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Abstract

In the midsummer of 2013, Central and Eastern China (CEC) was hit by an extraordinary heat
event, with the region experiencing the warmest July—August on record. To explore how human-
induced greenhouse gas emissions and natural internal variability contributed to this heat event,
we compare observed July—August mean surface air temperature with that simulated by climate
models. We find that both atmospheric natural variability and anthropogenic factors contributed
to this heat event. This extreme warm midsummer was associated with a positive high-pressure
anomaly that was closely related to the stochastic behavior of atmospheric circulation. Diagnosis

of CMIP5 models and large ensembles of two atmospheric models indicates that human
influence has substantially increased the chance of warm mid-summers such as 2013 in CEC,
although the exact estimated increase depends on the selection of climate models.

1. Introduction

Extreme weather or climate events, such as droughts,
floods, heavy precipitation, heat waves, cold spells,
and tropical and extratropical storms, have always
been an inherent part of the climate and been a
matter of concern to decision and policy makers
because such events are likely to destabilize ecosystems
and affect human lives and activities, such as food
production, transportation infrastructure, and water
management.

Global warming is unequivocal (IPCC 2013). A
changing climate leads to changes in the frequency,
intensity, spatial extent, duration, and timing of
extreme weather and climate events, and it can result
in unprecedented extreme weather and climate events
(IPCC 2012). More frequent and severe extreme
weather and climate events, such as extreme heat, and
intense precipitation and drought, have been observed
since about 1950 (Perkins et al 2012, IPCC 2013,

Fischer and Knutti 2014) and are evident in climate
model projections (Fischer et al 2013, Sillmann et al
2013). The higher frequency of extreme weather or
climate events such as deadly heat waves and
devastating floods and droughts has sparked interest
in understanding the role of the anthropogenic
contribution. The human influence on the increasing
(decreasing) severity of extremely warm (cold) nights
and days and the intensification of precipitation
extremes is detectable on a global scale (Christidis et al
2011, Min et al 2011, 2013, Wen et al 2013, Zhang et al
2013, Fischer and Knutti 2014, Christidis and Stott
2016). Analyses based on a probabilistic attribution
framework suggest that human-induced climate
change has generally increased the probability of heat
waves as well as drought and heavy precipitation
events (Stott et al 2004, Pall et al 2011, Rahmstorf and
Coumou 2011, Lewis and Karoly 2013, 2015, Imada
et al 2014, Lestari et al 2014, Wolski et al 2014, Fischer
and Knutti 2015, King et al 2015).

© 2017 IOP Publishing Ltd
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Although the probability of extreme events which
can be attributable to anthropogenic greenhouse gas
emissions is sensitive to the spatial and temporal scale of
the event, attribution statements can serve as a proxy for
similar events occurring at different temporal and spatial
scales (Angélil et al 2014). An extreme weather or
climate event can occur because of internal natural
variability; thus, it is impossible to firmly attribute an
extreme event to solely human influence. The same
extreme event can be considered ‘mostly natural’ when
viewed in terms of anomalous magnitude and ‘mostly
anthropogenic’ when viewed in terms of occurrence
probability (Imada et al 2013, 2014, Otto et al 2012).
Similarly, while anthropogenic influence may be almost
necessary for an extremely hot event to occur nowadays,
it is hardly sufficient for the occurrence at present, with
natural variability rather being the dominant determi-
nant (Hannart et al 2016). Despite the large irreducible
uncertainties at local to regional scale as a result of
natural internal variability, the chances of high-
temperature extremes are expected to dramatically
increase globally (Christidis et al 2015, Fischer et al
2013, Fischer and Knutti 2015). Meanwhile, due to
the limited realizations of rare events in observations
and structural deficiencies of models, each individual
event attribution is subject to uncertainty, but the
reliability of event attribution can be improved by
using complementary methods to estimate the
probability of extreme events (Hegerl 2015).

