and method
	Validation of present-day simulations
	Projected future changes
	Changes in temperature extremes
	Changes in precipitation extremes

	Summary and concluding remarks

