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ABSTRACT

Given that climate extremes in China might have serious regional and global consequences, an increasing number of
studies are examining temperature extremes in China using the Coupled Model Intercomparison Project Phase 5 (CMIPS)
models. This paper investigates recent changes in temperature extremes in China using 25 state-of-the-art global climate
models participating in CMIPS. Thirteen indices that represent extreme temperature events were chosen and derived by daily
maximum and minimum temperatures, including those representing the intensity (absolute indices and threshold indices),
duration (duration indices), and frequency (percentile indices) of extreme temperature. The overall performance of each
model is summarized by a “portrait” diagram based on relative root-mean-square error, which is the RMSE relative to the
median RMSE of all models, revealing the multi-model ensemble simulation to be better than individual model for most
indices. Compared with observations, the models are able to capture the main features of the spatial distribution of extreme
temperature during 1986-2005. Overall, the CMIP5 models are able to depict the observed indices well, and the spatial
structure of the ensemble result is better for threshold indices than frequency indices. The spread amongst the CMIP5 models
in different subregions for intensity indices is small and the median CMIPS is close to observations; however, for the duration
and frequency indices there can be wide disagreement regarding the change between models and observations in some regions.
The model ensemble also performs well in reproducing the observational trend of temperature extremes. All absolute indices
increase over China during 1961-2005.
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1. Introduction

The implications of global warming on climatic extreme
events are of particular concern internationally, particularly
with respect to economic, ecological, and health impacts (Or-
lowsky and Seneviratne, 2012). The Intergovernmental Panel
on Climate Change (IPCC) concluded in its Fifth Assessment
Report (ARS) that climate change, whether driven by natural
or human forcing, can lead to changes in the likelihood of
the occurrence or strength of extreme weather and climate
events, or both (Bindoff et al., 2013). Furthermore, some of
the changes in weather and climate extreme events observed
in the late 20th century are projected to continue into the fu-
ture (Kharin et al., 2013).

In China, weather and climate events associated with
warm and cold extremes, such as heavy rain, droughts, and
typhoons since 1951, have also have shown increases in
frequency, intensity, and regional extent. The combined ef-
fects of these changes could result in unprecedented extreme
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weather and climatic events, increasing the risk to humans
of extreme climatic disasters (Xu, 2012). Extreme climate
change has seriously affected China’s agriculture, ecosys-
tems, distribution of water resources, and human health; thus,
the assessment of climate impact, particularly regarding cli-
mate extremes, has become an important area of research
(Zheng et al., 2011).

The Coupled Model Intercomparison Project (CMIP),
initiated by the World Climate Research Programme, is en-
gaged in the simulation and prediction of the global climatic
system. CMIP provides a community-based infrastructure in
support of climate model diagnosis, validation, intercompari-
son, documentation and data access, based on state-of-the-art
coupled global models for projecting and analyzing climate
change. Today, the CMIP series has evolved to a fifth stage
(CMIP5). CMIPS is based on an improved CMIP3 model
system, incorporating dynamic vegetation models, carbon
cycle process models, and a more rational parameterization
scheme, which through enhanced processing programs and
coupling technology is expected to provide more detailed
and more certain projections (Knutti and Sedlacek, 2013).
CMIPS5 places greater emphasis on the consideration of land
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use/cover forcing compared to CMIP3, and most models in-
corporate consistent land use/cover data (Taylor et al., 2012).
Despite some limitations, CMIP5 simulation trends and ob-
served trends can be determined, and the patterns of extreme
temperature trends can be simulated reasonably well (Tebaldi
et al., 2006). As Sillmann et al. (2013) revealed, the CMIP5
models are generally able to simulate climate extremes and
their trends as representations of indices when compared with
the HadEX?2 gridded observational indices dataset (HadEX2
is a global land-based climate extremes dataset produced by
the Met Office Hadley Centre, UK). The spread amongst the
CMIP5 models for several temperature indices is reduced
compared to CMIP3 models, despite the number of models
participating in CMIP5 being larger (Sillmann et al., 2013).
More recently, in an attempt to demonstrate its simulation
capability, some researchers have used CMIP5 multi-model
outputs to prove historical extremes of climate change over
China, but using only parts of temperature extreme indices
with a small number of models for the ensemble mean (e.g.,
Yao et al., 2012).

With a focus on the annual scale, this paper provides
an assessment of the performance of CMIPS5 multi-model
ensemble techniques in simulating temperature extremes by
comparing indices with gridded observations over China.
The intention is for the indices calculated in this study to pro-

Table 1. Details of the 25 CMIP5 climate models.
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vide a useful reference for a greater understanding of the im-
pacts of climate change on temperature extremes over China.