Central and Eastern China (CEC) was affected by a
severe heat event during July and August of 2013. This
was the strongest heat event since at least 1951 and it
resulted in serious summer drought and crop growth
was affected, the water and electricity supply were
interrupted, and people were hospitalized for heat-
related symptoms (CMA 2014). It is estimated that
anthropogenic influence has increased the likelihood
of extreme hot summers in Eastern China, and it is
projected that similarly hot summers will become
more frequent in the future (Sun et al 2014). However,
despite the discernible impact of anthropogenic
forcing, the contribution of internal variability to
the hot midsummer of 2013 over CEC is also
important (Zhou et al 2014). Therefore, in this study,
we aim to assess the relative contributions of human
influence and internal natural variability to the high
surface air temperature (SAT) anomalies during
July—August of 2013 over CEC. To achieve this goal
and improve the reliability of attribution results, both
the Coupled Model Intercomparison Project phase 5
(CMIP5) model results and the International CLIVAR
C20C+ Detection and Attribution simulations are
used. We find that while this heat event is an event
dominated by natural variability, the anthropogenic
influence has significantly increased the chance of such
kinds of events, ranging from two-fold estimated by
CMIP5 models, to seventeen-fold and four-fold
estimated by the CAMS5.1 and MIROC5 C20C+
models, respectively.
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2. Data and method

2.1. Data description

Daily maximum SATs and monthly mean SATs at 756
stations from China’s National Meteorological Infor-
mation Center (NMIC, http://cdc.nmic.cn/home.do)
are used. Although the data cover the period of
1951-2014, data prior to 1955 are not used because the
first national standard for meteorological observations
was put in place in 1955 and many stations had no
records before 1955. Before the area-weighted mean
temperature is calculated, the station data are
interpolated onto a 0.5° x 0.5° resolution grid using
iterative improvement objective analysis with a search
radius of 3°-2°-1°-0.5° using the ‘obj_anal_ic_Wrap’
function in the NCAR Command Language (NCL)
(NCAR 2012). Monthly 500 hPa geopotential height
(Z500) data obtained from the ERA-Interim reanalysis
(Dee et al 2011) are also used.

To allow for the different model representations of
the climate system, we use monthly data generated by
the atmospheric general circulation models (AGCMs)
CAMS.1 (Angélil et al 2017) and MIROCS (Shiogama
et al 2013, 2014), run at a resolution of 1° and 1.4°,
respectively, provided by the International CLIVAR
Climate of the 20th Century Plus Detection and
Attribution Project (C20C + D&A). Two scenarios are
examined (table S1 available at stacks.iop.org/ERL/12/
054020/mmedia): All-Hist and Nat-Hist. In the All-
Hist scenario, CAM5.1 and MIROCS5 are forced by
historical anthropogenic and natural external forcing
agents plus observational data of sea surface tempera-
ture (SST) and sea ice (All-Hist). In the Nat-Hist
scenario, the anthropogenic radiative forcings (and
land cover/use for MIROC5) are set to mid-19th
century values and the observed SSTs and sea ice are
adjusted according to an estimate of the seasonally-
varying of the warming attributable to anthropogenic
forcing (Nat-Hist) (Stone and Pall 2016). For CAM5.1,
both All-Hist and Nat-Hist include 400 realizations,
including a 50-member ensemble from January 1959
to Jun 2015, a 50-member ensemble from January
1996 to Jun 2015, and a 300-member ensemble from
January 2010 to Jun 2015. For MIROCS, All-Hist
includes a 10-member ensemble from January 1950 to
December 2014, a 50-member ensemble from January
2006 to Oct 2015, and a 50-member ensemble from
Jan 2010 to Oct 2015; Nat-Hist includes a 50-member
ensemble from January 2006 to Aug 2015 and a
50-member ensemble from 2010 Jan to Aug 2015.
Each realization in the scenarios differs from the other
only in its initial state. For more details about the
experimental design, the reader is referred to http://
portal.nersc.gov/c20c/. Outputs of these simulations
are available from this website.

