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ABSTRACT

Based on observations and 12 simulations from Coupled Model Intercomparison Project Phase 5 (CMIP5) models, cli-
matic extremes and their changes over China in the past and under the future scenarios of three Representative Concentration
Pathways (RCPs) are analyzed. In observations, frost days (FD) and low-temperature threshold days (TN10P) show a de-
creasing trend, and summer days (SU), high-temperature threshold days (TX90P), heavy precipitation days (R20), and the
contribution of heavy precipitation days (P95T) show an increasing trend. Most models are able to simulate the main char-
acteristics of most extreme indices. In particular, the mean FD and TX90P are reproduced the best, and the basic trends of
FD, TN1OP, SU and TX90P are represented. For the FD and SU indexes, most models show good ability in capturing the
spatial differences between the mean state of the periods 1986—-2005 and 1961-80; however, for other indices, the simulation
abilities for spatial disparity are less satisfactory and need to be improved. Under the high emissions scenario of RCP8.5,
the century-scale linear changes of the multi-model ensemble (MME) for FD, SU, TN10P, TX90P, R20 and P956.8re
46.0,—27.1, 175.4, and 2.9 days, and 9.9%, respectively; and the spatial change scope for each index is consistent with the
emissions intensity. Due to the complexities of physical process parameterizations and the limitation of forcing data, great
uncertainty still exists with respect to the simulation of climatic extremes.
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1. Introduction and minimum temperature show increasing trends over the
S . . hole of China, while the most significant warming tendency
Changes in climatic extremes have more serious impac . : ? .
: I Tound over North China, with the largest warming ampli-
on human society, the economy and ecosystems compared ~. = ~
. e in winter. Furthermore, the frequency of extreme pre-
to mean climate changes (Meehl et al., 2000). Great efforts.. .. .
. ; cipitation events has also increased. Ren et al. (2010) used an
have been made to understand the physical mechanisms a : . .
X T extreme climate index to reveal a decrease in extreme events
evolution of changes in climatic extremes under the globa i,
. . elated to anomalous cold conditions (e.g. frost days), and an
warming background. In recent years, extensive research has .
AR iINCrease in extreme events related to anomalous warm con-
been conducted on the spatial distribution and temporal evp: . .

. L - ditions (e.g. warming days). Based on the above-mentioned
lution of extreme temperature and precipitation over China = = ‘™' .

) ; o ; i inyestigations, coupled climate models have been used to ex-
using various statistical methods (Jiang et al., 1999; Zhai Slre future climate chanae scenarios with a focus on cli
al., 1999; Yan and Yang, 2000; Zhai and Pan, 2003; Zhaipef) . g - T

) i .~ Mmatic extremes (Gao et al., 2002; Jiang et al., 2004; Jiang
al., 2005; Chen et al., 2009; Ren et al., 2010). Zhai et al. . o ]

) 4 et al., 2007; Zhang et al., 2007; Jiang et al., 2012; Wang et
(1999) used monthly observations of 369 stations to focu ) . .
. . al, 2012; Lang and Sui, 2013). Jiang et al. (2012) evalu-
mainly on the annual and seasonal changes, while Zhai &t . N X .
. . .~ “ated and projected some extreme indices over China using
al. (2005) used daily data of 740 stations to focus mainly : )

SO . ; oupled Model Intercomparison Project Phase 3 (CMIP3)
the spatial distribution. Comprehensively, these studies have : :
mostly illustrated that both the annual average maximunrﬁOdels' Their results showed that the global coupled climate

y 9 models that they studied have the ability to reproduce the spa-
tial distribution and linear trends of the extreme indices, and
* Corresponding author: FENG Jinming that the extreme precipitation index tends to increase in the
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Important progress has been made through the develapnimum temperature (TN), and precipitation (PRCT) over
ment of global coupled models and climate simulations. Ti@hina (Xie et al., 2007; Xu et al., 2009). The dataset covers
outputs of tens of models’ historical experiments and ftthe period 1961-2005.
ture projections of the different Representative Concentration The coupled climate model outputs are taken from the
Pathways (RCPs) are being supplied as part of the Coup@8lIP5 multi-model data archive (http://cmip-pcmdi.linl.
Model Intercomparison Project Phase 5 (CMIP5). These ogv/cmip5/index.html). In the study, the main focus is on
puts provide a good opportunity to evaluate the capacity thfe 20th century historical experiments, and the projection
coupled models in simulating extreme climate events ovexperiments under the RCP2.6, RCP4.5 and RCP8.5 scenar-
China, as well as project their future changes. In the presérg. In total, the outputs of 12 models are employed. As we
paper, the performances of CMIP3 models are also ref&now, greenhouse gas emissions are the main cause of current
enced and discussed, giving us greater confidence in teigigbal warming. In order to better understand global change,
of the future projections of extreme climate change based especially with respect to extreme climate, the changes in car-
CMIPS5 outputs. bon dioxide (CQ) and sulfate aerosol (SpPconcentrations