2. Datasets and methodology

2.1. Global climate models

The climate simulations of the 20th century by CMIP5,
referred to as the historical experiment, are driven by ob-
served changes in atmospheric composition (reflecting both
natural and anthropogenic sources). Generally, the CMIP5
models possess higher horizontal and vertical resolutions in
comparison to CMIP3. The purpose of the historical exper-
iment is to evaluate a model’s performance against present
climate and observed climate change, provide initial condi-
tions for experiments on future scenarios, and evaluate the
anthropogenic impact on the 20th century climate (Taylor et
al., 2012).

To assess climate model performances in simulating
present temperature extremes, simulations of daily minimum
and maximum near-surface temperatures in 25 state-of-the-
art coupled general circulation climate models (GCMs) were
collected from PCMDI (Program for Climate Model Diagno-
sis and Intercomparison) gateway websites. Table 1 provides
an overview of the institutions and the related atmospheric

Resolution
Model name Institution (or group) (°, lonxlat)
ACCESS1-0 CSIRO (Commonwealth Scientific and Industrial Research Organisation, Australia), and 192 x 145
BOM (Bureau of Meteorology, Australia)
ACCESS1-3 CSIRO (Commonwealth Scientific and Industrial Research Organisation, Australia), and 192 x 145
BOM (Bureau of Meteorology, Australia)
BNU-ESM College of Global Change and Earth System Science, Beijing Normal University 128 x 64
BCC-csml Beijing Climate Center, China Meteorological Administration 128 x 64
CanCM4 Canadian Centre for Climate Modelling and Analysis 128 x 64
CanESM2 Canadian Centre for Climate Modelling and Analysis 128 x 64
CCSM4 National Center for Atmospheric Research 288 x 192
CMCC-CESM Centro Euro-Mediterraneo per i Cambiamenti Climatici 96 x 48
CMCC-CM Centro Euro-Mediterraneo per i Cambiamenti Climatici 480 x 240
CMCC-CMS Centro Euro-Mediterraneo per i Cambiamenti Climatici 192 x 96
CNRM-CM5 Centre National de Recherches Météorologiques/Centre Européen de Recherche et Forma- 256 x 128
tion Avancées en Calcul Scientifique
GFDL-ESM2G Geophysical Fluid Dynamics Laboratory 144 x 90
GFDL-ESM2M Geophysical Fluid Dynamics Laboratory 144 % 90
HadCM3 Geophysical Fluid Dynamics Laboratory 96 x 73
IPSL-CMS5A-LR L’Institut Pierre-Simon Laplace 96 x 96
IPSL-CM5A-MR L’Institut Pierre-Simon Laplace 144 x 143
INMCM4 Institute for Numerical Mathematics 180 x 120
MIROC4h Atmosphere and Ocean Research Institute (University of Tokyo), National Institute for En- 640 x 320
vironmental Studies, and Japan Agency for Marine-Earth Science and Technology
MIROC5 Atmosphere and Ocean Research Institute (University of Tokyo), National Institute for En- 256 x 128
vironmental Studies, and Japan Agency for Marine-Earth Science and Technology
MIROC-ESM Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research 128 x 64
Institute (University of Tokyo), and National Institute for Environmental Studies
MIROC-ESM-CHEM Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research 128 x 64
Institute (University of Tokyo), and National Institute for Environmental Studies
MPI-ESM-LR Max Planck Institute for Meteorology (MPI-M) 192 x 96
MRI-CGCM3 Meteorological Research Institute 320 x 160
NorESM1-M Norwegian Climate Centre 144 % 96
GFDL-CM3 Geophysical Fluid Dynamics Laboratory 144 x 90
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model components of those GCMs. Many GCM simulations
can include multi-member ensembles, but for the purposes of
model evaluation in this study, only the first ensemble mem-
ber was used (1961-2005).

2.2. Observations

A 0.5° x 0.5° daily temperature dataset over China (Xu
et al., 2009) (hereafter referred to as CNO5.1) was used as
observations. The gridded CNO5.1 dataset has been widely
used for comparing model-simulated indices. For the inter-
polation of the climatic field, the specific temperature infor-
mation (Wu and Gao, 2013) was produced with reference to
CRU (Climatic Research Unit) data (New et al., 1999, 2000)
using thin-plate spline methods implemented in the ANUS-
PLIN software (Hutchinson, 1999). The number of observa-
tion stations used was 2416, which included national refer-
ence climatological stations, basic weather stations, and gen-
eral national weather stations (Fig. 1). The dataset was sub-
jected to quality control, including the deletion of any data
that varied significantly in comparison with surrounding sites
(Fig. 1, Table 2).