To investigate the dependence of the attribution
results on the experiment design, the monthly SATs
simulated by the historical, historicalNat, RCP8.5, and
piControl experiments from the fifth phase of the
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Coupled Model Intercomparison Project (CMIP5)
(Taylor et al 2012) are analyzed. The historical
simulations are forced by natural (solar radiation
and volcanic aerosols) and anthropogenic agents
(greenhouse gases, aerosols, ozone, and land use),
while the historicalNat simulations are only forced
by natural agents. The RCP8.5 simulations are run
with projected increases in greenhouse gases and
represent the high emission scenario that is the most
representative of global CO, emissions from 2005 to
present, whereas the piControl simulations are forced
with the external forcing fixed at 1850 levels. We select
17 CMIP5 models for which historical, historicalNat,
RCP8.5, and piControl simulations are available (table
S2). To examine the anthropogenic influence on odds
of the 2013 midsummer extreme high-temperature
event over CEC, both the historicalNat and piControl
simulations are used as an indicator of variability
without any anthropogenic impact.

2.2. Method

The probability ratio (PR) and fraction of attributable
risk (FAR) are defined as follows (Stone and Allen
2005, Fischer and Knutti 2015):

PR = Paji/Pyat (1)

FAR = 1 — (Pyat/Pan) (2)

where Pyy 1s the probability of an event occurring in
the counterfactual natural scenario (estimated from
simulations without anthropogenic influence) and Py
is the corresponding probability under the factual
scenario (calculated using simulations with anthropo-
genic influence included). PR is the factor by which the
probability of an event has changed under anthropo-
genic forcing, and FAR is the fractional contribution of
human activity to a particular event. The uncertainties
of PR and FAR are estimated using the ‘basic bootstrap
confidence interval’ method and corresponding best
estimates are approximated by the median.

3. Results

3.1. Observed characteristics of the 2013 summer
heat event in CEC

CEC was hit by a heat event in July—August of 2013.
The number of heat-wave days (daily maximum
temperature > 35 °C) in 2013 was greater than 30 d
over large areas of CEC and even exceeded 50 d over
the lower reaches of the Yangtze River (figure 1(a)).
During the 2013 midsummer, most CEC regions
experienced more 10 heat-wave days than the
1961-1990 long-term average (figure 1(b)). The
regionally averaged number of the heat-wave days
over CEC in 2013 was the highest since observations
were standardized in 1955 (figure 1(c)). For many CEC
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stations, daily maximum temperatures in July—August
of 2013 reached or exceeded the standard of the
extreme temperature threshold (defined as the 95th
percentile of the daily maximum temperatures for
1961-1990) and even broke the record (figure 1(d)).
The July-August 2013 mean SAT was warmer than
normal by as much as 3 °C over parts of CEC and the
2013 midsummer was the hottest on record. The
regionally averaged SAT reached 28.14 °C (figures 1(e)
and (f)) and exceeded the observed 1961-1990
climatology by 1.89 °C (figure 2(f)).

As shown in figure 2(a), in terms of the anomalies
of the 2013 July—August mean SAT and the geo-
potential height at 500 hPa (Z500), the hot midsum-
mer of 2013 in CEC was associated with positive
anomalies of Z500, which induced descending motion
and reduced cloudiness and favored the formation of
warm air at the surface.

To avoid the dependence of attribution results on the
observational products, we also examine the observed
characteristics of the 2013 July—August heat event in CEC
derived from National Aeronautics and Space Adminis-
tration (NASA) Goddard Institute for Space Studies
Surface Temperature Analysis (GISTEMP) (Hansen et al
2010) and UK Hadley Centre’s HadCRUT4 (Morice et al
2012), and compare with those derived from NMIC
station observation. The observed characteristics of the
2013 mid-summer extremely high temperature revealed
by GISTEMP and HadCRUT4 are highly consistent with
those described by station data from China’s NMIC
(figure not shown). Thus, in this study, only the NMIC
station temperature data set is further used for
attribution analyses.

3.2. July-August of 2013 temperature simulations
with CAM5.1 and MIROC5

In terms of the time evolution of the regionally
averaged July—August SAT anomalies in CEC during
1959-2014, both AGCMs reproduce the annual
variability to some extent (figures 2(f) and SI(f)).
The model ensemble mean of SAT anomalies in CEC
positively correlate with the observations with
correlation coefficient of 0.51 (0.52 after linear
detrending) for CAM5.1 and 0.53 (0.51 after linear
detrending) for MIROCS, respectively, and are
statistically significant from zero at the 0.01 level. In
addition, both AGCMs reproduce the observed
warming since the 1980s.