The remainder of the paper is organized as follows. Firah, the past and future (under different RCPs) are presented in
the observations, CMIP5 model datasets, extreme indicEgy. 1. The data show a clear increase in the,@Bncen-
and methods used in the study are described in section 2tration both in the past and in the future; while the historical
section 3, model performances are validated by compari8@, concentration in China shows an increasing trend, and a
CMIP5 outputs with observations. Mean climate, temporalture peak appears at around 202040, before decreasing to
evolution, and spatial distribution of six extreme indices atbe level of the mid-20th century by the year 2100. Table 1
considered in this study. CMIP5 results for 2006—99 are eprovides detailed descriptions of the models examined in this
ployed to project the changes in extreme climate under futigtidy. In order to facilitate the comparison of model results
scenarios. Finally, a summary and discussion of the key fingith observations, the bilinear interpolation method is used
ings are given in section 4. to re-grid the model outputs to 0.5 0.5° grids, i.e. to bring

them in line with observations.

2. Datasets, extremeindices, and methodology 2.2. Extremeindices
The World Meteorological Organization (WMO) pro-
vides more than 30 extreme indices (Karl et al., 1999), and
The observations used to validate the simulation resuttsnsiders China to be easily influenced by extreme events re-
are 0.8 x 0.5° gridded daily maximum temperature (TX),lated to minimum/maximum temperature and heavy rain. For

2.1. Datasets

Table 1. Model descriptions.

Resolution
Model Model Expansions Institution (latxlon) References

BCC-CSM Beijing Climate Center Climate SysteBeijing Climate Center 2.8°x2.8° Wu et al. (2010)
Model

BNU-ESM Beijing Normal University Earth SysBeijing Normal University B°x2.8 Wu et al. (2013)
tem Model

CanCM4 Canadian Centre for Climate Modélanadian Centre for Climate Model2.8° x 2.8° Flato et al. (2000)
ing and Analysis Coupled Climate ing and Analysis
Model Version 4

CanESM2 Version 2 of Canadian Earth Syst&@anadian Centre for Climate Model2.8° x 2.8° Gillettet al. (2012)
Model ing and Analysis

CCSM4 Version 4 of Community Climate Sy$National Center for Atmospheri€.9° x 1.25° Gentetal. (2011)
tem Model Research

CNRM-CM5 Institute Pierre Simon Laplace Climaentre National de Recherches Md-4° x 1.4° Voldoire et al. (2011)
Model Version 5 teorologiques

GFDL-ESM2M Geophysical Fluid Dynamics Labor&eophysical Fluid Dynamics Labo2.0° x 2.5° Dunne et al. (2012)
tory Earth System Model ratory

GISS-E2-R Goddard Institute for Space Stud®sddard Institute for Space Studies.02x 2.5° Hansen et al. (1983)

Model E with Russell Ocean Model
HadCM3 Hadley Center Model Version 3 Hadley Centre for Climate Researgh x2.5° Collins et al. (2001)

IPSL-CM5A  Institute Pierre Simon Laplace Climatestitut Pierre Simon Laplace P x 3.8° Marti et al. (2010)

Model Version 5
MIROC-ESM Japan Agency for Marine-Earth Sciengapan Agency for Marine-Earth Sci2.8° x 2.8° Watanabe et al. (2011)

and Technology Earth System Model ence and Technology

MRI-CGCM3 Meteorological Research Institute CoMteteorological Research Institute .11 x 1.1° Yukimoto and Noda (2002)
pled General Circulation Model ver-
sion 3
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determine the 95% percentile value; then obtain the average
PR TR TSR NS U NTNTUNTA N '

‘ , - 95% percentile value in the baseline period (1961-90); and
800.0 4 Global CO2 Concentration L . - e
: finally, calculate the contribution of annual total precipitation
> 600.0 4 = history ——RCP26 - that exceeds the average 95% percentile value.
E —_— . : )
S 400.0 4 ROP4S — RCP8S 1 The multi-model ensemble (MME) mean is calculated us-
200.0 4 - ing the arithmetic mean, i.e., each model has the same weight.
00 4 soconatatonicin /\ 3 50 The model relative erroiH) is expressed as:
i — M i — O;
3 / - 150 Ej=—2—1x100%,
3 - 120 © ' j
3 F 90 o :
3 E 60 © whereE; j represents the relative error of tith model for
3 E o3 the jth index; M; j represents théh model result fojth in-
LI L B AN B B dex; andOj represents the observéith index.
1880 1920 1960 2000 2040 2080 Non-parametric Mann-Kendal (MK) statistics (Mann,
Year 1945; Kendall, 1948) were used to test linear trends.