3. Methodology

3.1. Indices of climatic extremes

The WMO (World Meteorological Organization) Cli-
mate Committee recommended a set of indices of extreme
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weather events (http://cccma.seos.uvic.ca/ETCCDI/1ist27 -
indices.shtml). In addition, Frich et al. (2002) also defined
a series of indices, and STARDEX (Statistical and Regional
Dynamical Downscaling of Extremes for European Regions)
defined extreme climate indices based on the statistics of ex-
treme events in the European region and regional downscal-
ing projects (Table 3). These indices were calculated from
daily maximum and minimum temperatures and developed
for assessing changes in the intensity (absolute indices and
threshold indices), duration (duration indices), and frequency
(percentile indices) of extreme climatic events.

STARDEX produced the FORTRAN software, which
calculates indices of all extremes. The source code for the
selected extreme climate indices was rewritten to fit the
calculated grid data in this study. The extreme temperature

Table 2. Latitude and longitude range of the seven subregions over
China.

Name Abbreviation Latitude range Longitude range
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 SWC 22°-36°N 98°-106°E
Northwest China NWC 36°—-46°N 75°-111°E
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Fig. 1. The studied domains and their topography (units: m). Also shown are the seven sub-
regions used for more detailed analysis: NEC [Northeast China (39°-54°N, 119°-134°E)];
NC [North China (36°—46°N, 111°~119°E)]; EC [East China (27°-36°N, 116°~122°E)]; CC
[Central China (27°-36°N, 106°~116°E)]; SC [South China (20°-27°N, 106°-120°E)]; SWC
[Southwest China (27°-36°N, 77°-106°E), (22°-27°N, 98°~106°E)]; NWC [Northwest China
(36°—46°N, 75°-111°E)]. National reference climatological stations, basic weather stations
(Dot mark), and general national weather stations (Cross mark).
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Table 3. Definitions of the extreme temperature indices used in this study.
Index Indicator name Definition Units
Absolute indices TXx Max Tmax The annual maxima of daily maximum °C
TNx Max Tmin The annual maxima of daily minimum °C
TNn Min Tmin The annual minima of daily minimum °C
TXn Min Tmax The annual minima of daily maximum °C
Threshold indices  FD Frost days Number of days with minimum temperature less than 0°C d
SU Summer days Number of days with minimum temperature greater than 25°C d
TR Tropical nights Number of days with maximum temperature greater than 25°C d
Duration indices CWDI  Cold wave duration index  Longest number of days in interval of at least five consecutive days d
with daily minimum temperature 5°C less than the base period
HWDI  Heat wave duration index Lorrrllggsnt number of days in interval of at least five consecutive days d
with daily maximum temperature 5°C greater than the base pe-
riod mean
Percentile indices TN10p  Cold nights Percentage of days with daily minimum temperature less than the %
10th percentile of the base period
TN9Op  Warm nights Percentage of days with daily minimum temperature greater than %
the 90th percentile of the base period
TX10p  Cold days Percentage of days with daily maximum temperature less than the %
10th percentile of the base period
TX90p Warm days Percentage of days with daily maximum temperature greater than %

the 90th percentile of the base period

indices can be divided into four categories:

(1) Absolute indices, including annual maxima of daily
maximum (TXx) and daily minimum (TNx) temperatures,
and annual minima of daily maximum (TXn) and daily min-
imum (TNn) temperatures. Typically, TXx and TNx are re-
ferred to as warm extremes, while TNn and TXn are referred
to as cold extremes (Wen et al., 2013).

(2) Threshold indices, including frost days (FD), summer
days (SU), and tropical nights (TR) in this study, defined as
the number of days on which a temperature value falls above
or below a fixed threshold. These indices are often useful for
studies of climate impact.

(3) Duration indices, including the cold wave duration in-
dex (CWDI) and heat wave duration index (HWDI), which
are based on percentile thresholds calculated from the base
period 1961-90. Frich et al. (2002) used a fixed threshold of
5°C above the climatology to calculate the duration indices.

(4) Percentile indices, including cold nights (TN10p),
warm nights (TN90p), cold days (TX10p), and warm days
(TX90p). The percentile indices are the percentage of days
with daily minimum or maximum temperature more or less
than the threshold percentile of the base period (1961-90).

3.2. Processing

CMIP5 models possess different resolutions, ranging
from 96° x 48° to 640° x 320°, but the observed data used
were the 1961-2007 gridded daily temperatures on a 0.5° X
0.5° latitude/longitude grid over China. For our analyses,
we re-gridded all daily temperatures to a common resolution
(1° x 1°) using a bilinear method, and then chose the China
region (1961-2005) to calculate the extreme temperature in-
dices. For the multi-model ensemble, the arithmetic mean
was used.

The studied domains included seven subregions, as shown

in Fig. 1 and Table 2, based on China’s climatological admin-
istrative boundaries and societal and geographical conditions,
similar to those used in China’s National Assessment Report
on Climate Change (National Report Committee, 2007).