In terms of the July—August SAT anomaly pattern,
the ensemble average of all All-Hist members for
2013 in CAMS5.1 and MIROCS does not capture the
extremely high July—August mean SAT anomaly in
CEC (shading in figures 2(b) and S1(b)). Moreover,
the observed positive high-pressure anomaly center
at Z500 in the northeast of CEC lies eastward to the
Western Pacific in CAM5.1 and westward to the
Northwestern China in MIROC5 in the All-Hist
ensemble mean of all 2013 members (contours in
figures 2(b) and S1(b)). However, for the average of

3
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Figure 1. Observed characteristics of the 2013 summer heat event. (a) Number of heat-wave days (daily maximum temperature
> 35 °C) in 2013. (b) The 2013 anomalous number of heat-wave days (relative to the mean for 1961-1990). (¢) July—August mean
heat-wave days during 1955-2014 averaged over Central and Eastern China, shown as the rectangular box in (a)—(b) bounded by
104°-123°E and 25°-36°N. (d) Stations (firebrick color) for which 2013 midsummer (July—August) daily maximum temperatures
exceeded the observed records and stations (light pink color) with midsummer daily maximum temperatures that reached or exceeded
the threshold of extreme temperature, which is defined as the 95th percentile of the daily maximum temperatures for 1961-1990
during July—August. (e) 2013 July—August mean surface air temperature anomalies (°C) relative to the mean for 1961-1990. (f) Time
series of the July—August mean surface air temperature averaged over Central and Eastern China.
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the members with the largest positively July—August
SAT anomalies in CEC in 2013, the July—August SAT
and 7500 anomalies show similar patterns with
observations (figures 2(c) and S1(c)). Furthermore,
the All-Hist ensemble spread of the July—August
mean SAT and Z500 anomalies in 2013 are the largest
in the CEC in CAM5.1 and MIROCS5. The first
leading empirical orthogonal function (EOF), ac-
counting for 35% (28%) of the total variance of the
intra-ensemble SAT (Z500) anomalies in CAMS5.1
and 34% (30%) of the total variance of the intra-
ensemble SAT (Z500) anomalies in MIROCS5, has a
maximum center in CEC (figures 2(d) and (e), S1(d),
S1(e)). This indicates that the observed 2013
July—August high-temperature and high-pressure
anomalies in CEC were not deterministically forced

by the boundary conditions that included the
observed changes in greenhouse gas concentrations,
anthropogenic and natural aerosols, ozone, solar
luminosity, land cover, SST, and sea ice. Instead, the
stochastic behavior of atmospheric circulation was
related to the observed extremely warm July—August
SAT and positive high-pressure anomalies over CEC
in 2013.

3.3. Anthropogenic influence on the occurrence
probability of the observed 2013 heat event
Although the particular climate extreme event cannot
be categorically ascribed to the effect of human activity
on climate, the role of anthropogenic influence to the
change in the odds of the occurrence of a climate
extreme event is identifiable.
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Figure 2. 2013 July—August mean surface air temperature (SAT) anomalies (°C, shaded) and geopotential height anomalies at 500 hPa
(2500, units in m, contours) relative to the base period for (a) observations, the ensemble mean of () all CAM5.1 ALL-Hist members
and (¢) only the 10 ALL-Hist members with the warmest 2013 midsummers in Central and Eastern China. (d) The first EOF of the
intra-ensemble of CAM5.1 ALL-Hist for 2013 July—August SAT anomalies. (e) Same as (d ) but for Z500. (f) Time series of July—August
SAT anomalies during 1955-2014 averaged over Central and Eastern China denoted by the blue rectangle box in (a)—(e) for the

observations (black line) and CAM5.1 ALL-Hist 50-member ensemble mean (red line), with the ensemble spreads (goldenrod color).
Except the Z500 anomalies in (a) derived from the ERA-Interim reanalysis relative to the 1979-2008 base period, all other anomalies

are relative to the 1961-1990 base period.