Fig. 1. Historical and future (under RCP scenarios) changes of
CO, and SQ concentrations over China. 3. Results

example, heat waves can occur in summer, often resultingid:  Mean values
heat stroke or, in the worst-case scenario, death; while frost Figure 2 shows the results of model simulations versus
can cause significant losses and disruption for agriculture astsbervations for the regional and yearly averages of the six
transport, and heavy rain can cause floods. For this paper,exéreme indices over the whole of China during 1961-2005.
selected four representative extreme temperature indices Asdcan be seen, the ability to simulate the indices differs
two representative extreme precipitation indices defined hynong the various models. In general, the characteristics of
the WMO. Details regarding these extreme indices are givélre FD index are best represented by the models. Compared
in Table 2. to observations, th& of the FD and TX90P indexes for a
The six extreme indices consist of three defined by abingle model are in the range7.6%—13.9% and-5%-5%,
solute threshold (FD, SU and R20), and three defined hgspectively. However, they are only 1.7% antl.0% for the
percentage threshold (TN10P, TX90P and P95T), which tetME, which reflects the superiority of using the MME com-
gether reflect the different perspectives of extreme climgtared to any single model. All the models underestimate the
events. The chosen indices have been widely investiga®d index (Fig. 2b) but overestimate the TN10P index (Fig.
in the past through both observational and model simulati@o), and the correspondifgof the MME reach-28.8% and
studies, which provide useful information on understandiri®.9%, respectively. This result indicates that the majority
whether the CMIP5 models have improved in terms of thedf the models underestimate both the absolute extreme max-

simulate and project skill. imum temperature and the threshold extreme minimum tem-
perature. Most of the models also underestimate the precipi-
2.3. Methodology tation index, R20 (Fig. 2e), which is consistent with CMIP3

The methods used to calculate the extreme indices desults (Jiang et al., 2009). Despite the fact that most models
fined by the percentage threshold are as follows. For theoduce lower R20 index, thel are very small. Thé& for
TN10P and TX90P indexes: sort the daily data on the satte MME of R20 is only—3.8%, indicating that the disparity
day of all years from the baseline period (1961-90) into ais-not too great, although the frequency of extreme precipita-
cending order; determine the percentile value; then calculéten is underestimated. The E of the P95T index for a single
the number of days of each year whose value is greater (foodel is in the range-12.7%-11%, but for the MME it is
TX90P) or smaller (for TN10P) than the corresponding peonly 0.3%.
centile value. For the P95T index: sort the precipitation on The magnitude of the absolute value of E is used as an
wet days & 1.0 mm) into ascending order in the same yeaindication of a model's performance relative to other models.

Table 2. Extreme index definitions.

Index name Definition Units
Frost days (FD) Total number of days when Tk 0°C d
Summer days (SU) Total number of days when TX% 25°C d
Low-temperature threshold days (TN10P) Percentage of days when T0th percentile d
High-temperature threshold days (TX90P) Percentage of days when 90th percentile d
Heavy precipitation days (R20) Total number of days when PRCYT 20 mm d

Heavy precipitation contribution (P95T) The contribution of annual total precipitation when PRISIh percentile %
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Fig. 2. Observed and modeled multi-year average for each index (dashed line: observation).
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Fig. 3. Model simulation skill denoted by relative error order for each index.

Figure 3 shows the skill of the models in simulating the simean index values. Figure 3 also indicates that the MME im-
extreme climate indices. Their skill levels are ordered froproves the skill to some extent, but it definitely relies on the
1 to 13 for each index. For each model, the lower the orapability of each single model.

der number, the higher its simulation skill. From Fig. 3 it )

can be seen that CanESM2 performs best, with five indice$- Temporal evolution

(all apart from P95T) ranking in the top six among the 12 To compare the temporal evolution of modeled and ob-
models. Five indices (again, all apart from P95T) of CCSMgerved indices, linear trends are calculated using the least-
also rank in the top six, while four indices (all apart from F3quares method and trend significance is assessed using the
and TN10P) of MIROC-ESM rank in the top six. MIROC-MK test at the 5% level. In addition, the time series for each
ESM has the best ability to simulate the extreme precipitaf the six indices are presented to evaluate and compare the
tion index. Overall, it appears that CCSM4, CanESM2 andodels’ abilities in reproducing the temporal evolution. The
MIROC-ESM have the highest capabilities in reproducing tHmear trends and associated significance are given in Table 3.
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Table 3. Observed and simulated decadal trend for each index [units: (18]yBold type indicates the trend is significant at the 5% level;

values in parentheses are the standard deviation of the models for each index.