3.3. Performance metrics
33.1.

For analyzing the performance metrics of different in-
dices and models, a performance metric approach was used
to assess model performance, based on the root-mean-square
errors (RMSEs) of model climatologies (Flato et al., 2013;
Sheffield et al., 2013; Sillmann et al., 2013), similar to that
applied by Gleckler et al. (2008). This approach provides a
general idea of relative model performance regarding various
climatic parameters.

Each model and index was assessed with respect to
CNO5.1. In this analysis, RMSEs were calculated for the an-
nual climatology of the indices of extremes over China and
seven subregions of China. The RMSE was calculated as

RMSE = /(X —Y)2,

where X represents the model climatology of the extreme
temperature index and Y is the corresponding extreme tem-
perature in CNO5.1.

All model RMSEs were then used to calculate the relative
model error (RMSE”) for each model, defined as

Model performance metrics

RMSE’ = (RMSE — RMSEy;)/RMSEy ,

where RMSE)y; is the median RMSE of the 25 models.

To prevent abnormally large model errors (outliers) influ-
encing the results, we chose the median rather than the mean
value. For example, if the value of relative error was —0.2,
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then the model’s RMSE would be 20% smaller than RMSEy;.
Conversely, if RMSE is equal to 0.2, then the RMSE would
be 20% greater than RMSEy; (Gleckler et al., 2008). Nor-
malizing the calculations of RMSEs in this way produced a
measure of the performance of a model compared with the
typical model error.

3.3.2. Regional performance metrics

The Taylor diagram was originally devised to supply
a concise statistical summary of how well spatial patterns
match each other in terms of their correlation, root-mean-
square difference, and ratio of their variances. Although the
form of this diagram is generic, it is especially useful in eval-
uating complex models. These diagrams can also be applied
in summarizing the changes in the performance of an individ-
ual model. In general, parameterization scheme revisions will
affect all the fields simulated by a model, and amelioration in
one aspect of a simulation might be offset by deterioration
in another (Taylor, 2001). Thus, it can be useful to summa-
rize on a diagram how well one model simulates a variety of
subregions.

The Taylor diagram is used in this paper to compare the
simulation performance for different subregions in two main
aspects—spatial correlation coefficients and spatial standard
deviation ratios—to compare the average simulated extreme
temperature indices with the observed indices.

4. Results

The results of this work are presented in terms of (1)
model performance, (2) spatial patterns of changes for 1986—
2005, where box-and-whisker plots show regional changes
and Taylor diagrams summarize variations between different
regions, and (3) temporal evaluation of spatially averaged in-
dices for the period 1961-2005.

4.1. Model performance

The performance of each model in simulating the clima-
tology of indices in the period 1986-2005 is summarized in
a “portrait” diagram, just as in Gleckler et al. (2008). First,
the median of the model is obtained by calculating the multi-
model median of each index and then obtaining its relative
RMSE. The performance of each model is assessed with re-
spect to CNOS5.1. Table 4 presents a summary of relative er-
rors in the model by using “portrait” diagrams. In the table,
different colors are used to characterize the magnitudes of
the RMSEs; warmer colors indicate those models that per-
form worse, while colder colors indicated those that perform
better (Gleckler et al., 2008). The portraits are arranged such
that the columns are labeled by the name of the model and
the rows by the extreme index name.

Consistent with the results of other multi-model studies
(Flato et al., 2013; Gleckler et al., 2008; Sillmann et al., 2013;
Sheffield et al., 2013), the ensemble mean generally outper-
forms individual models because part of the systematic er-
rors of the individual models are offset in the multi-model
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mean. Most temperature indices are also captured reason-
ably well for most models, particularly in IPSL-CM5A-MR,
MPI-ESM-LR, and CMCC-CMS. It is also noted that models
with higher resolution often do not exhibit better performance
than those with lower resolutions in simulations of indices of
extreme temperatures (e.g., INMCM4, whose resolution is
higher than NorESM1-M etc.).

For the construction of the percentile indices (TX90p,
TX10p, TN9Op, and TN10p), the performances of the mod-
els are generally good over China. The comparison between
global results (Sillmann et al., 2013) and regions of China,
based on RMSE/, further indicates that temperature-based
percentile indices are generally better captured in China. The
magnitude of the multi-model mean error over China, as mea-
sured by RMSE/, is generally larger for the threshold indices
than the duration and absolute indices.

4.2. Spatial pattern

4.2.1. Intensity extremes (threshold indices and absolute in-

dices)

The spatial patterns in simulating the threshold indices
in the CMIPS ensemble are shown in Fig. 2. These spatial
pattern features of simulated threshold indices are similar to
those of observations derived by daily minimum or maximum
temperatures, e.g. FD or SU. Some fluctuations in extreme
temperatures in the simulated indices, caused by regional to-
pography, exhibit good performance, e.g., the low value area
in the high temperature zone of the low elevation region in
the northwest, which demonstrates the small-scale character-
istics of the simulation. However, inadequacies are illustrated
by the lower simulated value in the low elevation region in the
southwest.