Index

Model FD SuU TN1OP TX90P R20 PO5T
BCC-CSM -2.0 1.3 1.3 3.2 —-0.04 0.22
BNU-ESM —-2.6 25 -34 45 -0.10 0.62
CanCM4 -21 2.0 -14 3.7 0.13 0.29
CanESM2 -3.0 2.7 -3.1 4.4 0.09 0.23
CCsSM4 -2.3 2.0 -26 4.8 -0.03 0.22
CNRM-CM5 -1.3 0.6 0.4 2.4 0.20 0.67
GFDL-ESM2M -2.3 2.7 -0.3 4.8 0.01 0.44
GISS-E2-R -15 0.6 -05 3.2 —0.04 0.17
HadCM3 -1.7 15 -0.1 2.7 —0.05 0.32
IPSL-CM5A -2.8 2.6 -4.0 7.2 0.07 0.35
MIROC-ESM -11 -0.2 1.5 3.2 0.22 0.28
MRI-CGCM3 -15 0.6 1.5 4.5 —-0.07 0.09
MME —2.0(0.6) 1.6 (1.0) -1.1(1.9) 4.1(1.3) 0.04 (0.1) 0.33(0.2)
OBS -3.1 1.8 —-2.8 2.4 0.01 0.33

It is clear that the observed FD and TN10P show signifiistically significant, except for those of CNRM-CM5, GISS-
cant decreasing trends, while the SU and TX90P index haw2-R and MRI-CGCM3. The SU trend in the observation
increasing trends. However, little change is found for R28nd MME result is 1.6 and 1.8 d (10 yf), respectively.
and P95T. Furthermore, these regional trend characteristiqggart from CNRM-CM5, MIROC-ESM and MRI-CGCM3,
are similar to those found at the global scale (Alexanderthie other nine models agree with the observed decreasing
al., 2006; Sillmann et al., 2013a). The models can basicathgnd of the TN10P index. The simulated decreasing trend
reproduce the time evolution of the extreme indices, espH-TN10P is statistically significant for most of the models.
cially for FD, SU, TN10P and TX90P (Fig. 4). A signifi-The TN1OP trend in the observation and MME result k.1
cant decreasing trend of the FD index is found in all modahd—2.8 d (10 yr)'%, respectively. All the models are able
results, but the magnitude is less than that in the obsert@reproduce the significant increasing trend of TX90P, but
tion [-3.1 d (10yr)Y]. The FD trend across the modelsoverestimate the trend magnitude. The TX90P trend in the
results falls in the range-3.0 to —1.1 d (10 yr)'%, while observation is 2.4 d (10 yr}, while that of the MME is 4.1
that of the MME is—2.0 d (10 yr)1. Apart from MIROC- d (10 yr)2.

ESM, the other 11 models are able to reproduce the trend The observed trends of the extreme precipitation indices
of the SU index in the same direction as the observed tremde very small, and they are not statistically significant,
These simulated trends, as well as the MME trend, are séspecially for R20. CanCM3, CNRM-CM5 and MIROC-

FD Su TN10P
220 - 120 — 70 s
210 ] .
o 200 2 %
= 1 . > 1w
g3 § u] -
160 - 40 1 :
150 T T T T 20 T T T T 0 T T T T
1960 1970 1980 1990 2000 2010 1960 1970 1980 1990 2000 2010 1960 1970 1980 1990 2000 2010
year year year
TX90P R20
80 s 11.0 4 s 24.0
10.0 220
9.0 200 {4 A
2 8o o 180 fabill
g 70 16.0 i k|
6.0 14.0 { L
v 5.0 12,0 1 M
ARk A Mot i SO 2.0 ey 10.0 e
1960 1970 1980 1990 2000 2010 1960 1970 1980 1990 2000 2010 1960 1970 1980 1990 2000 2010
year year year
—BCC-CSM ~—BNU-ESM —CanCM4 —CanESM2 —CCSM4  CNRM-CM5 ——GFDL-ESM2M

—GISS-E2-R —HadCM3 IPSL-CM5A —MIROC-ESM —MRI-CGCM3 —OBS —MME

Fig. 4. Observed and modeled time series of each extreme index.
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ESM overestimate the linear trend of R20, while BNU-ESMange 0—6 days. The BCC-CSM, CCSM4, GFDL-ESM2M,
CCSM4, HadCM3 and MRI-CGCMS3 models give an oppd-dadCM3 and MRI-CGCM3 models, as well as the MME,
site trend. The models are in agreement with the observatairow good performance, while BNU-ESM, CanESM2 and
for the P95T trend. IPSL-CM5A overestimate the changes in Northeast China
Therefore, the models are able to simulate extreme temet shown). The observed TN10P and TX90P share the
perature indices better than extreme precipitation indices.dame regional variation characteristics in that the changes
addition, most of the models are generally able to reproduceNorth China are much larger than those in South China,
the temporal evolution and linear trend within a reasonaldad CanESM2 and GFDL-ESM2M show good performance

range. in reproducing this phenomenon. The BNU-ESM, CNRM-
S CM5, GFDL-ESM2M, GISS-E2-R, HadCM3 and MIROC-
3.3. Spatial distribution ESM models magnify the amplitude of increase for the

The spatial correlation between observed and modeléN10P index across the whole of China (not shown).
extreme indices is calculated to quantify their similarity. Be- There are few and uniform changes across the whole of
fore calculating the correlation, the temporal average fro@hina for the observed R20 index, but the models reflect a
1961 to 2005 is first obtained for the six extreme indices. Fitgrger spatial difference (Fig. 7). For example, the CNRM-
ure 5 shows that there are great differences in spatial cor@M5, GFDL-ESM2M and HadCM3 models overestimate the
lation among the different indices. Overall, the top three immplitude of decrease in the R20 index over Northeast China
dices with high correlation coefficients are FD, SU, and P95dnd South China (Fig. 7). Furthermore, most of the model
Their correlation exceeds 0.85, 0.6 and 0.5, respectively. Cagsults show significant regional variation for the P95T in-
relations of the TN1OP and TX90P indexes are lower, anigx (e.g. GFDL-ESM2M and CanCM4 show visible varia-
large dispersion exists among the different models. The t@®n centered in Northeast China), which does not reflect the
sults are not statistically significant for most models, and tlobservational results (not shown).
correlations of many of the models are even negative. Therefore, it is relatively easy for the models to capture

The spatial distribution of climatic extreme change cathhe temporal average value for the FD and TX90P indexes,
be reflected by comparing the observed and modeled spatiati the MME is able to reduce the uncertainty, especially for
disparity between the last two decades (1986—2005) and théices related to precipitation. The models are able to not
first two decades (1961-80) of the historical period. Fignly reproduce the linear trend in the same direction as the
ure 6 indicates an observed decrease of the FD indexoibservation for the FD, SU, TN10P and TX90P indices, but
most regions of China, especially the northeast. Apart frooan also reflect the spatial distribution well for the FD, SU
CanCM4, MIROC-ESM and CNRM-CM5, the models arand P95T indices. The model results regarding the spatial
able to capture this characteristic, but with smaller changéference between the first and last two decades of the his-
amplitude. The shortcoming of the models is that the mtorical period (1986—2005 and 1961-80) are different among
jority of them (except BNU-ESM, CanCM4 and CanESM2jhe models for various indices. For the FD and SU indexes,
show an increase in southern China, which did not happerost of the models’ results (all apart from MIROC-ESM) are
according to observations. The observed SU index changessistent with the observed pattern. CanESM2 and GFDL-
show a smaller spatial difference, and with amplitude in tHeESM2M show a comparative advantage in reproducing the

g O BCC-CSM
ol g g % BNU-ESM
- 3 e + CanCM4
2 06 g s @ CanESM2
3 :
2 3 * ccsM4
D 04 ) A e
g 04/ 2 W v CNRM-CM5
: % GFDL-ESM2M
£ 02 1 4 % A GISS-E2R
= ¢ : HadCM3
§ T —————————— %—--—T ——————— 3 IPSL-CM5A
o A ¥ MIROC-ESM
00 8 ® MRI-CGCM3
¢ MME
-04 T

FU SU TN10P TX90P R20 P95T
index

Fig. 5. Spatial correlation coefficients between observed and modeled indices (solid black line: crit-
ical value with 0.05 significance levels).
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Fig. 6. Spatial distribution of the observed and modeled FD index change (averaged during 1986—2005 relative to 1961-80).

TN1OP and TX90P spatial difference between the two peraximum temperature (SU and TX90P), and precipitation
riods. Generally speaking, each model has its own advdR20 and P95T), show an increase in the future, all of which
tages and disadvantages, and there is no perfect modeldie consistent with projections at the global scale (Sillmann
reproducing all the six extreme indices. However, relativest al., 2013b). Obviously, the trend of TX90P is the largest.
speaking, the CCSM4 and CanESM2 models perform bé&sgure 8 also reveals that future trends of the extreme in-

according to this study. dices range widely under different RCPs. Obviously, under
o the high emissions scenario of RCP8.5, linear trends are the
34. Futureprojection largest. The trend difference between RCP4.5 and RCP2.6 is

The future projection datasets for CanCM4 and HadCMg&latively small.
only cover the period 2006-35. Furthermore, GISS-E2-R The changes in FD, SU, TN10P, TX90P, R20 and P95T
provides data for RCP4.5 only. Considering these data linfiased on the MME under the low emissions scenario of
tations, we use the other nine models (i.e. BCC-CSM, BNIRCP2.6 are—4.6, 5.1,—5.7, 17.5 and 0.6 d (100 yr},
ESM, CCSM4, CanESM2, GFDL-ESM2M, IPSL-CM5A,and 1.4% (100 yr)!, respectively. Meanwhile, those under
CNRM-CM5, MIROC-ESM and MRI-CGCM3) to project RCP8.5 are-46.9, 46.0,-27.1, 175.4, and 2.9 d (100 yn),
future changes of extreme climate. Figure 8 shows thed 9.9% (100 yr)!, respectively (Table 4). For FD and
changes in extreme climate indices of the MME from 200B6X90P, the changes under RCP8.5 are almost ten times those
to 2099 under RCP2.6, RCP4.5 and RCP8.5. under RCP2.6, indicating that the risk of extreme climate in-

The extreme indexes based on minimum temperature (E2ases markedly under a high emissions scenario. Under
and TN10P) show a decrease, while the indexes basedR®P8.5, the models produce changes of FD, SU, TN10P,
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Table4. Linear trends of the extreme indices during 2006—-99 under RCP8.5 [units: (10¥).y¥alues in parentheses are the standard
deviation of the models for each index.