The spatial structure of absolute indices shows the distri-
bution pattern is similar to the observations. However, there
are still some divergences, particularly for high elevation ter-
rain such as the Tibetan Plateau. In these regions, CN05.1
shows higher TXx and TXn values than the ensemble mean
of CMIP5. The spatial coverage of the absolute indices of
minimum temperature [TNn (0.95) and TNx (0.95)] is better
than for maximum temperature [TXx (0.94) and TXn (0.94)]
compared with CNO05.1 (Fig. 3).

For a detailed evaluation of model performance, extreme
temperature indices are analyzed using Taylor diagrams.
The Taylor diagrams for extreme temperature indices during
19862005 over China are shown in Figs. 4 and 5. Each
number corresponds to a region and the performance of its
multi-model mean. Radial and angular coordinates indicate
the magnitude of normalized standard deviation and corre-
lation, respectively. The radial distance from the origin is
proportional to the normalized standard deviation of a pat-
tern. The seven subregions in the Taylor diagrams are shown
in Fig. 1. Each field is normalized by the corresponding
standard deviation of the reference data (hereafter referred to
as NSD) (Gleckler et al., 2008), which allows the ensemble
mean in the different subregions (distinguished by number)
to be shown in each panel. In this figure, each numbered dot



VOLUME 32

MODEL ENSEMBLE EVALUATION IN HISTORICAL CLIMATE

1082

9T'0—
910
00—
S0°0
Iro—
(44
91°0
¥0°0
€10
av
¥0°0—
L00
600
80°0
80°0
LT0
¥0°0—
000
620
71°0—
1T0
cro
81°0
81°0
90°0
S0°0—

XNL

8C0—
00—
0¥°0
0T0
cro—
S0'0
L00
80°0—
90°0—
LT°0
60°0—
€0°0—
620
cro—
cro—
6v°0
I[ro—
80°0—
L0°0
g0
LTO
9¢€°0
10
(4]
SI'0—
10—

UNL

7o LTO 90°0
8C0 ¥0°0 €00
LEO LO0— 00
¢c0=—  600— 10°0—
90°0 €5°0 €00
80°0 0 00
¢co0—  €00— 90°0
cro—  9¢0 €0°0—
10 61°0 80°0
S0°0 00 S00
600 90 cro
S0°0 10°0 90°0
100 €0 000
€0°0 LT°0 10°0—
€0°0— 610 7o
€ro—  I1'0— 80°0
1000— SI'0— 000
€0°0 61°0 10°0
LT0 0C0— 10—
I[1'o— 820 00—
00— | I¥0 10°0
LTO 810 S0°0—
Se0 ¥T0 00—
60°0— 610 L0°0—
01'0— 0I0 80°0
ux.L XXL

6C0—
90°0
¥0°0—
81°0
¥0°0—
ST°0
600
90°0
S0°0—
LT°0
90°0
€0°0—
(N0
S0°0—
S0°0—
600
90°0—
00—
SI'o
€0°0—
¥0°0—
200
60°0—
01°0—
900
¥0°0

NNV 06XL NNV 0IXL

9T0—
€00
00—
01°0
10°0
110
¥0°0
S00
€0°0—
€ro
S00
10°0
10°0
S0°0—
S0°0—
€00
10°0—
€00
0ro
60°0—
cro—
0ro—
10°0
¥0°0
S0°0—
€00

NNV 06NL NNV 0INL

8C0— LT0—
14NV (N0
€1°0— 00
0T0 Iro—
€0°0 80°0—
91°0 S0°0—
LT°0 000
80°0 Iro—
¥0°0— 01°0—
1740 9¢°0
10°0— 10°0
S0°0— €0°0—
SI'o 600
10°0— €0
€0°0 1T0
80°0 000
cro— 600
€0°0— 000
SI'o 9¢€0
60°0— 000
81'0— 61°0
¥0°0— (N0
60°0— €0°0
cro— 0T0
€10 L0°0—
10°0 9¢°0

I 0C0— <I'0—
LEO 6C°0 90°0—
000 00 80°0—
0€0 9I'0— 810
000 10°0 000
S0°0 €ro
SI'0— cro
Iro— €0°0

SI'0—

o sco [

00— 00— 900
00— 810 €ro—
L9°0 910 91'0—
€00 LSO 110
00 050 60°0
S0°0 10°0— 90°0—
cro— L00 80°0—
7o 00 LT°0
10°0 I I€0
¥0°0 YI'0— | IL°0
S00 860

00— ¥$°0
80°0 19°0 80°0—
6C°0 [40]