Index

Model FD SuU TN10P TX90P R20 PO5T
BCC-CSM —455 455 —288 155.5 2.2 9.2
BNU-ESM —-49.0 54.0 —26.4 198.1 3.5 8.8
CanESM2 —-56.7 50.2 -225 215.1 3.9 10.3
CCsm4 —-42.1 42.9 -27.1 178.7 2.2 7.6
CNRM-CM5 —-40.9 33.1 —-14.7 149.0 1.0 5.8
GFDL-ESM2M —-36.0 37.6 -304 129.6 1.9 9.0
IPSL-CM5A -57.7 61.0 -26.0 266.7 1.1 9.4
MIROC-ESM —614 62.2 —-234 278.7 2.3 9.4
MRI_CGCM3 —432 33.2 —-384 158.6 1.4 8.7
MME —48.0 (8.7) 45.7 (11.0) —25.0(6.3) 192.2 (59.4) 1.8 (1.0) 8.7 (1.3)

TX90P, R20 and P95T in the ranges-&56.7 to—36.0, 37.6— prediction of extreme indices in the future is not large.

54.2,—30.4t0—22.5,129.6-215.1, and 1.9-3.9d (100 )

Next, we use the spatial disparity between the periods

and 9.2%-11.2% (100 yr}, respectively. It can be seen thaR080-99 and 1961-80 to represent the spatial changes un-
the degree of dispersion among the models in terms of théer each scenario of each index. The results show a decrease
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Fig. 9. Relative spatial changes of FD index under RCP8.5 (averaged for 2080—99 relative to 1961-80).

in the FD index across China under the three RCPs and, &enaller changes in the SU index are found in Northeast China
spite the magnitude of decrease in certain regions showifiog most of the models (all apart from CanESM2 and IPSL-
large differences among the models, the pattern is simil@V5A) under the three RCPs; and, apart from BNU-ESM
with smaller changes in the northeast and south and largad IPSL-CM5A, the models show smaller changes in the
changes in the center of China. These characteristics aceth of Xinjiang (not shown). For the TN10P and TX90P
particularly evident under the RCP8.5 scenario (see Fig. #)dexes, patterns among the models show larger differences.
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Fig. 10. The same as Fig. 9, but for R20 index.

For example, for TX90P, IPSL-CM5A and MIROC-ESMdices. Most of the models perform well in simulating the
show a larger amplitude of increase compared to the otlmeean value of FD and TX90P, R20 and P95T. However,
models under the three RCPs, with the northeast and ct#re models’ skills in reproducing the mean value of SU and
ter of China having a more significant increase (not showM)N10P need to be improved. The coupled models are also
The change in R20 index is small and does not show a la@gale to simulate the temporal evolution reasonably. Under the
spatial difference, although the amplitude in the area of thackground of global warming, the trends of the extreme in-
Bohai Sea is projected to grow as €emissions grow (see dices in the China region are consistent with that at the global
Fig. 10). The majority of the models reflect the pattern afcale; the model results reflect the decreasing trend of FD
a small amplitude of increase for P95T index in the north @hd TN10P and the increasing trend of SU and TX90P, but
Northeast China and in South China, and the changes in thelerestimate the magnitude of the FD trend while overesti-
area of the Bohai Sea are similar to those of the R20 inderating that of TX90P. Most of the models are able to gener-
(not shown). ate trends of the same sign as in the observation for R20 and
P95T, and have high spatial pattern correlation coefficients
with observations; among all the indices in this study, FD,
4. Summary and discussion SU and P95T rank as the top three. To a certain extent, the
models are able to provide the spatial difference between two
Extreme climate events have a serious impact on hmean states (1986—-2006 and 1961-80) for the six indices. In
man society, the economy, and ecosystems. Thus, togagticular, the models reproduce the spatial changes of the
able to cope with climate change is of great concern. BaseD and SU indexes well, but most of the models need to im-
on CMIP5 results and observations, the spatial mean gmave their ability to reproduce the TN10P and TX90P spatial
changes in historical extreme climate over China have besttange patterns. The models are unable to reflect the uniform
analyzed in this paper, and then the projection of extrerspatial change pattern for the R20 and P95T indexes.
temperature and precipitation indices under future RCP sce- In terms of future projection (2006—99), the FD and
narios have also been investigated. TN1OP indexes show a decrease under RCP2.6, RCP4.5 and
The results show that the global coupled models haveR&€P8.5, while the SU, TX90P, R20 and P95T indices show
certain ability to reproduce the mean extreme indices, though increase. Under the high emissions scenario of RCP8.5,
the performance differs among the models and various ihe changes over the coming century based on the MME for
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FD, SU, TN10P, TX90P, R20 and P95T arel6.9, 46.0, coupled model without flux adjustment8limate Dyn, 17,
—27.1,175.4, and 2.9 days, and 9.9%, respectively. The fu- 61-81.

ture spatial variation of the amplitude for each index is conDunne, J. P, and Coauthors, 2012: GFDL's ESM2 global coupled
sistent with the emissions intensity. These results provide ~climate-carbon Earth system models. Part I: Physical formu-
us with a useful and clear picture of future changes in cli- lation and baseline simulation characteristitsClimate 25,
matic extremes over China, and to deal with the expected iriflat 6646-6665.

creases in extreme climate events, reductions of greenhouse 0,G.M.,G.J. Boer, W.G. Lee, N. A. McFarlane, D. Ramsden,
. . ’ 9 M. C. Reader, and A. J. Weaver, 2000: The Canadian centre
gas emissions are crucial.

. for climate modelling and analysis global coupled model and
Compared to CMIP3 results (Jiang et al., 2012), the s climate.Climate Dyn, 16, 451-467.

model skill in reflecting the mean FD and P95T value hassap, X. J., Z. C. Zhao, and G. Filippo, 2002: Changes of extreme
been improved. Such improvements are reflected inBhe events in regional climate simulations over East Agiely.

for FD and P95T, which are much smaller in CMIP5 than in Atmos. Scj.19, 927-942.

CMIP3. The future trend sign for FD and P95T is consis-Gent, P. R., and Coauthors, 2011: The community climate system
tent with CMIP3 results. The linear trend magnitude under  model version 4J. Climate 24, 4973-4991.

RCP2.6 is smaller than that of the B1 (lower emissions) scezillett, N., V. Arora, G. Flato, J. Scinocca, and K. von Salzen,
nario in CMIP3 results, but the linear trend magnitude under ~ 2012: Improved constraints on 21st-century warming derived

. . ‘o _using 160 years of temperature observatigBsophys. Res.
55:28.5 is larger than that of the A2 (higher emissions) sce Lett. 39, LO1704, doi: 10.1029/2011GL050226.

D . i bei h ind . Hansen, J., and Coauthors, 1983: Efficient three-dimensional
espite extreme climate events being shorter in duration global models for climate studies: Models | and\lon. Wea.

and smaller in terms of their spatial scale, it is clear that Rey 111, 609-662.

global coupled climate models are able to basically captur§iang, z. H., Y. G. Ding, and Q. P. Tu, 1999: Interdecadal spa-

their statistical characteristics. However, even though the his-  tial structure and evolution of extreme temperatures in winter

torical and future model experiments are run under the stan- and summer over china during the past 50 ye@rsarterly

dard framework supplied by CMIP5, large differences among  Journal of Applied Meteorlolgys.0, 97-103. (in Chinese)

the model results are still apparent, possibly as a result of iriang, D. B., H. J. Wang, and X. Lang, 2004: Multimodel ensem-

dividual features of the models themselves. For instance, the ble predication for climate change trend of China under A2

complexities of dynamic frameworks and physical process gﬁ?:jsr:eo).cmnese Journal of Geophyscje¥, 776-784. (in

T o e A S, 2 1., D, anW L Chn, 2007 Prctoncl -
. ’ ) cipitation extremes for the 21st Century over Chisdvances
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still exists with respect to projecting extreme climate events  tjon and evaluation of the precipitation extremes indices over
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to reduce this uncertainty and improve the future projection ~ €valuation and projectioi€limatic Change110, 385-401.
of extreme climate events. Karl, T. R., N. Nicholls, and A. Ghazi, 1999: Clivar/GCOS/WMO

Workshop on Indices and Indicators for Climate Extremes
Workshop SummanClimatic Change42, 3—-7.

Acknowiedgements.  This work was funded by .the National Kendall, M. G., 1948Rank Correlation Method<Charles Griffen
Key Program for Global Change Research of China (Grant No. and Company, 160 pp.

2010CB950500), the General Project of the National Natural Scif gng, X, and Y. Sui, 2013: Changes in mean and extreme cli-
ence Foundation of China (Grant No. 41275108), and the National mates over China with a0@|oba| Warming_chinese Science
High Technology Research and Development Program of China  Bulletin, 58(12), 1453-1461.
(Grant No. 2010AA012305). Mann, H. B., 1945: Nonparametric tests against tré&whnomet-
rica: Journal of the Econometric SocietiB, 245-259.
Marti, O., and Coauthors, 2010: Key features of the IPSL ocean at-
REFERENCES mosphere model and its sensitivity to atmospheric resolution.