00—
61°0 60°0 10

NNV IAMH NNV IdmD ns dL

81°0—
8C°0
81°0
700
90°0—
00
10°0
90°0—
Io—

L00
¥T0
90
80°0—
€0°0—
IL°0
L1°0—
Iro—
SI'o
€0°0
LTO
6£°0
o
91°0
10°0—
0C0—

ad

s[quiasug

EIND-1d4D
IN-TINSHION
EINDDDTIN
AT-IWNSHIdN
INHHD-INSA-DOUIN
INSH-DOUIN
SOOUIN
UrOOUIN
YINOINNI
AN-VSIND-TSdI
AT-VSIND-TSdI
€INDPEH
INTINSH-1d4D
DINSH-1dAD
SIND-ININD
SIND-DOND
IND-DOIND
INSAD-DDIND
YINSDD
CNSHUEBD
YINDUED
[wso-DDd
INSH-NN4E
€-1SSHDODV
0-1SSID0V

'S007-9861 porad oy ur euIy)) I9A0 1°GOND 03 300dsal Yiim (S[Iejop IoYlIng Joj | 9[qe], 99s ‘s3urpeay
MOI) S[OpOW GJTIND ST 9Yd Aq paje[nuwiIs (SUONIUYap I0J ¢ 9[qe], 99 ‘SSUIPLay Uwnjoo) saoIpur aImjerdduwo) Jo sar3ojojewii]d oy} Ul— STSIAY Ueow [eneds 9ANR[dI oY) JO 90UBWLIOJIS] *f QL



AUGUST 2015 DONG ET AL. 1083
(a) FD (Ensemble mean) (b) FD (CNO05)
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Fig. 2. 1986-2005 means of the (a, b) FD, (c, d) SU and (e, f) TR indices (see Table 3 for definitions) for the (a, c, e)

CMIP5 multi-model ensemble mean and (b, d, f) CNO5.1.

represents a subregion in the ensemble mean simulation,
where each number represents a subregion about the ensem-
ble mean. The nearest NSD to 1 in the extreme temperature
can be found in the SU index. In contrast with other indices,
the Taylor diagram for the SU indices indicate that in most
regions they perform relatively well, as they are nearly close
to the reference point (Fig. 4).

It is also clear that the accuracy of the model simula-
tion depends on the extreme indices as well as the subre-
gions. Generally, there is a much larger inter-index spread
for the subregions (Fig. 4). In some simulated fields, FD
shows correlations with the reference data of greater than
0.9 [e.g., the NEC (Northeast China), NC (North China) and
SWC (Southwest China) subregions], whereas other subre-
gions have much lower correlations [e.g., NWC (Northwest
China) and EC (East China)]. The absolute indices over
China are very good, and the absolute indices in the SWC
subregion are better than in the other subregions (Fig. 5).

The multi-year mean of extreme temperature indices over

each region of China during 1986-2005 were calculated for
the different models and the observations. Temporal and spa-
tial averages of extreme temperature indices are also summa-
rized in box-and-whisker plots (Fig. 6). The colored solid
mark within the box is the median of the multiple models
(blue round solid mark within the box), and the blue dot is
the observations. The interquartile model range is the range
between the lower (25th) and upper (75th) percentiles of the
total model ensemble, and the whiskers are the total inter-
model range. It can be seen from Fig. 6 that the models
compare well with CNO5.1. In particular, the median of the
CMIP5 models agrees well with CNO5.1 in the representa-
tion of FD, SU, and TR, especially the latter, which is closer
to CNO5.1 compared with the other indices. There is also
reasonable correspondence between the CMIPS multi-model
simulation of the median of the absolute indices and CN05.1,
with differences typically within several degrees over most
subregions of China. However, the results also show that the
CMIPS5 median of TXn is smaller than CNOS.1 across all re-
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Fig. 3. 1986-2005 means of the (a, b) TXX, (c, d) TNn, (e, f) TNx and (g, h) TXn indices (see Table 3 for definitions)
for the (a, c, e, g) CMIP5 multi-model ensemble mean and (b, d, f, h) CNO05.1.

gions, especially in the SWC subregion.

4.2.2. Duration extremes (duration indices)

The CMIP5 ensemble mean HWDI is close to the ob-
served distribution pattern, and the HWDI index of the en-
semble simulation in northern China is lower compared with
observations (Fig. 7). However, in northern, northeastern and
northwestern China, as well as the Tibetan Plateau area, the
simulated CWDI is higher than observed. The reason may

be the difference between the modeled and actual topogra-
phy, especially in the Tibetan Plateau. Also, the number of
observation stations in the west is relatively small, such as in
the northern part of the Tibetan Plateau to the northern foot
of the Kunlun Mountains and Xinjiang’s Taklimakan Desert
hinterland, which may also have affected the results of the
interpolation of the data.