Alexander, L. V., and Coauthors, 2006: Global observed changel\s/I rC]:IIin(;atK D')I/'an34'I 1_23.D R E ina. 2000: An introd
in daily climate extremes of temperature and precipitatibn. eehl, G. A., T. Karl, and D. R. Easterling, - An Introduc-

Geophys. Resl11, D05109, doi: 10.1029/2005JD006290. t!on to trequ in extrgme weather and cI.irrllate Tve.ntsl: .observa-
Chen, H. S., S. D. Fan, and X. H. Zhang, 2009: Seasonal dif- tions, socioeconomic impacts, terrestrial ecological impacts,

ferences of variation characteristics of extreme precipitationR a(gd\r(noge:_prlgjectlonsguzll.C\Vm\?r. Mggel%r: ISDODSL 413_‘.1165

events over China in the last 50 yeafsansactions of Atmo- en . ¥., &. L. meng, and 2. V. yan, - rfogresses in obser-

spheric Science®2, 744-751. vation stl_Jd|es_, of cllmate_ extremes and changes in mainland
Collins, M., S. F. B. Tett, and C. Cooper, 2001: The internal cli- China. Climatic and Environmental Reseaicb, 337-353,

mate variability of HadCM3, a version of the Hadley Centre _. (in Chinese) ) )
Sillmann, J., V. V. Kharin, X. Zhang, F. W. Zwiers, and D.



1220 EXTREME CLIMATE ANALYSES OVER CHINA BASED ON CMIP5 VOLUME 31

Bronaugh, 2013a: Climate extremes indices in the CMIP5 626.

multimodel ensemble: Part 1. Model evaluation in the presenku, Y., X. J. Gao, Y. Shen, C. H. Xu, Y. Shi, and F. Giorgi, 2009:

climate.J. Geophys. Resl18, 1716-1733. A daily temperature dataset over China and its application in
Sillmann, J., V. V. Kharin, F. W. Zwiers, and D. Bronaugh, 2013b: validating a RCM simulationAdv. Atmos. Sci26, 763—772,

Climate extremes indices in the CMIP5 multimodel ensem- doi: 10.1007/s00376-009-9029-z.

ble: Part 2. Future climate projectiords.Geophys. Resl18, Yan, Z. W., and C. Yang, 2000: Geographic patterns of extreme

2473-2493. climate changes in China during 1951-19@imatic and
Voldoire, A., and Coauthors, 2011: The CNRM-CM5. 1 global cli- Environmental Research, 267-272. (in Chinese)

mate model: Description and basic evaluatiGtimate Dyn,  Yukimoto, S., and A. Noda, 2002: Improvements of the Meteoro-

40, 2091-2121. logical Research Institute Global Ocean-atmosphere Coupled

Watanabe, S., and Coauthors, 2011: MIROC-ESM: Model de- GCM (MRI-CGCMZ2) and its climate sensitivity. National In-
scription and basic results of CMIP5-20c3m experiments.  stitute for Environmental Studies, Tsukuba, Japan, 37-44.

Geoscientific Model Development Discussiods 1063— [Available online at http //160.202.2.12/Dep/cl/cl4/publi
1128. cations/yukimotoCGER2002.pdf.]

Wang, H. J., and Coauthors, 2012: Extreme climate in ChinaZhai, P. M., and X. H. Pan, 2003: Trends in temperature extremes
Facts, simulation and projectiokleteorologische Zeitschrift during 1951-1999 in ChinaGeophys. Res. Lett30, doi:
21, 279-304. 10.1029/2003GL018004.

Wu, Q. Z., J. M. Feng, W. J. Dong, L. N. Wang, D. Y. Ji, and Zhai, P. M., X. B. Zhang, H. Wan, and X. H. Pan, 2005: Trends
H. Q. Cheng, 2013: Introduction of the CMIP5 Experiments in total precipitation and frequency of daily precipitation ex-
Carried out by BNU-ESMAdvances in Climate Change Re- tremes over Chinal. Climate 18, 1096-1108.
search 9(4), 291-294. (in Chinese) Zhai, P., A. Sun, F. Ren, X. Liu, B. Gao, and Q. Zhang, 1999:

Wu, T., and Coauthors, 2010: The Beijing Climate Center atmo- Changes of climate extremes in Chit@imate Change42,
spheric general circulation model: Description and its perfor- 203-218.
mance for the present-day climatélimate Dyn, 34, 149—-  Zhang, Y., Y.-L. Xu, W.-J. Dong, and L. Cao, 2007: A prelimi-
150. nary analysis of distribution characteristics of maximum and

Xie, P., M. Chen, S. Yang, A. Yatagai, T. Hayasaka, Y. Fukushima, = minimum temperature and diurnal temperature range changes
and C. Liu, 2007: A gauge-based analysis of daily precipi- over China under SRES B2 scenaf@hinese Journal of Geo-
tation over East Asialournal of Hydrometeorology8, 607— physics 50, 714—723. (in Chinese)