Figure 8 clearly shows which regions exaggerate the am-
plitude of extreme temperature index (e.g., the NWC sub-
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Fig. 4. Taylor diagrams of the CMIP5 ensemble mean in differ-
ent regions (numbered 1-8; see Fig. 1 for definitions) (1986—
2005): (a) FD index; (b) SU index; (c¢) TR index (see Table
3 for definitions). Each numbered dot represents an individual
simulation made for a particular region.

region) and which models’ ensembles grossly underestimate
NSD in most regions. Basically, the largest NSD and the
smallest correlation index in the temperature indices over
China can be found in HWDI (Fig. 8).

These results show that, generally, the CMIPS median of
CWDI (Fig. 6) is larger than in CNO5.1 across all regions;
and thus, more cold waves are simulated in comparison with
CNO5.1. The CWDI index also produces the most significant
outliers (biases) in the simulation of CWDI compared with
CNO05.1, and it also exhibits significant outliers in the SWC
subregion in the CMIPS ensemble for CWDI, and in the SC
subregion for HWDI.

4.2.3. Frequency extremes (percentile indices)

The models also disagree in terms of the annual mean
value over China, insofar as the percentile indices show much
larger values compared to CN05.1 with respect to TN10p and
TX10p, but much lower values compared to CN05.1 with re-
spect to TN90p and TX90p (not shown). The Taylor dia-
grams for the percentile indices reveal that some fields show
low correlation values and NSD with the reference data in
most regions (not shown).

The results of the box-and-whisker plots (Fig. 6) show
that the median of the CMIPS models is generally underes-
timated with respect to TX90p in comparison with CNOS5.1
in all regions. The CMIP5 median tends to underestimate the
TN10p and Tx90p indices over China compared with CN05.1
in all regions, and overestimates the TX10p index compared
with CNO5.1 in most regions. The models disagree with
CNO5.1 with respect to TX90p, showing much smaller val-
ues than the CMIP5 median. The discrepancy is most promi-
nent for TN10p in the NEC subregion and TX90p in the CC
(central China) subregion, for which the CNO5.1 values are
located far above the CMIP model range.

A comparison of the spatial structure between the CMIP5
models and observations shows that the main features of the
spatial distribution of temperature extremes are captured well
by the model ensemble percentile indices. As a whole, the
CMIP5 models compare well with CNO5.1, and the spatial
structure of the ensemble result is better for indices of thresh-
old extremes than for indices of intensity extremes (Alexan-
der et al., 2006). In some regions, the number of observation
stations in the west is relatively small, and in the northern
part of the Tibetan Plateau to the northern foot of the Kunlun
Mountains and Xinjiang’s Taklimakan Desert hinterland, the
basic distribution of observation sites, which also determines
the interpolation of the data of these areas, has relatively large
uncertainty. Warm extremes (SU, TR, TNx, HWDI), except
TXx, are underestimated over high northern latitudes, partic-
ularly in the northwest, while cold extremes (FD, TXn, TNn,
CWDI) are overestimated, which is in accordance with previ-
ous findings based on IPCC AR4 models (Wang et al., 2008).

4.3. Temporal evolution of indices

Sillmann et al. (2013) suggested that there is not a clear
relationship between a model’s spatial resolution and its rep-
resentation of temperature indices, and thus the results from
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Fig. 5. Taylor diagrams of the CMIP5 ensemble mean in different regions (numbered 1-8; see Fig. 1 for definitions)
(1986-2005): (a) TXx index; (b) TNx index; (c¢) TXn index; (d) TNn index (see Table 3 for definitions). Each numbered
dot represents an individual simulation made for a particular region.

individual CMIP5 models were not shown. For historical
trends, the CMIP5 models’ ensemble generally captures well
the observed trends in the indices of temperature extremes
during 1961-2005. The long-term trends in simulating the
historical temporal evolution of the indices for the anomalies
are more distinct in Figs. 9 and 10.

4.3.1. Intensity extremes (threshold indices and absolute in-

dices)

The modeled threshold index trends are consistent with
CNO5.1 (figures not shown). The threshold indices of the
ensemble mean show corresponding trends, with increasing
numbers of TR [1.31 d (10 yr)~!] and SU [1.64 d (10 yr)~!]
and decreasing numbers of FD [—2.02 d (10 yr)’l]. There
are similar increasing trends in the models’ ensemble mean
compared with CN05.1 for SU [1.44 d (10 yr)~'] and TR
[1.00 d (10 yr)~'] during 1961-2005.

The multi-model ensemble mean shows similar warming

trends in the absolute indices starting in the 1960s, compared
with CNO5.1 (Fig. 9), with a general increase in TNn, TNx,
TXx, and TXn. In China, the increases in both TNx [0.23°C
(10 yr)~!] and TNn [0.29°C (10 yr)~'], which depend on the
minimum temperature, are greater than the increases in both
TXx [0.21°C (10 yr)~'] and TXn [0.24°C (10 yr)~'], which
depend on maximum temperature.

4.3.2.  Duration extremes (duration indices)

During 1961 to 2005, the mean CMIP5 models simulate
a decrease in CWDI [—0.61 d (10 yr)~'], while showing a
strong increase in HWDI [1.38 d (10 yr)’l] over China (not
shown).

4.3.3.

The changes are much more pronounced in the percentile
indices compared to the absolute indices, which are de-
rived from annual extremes (Fig. 10). The construction of

Frequency extremes (percentile indices)
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multi-model ensemble mean and (b, d) CNO5.1.
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vidual simulation made for a particular region.

the percentile indices leads to adequate correlation (0.67—
0.91) in the temporal evolution of the CMIP models and the
observations. The average across China shows a decrease
in terms of cold nights (TN10p) and cold days (TX10p),
but an increase in warm nights (TN90p) and warm days
(TX90p).

Differences in the percentile index lines are especially

prominent between the most recent two decades and for
those indices derived from minimum temperature. Increas-
ing trends in warm days (TX90p) [1.21% (10 yr)’l] and
nights (TN90p) [1.70% (10 yr)’l] and decreasing trends in
cold days (TX10p) [-0.68% (10 yr)~'] and nights (TN10p)
[—0.96% (10 yr)~'] can be seen in the CMIP5 models, which
is consistent with globally observed changes (Alexander et
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al., 2006; Donat et al., 2013) and global CMIP5 model re-
sults (Sillmann et al., 2013). This is also consistent with the
general trend of extreme observations in China, which shows

2009).
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that the frequency of extreme cold temperatures and cold-
temperature events is reducing (Ding et al., 2002; Ding et al.,



1090

5. Summary and concluding remarks

Based on simulations of the 20th century by the 25 cli-
mate models in the CMIPS5 set of experiments, the perfor-
mance in simulating the indices of present temperature ex-
tremes over China was assessed. The main findings can be
summarized as follows:

(1) Extreme temperature simulation over China was de-
rived from the 25 CMIP5 models and ensemble simulation
and compared with observations. The difference between the
models and observations is reduced by the multi-model en-
semble method. The multi-model ensemble simulations are
closer to observations in terms of relative RMSEs (RMSE
relative to the median RMSE of all models) for most models
and indices over China.

(2) Compared with observations, the models are able to
capture the main features of the spatial distribution of tem-
perature during 1986-2005. The Taylor diagrams show that
divergences between the multi-model ensemble and obser-
vations in terms of the threshold temperature indices are
smaller than other temperature indices. For the regional
mean over China, the multi-model ensemble simulations of
CMIP5 with respect to FD and CWDI show larger values
than CNO5.1, whereas the ensemble simulations with respect
to SU, TXn and TX10p underestimate the actual extreme in-
dices in CNO5.1. Uncertainties in some extreme indices (such
as TN10p, TN90p,TX90p, and TXn) are larger than in others,
and there are also large spatial differences between threshold
indices and absolute indices, which may be associated with
the larger interquartile model spread due to the different cli-
mate sensitivities of the models and/or positive regional land—
atmosphere feedback processes. For the duration and fre-
quency indices, wide disagreement was found regarding the
change between models and observations in some regions.

(3) In terms of the temporal changes of the indices of tem-
perature extremes, the model ensemble performs well in re-
producing the trend of change in the indices of temperature
extremes. For example, for 1961-2005, CNOS5.1 shows an in-
crease in warm days (TX90p) with a trend of 1.3% (10 yr)~ !,
while cold days (TX10p) shows a decrease of —0.74% (10
yr)~!. The CMIP5 ensemble results also show these trends,
but with a smaller trend. These results show that the ensem-
ble simulation tends to increase warm extremes (e.g., SU, TR,
HWDI, TN90p, and TX90p) over China, and decease cold
extremes (e.g., FD, CWDI, TN10p, and TX10p).

This study comprehensively compared model simulations
and observations, but there was no in-depth analysis of the
resolutions of the models, nor their physical or other pro-
cesses. Avila et al. (2012) suggested that many extreme
temperature indices can be affected by land use and land
cover changes. Therefore, our model assessment should be
extended by further studies of seasonal model performance
and particular regions that are especially sensitive to climatic
changes in extreme events over China.

Additionally, considering the uncertainties in the simula-
tions, further research should focus on how to adopt a more
rational and scientific approach to extracting useful infor-
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mation from the simulation results, and how to better use
the simulation results for detecting and attributing climate
change (Orlowsky and Seneviratne, 2012).
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