First, we show the histogram and empirical
probability density functions (PDFs) of the
July—August mean SAT anomalies in CEC for 1959-
—2014 in the observations and the All-Hist simulations
of AGCMs (denoted as ALL-long). The PDFs were
estimated using a kernel smoothing function. Both
CAMS5.1 and MIROCS accurately simulate the
distribution of the July—August mean SAT anomalies
in CEC during 1959-2014 (figure 3). The observed
and simulated PDFs of the July—August mean SAT
anomalies in CEC during 1959-2013 are statistically
indistinguishable at the 0.05 level based on a two-sided
Kolmogorov-Smirnov (KS) test. The good perfor-
mance of CAM5.1 and MIROCS provides the basis to
evaluate the anthropogenic contribution to the
likelihood of the 2013 heat event in CEC.

The histograms and PDFs of the 2013 July—August
SAT anomalies of the 400-member realizations of the

CAMS5.1 All-Hist and Nat-Hist, and the 110-member
(100-member) realizations of the MIROC5 All-Hist
(Nat-Hist) are shown in figure 3. For both All-Hist and
Nat-Hist ensembles, the range of the distribution of
the 2013 July—August SAT anomalies spans negative to
positive values and includes the observed 2013
midsummer warm anomaly. This highlights the
importance of internally generated atmospheric
variability for the occurrence of the 2013 July—August
heat event. There is an obvious rightward shift of the
histograms and PDFs of the 2013 July—August SAT
anomalies in All-Hist compared with Nat-Hist,
suggesting that human influence has increased the
probability of midsummer warm events. Relative to
the 2013 Nat-Hist, the best-estimate PR and FAR are
17.83 and 0.94 (5th—95th percentile of 10.68-20.05
and 0.89-0.97) for CAMS5.1 and 4.45 and 0.78
(5th—95th percentile of 1.61—-9.86 and 0.38—0.97)
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for MIROCS, respectively. CAM5.1 (4.1 °C, Meehl
et al 2013) has a higher climate sensitivity than
MIROC5 (2.7 °C). This difference of climate
sensitivity may explain greater land warming in
CAMS.1 than MIROCS. Additionally, CAMS5.1 uses
prescribed aerosol fields while MIROC simulates
aerosol distributions based on emissions. Therefore,
current weather in MIROCS can influence aerosols
while in CAMS5.1 it cannot. This can influence
feedbacks which are important in the simulation of
extremes. Thus, stronger aerosol cooling in MIROC5
than CAM5.1 may also contribute to the lower PR and
FAR for MIROCS.

Clearly, there is more than fourfold increase in the
chance of extremely high temperature events, such as
the 2013 July—August heat event in CEC, owing to
anthropogenic influence. Although the estimated PR
and FAR are sensitive to the AGCMs, the difference in
the distribution of the 2013 July—August mean SATSs
between All-Hist and Nat-Hist in both AGCMs

suggests that human activity has contributed to the
probability of the extremely warm midsummers such
as the 2013 July—August high temperature in CEC.

The atmospheric responses in CAMS5.1 and
MIROCS may be subject to the uncertainty in the
estimated anthropogenic warming patterns of sea
surface temperature (Imada et al 2014). Thus, to
increase the confidence in the attribution statements
based on CAM5.1 and MIROCS, the change in the
probability of the extremely high temperature event
(such as the 2013 midsummer heat event in CEC) was
additionally calculated with the CMIP5 simulations.
The observed July—August mean SAT anomalies in
CEC are well within the CMIP5 ensemble spread
(figure 4(a)). The observed warming trend since the
1980s agrees well with the multi—model mean (MME)
trend in the CMIP5 historical and RCP8.5 simu-
lations.

In addition, as shown in figure 4(b), there is strong
agreement in the PDF of the July—August mean SAT
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Figure 4. (a) Time series of observed and simulated July—August SAT anomalies averaged over Central and Eastern China during
1955-2014. Black line is for the observations, red (green) line is for the 17 CMIP5 climate models ensemble mean of historical and
RCP8.5 (historicalNat) simulations. Light pink and light blue shading denote the 5th-95th percentiles of SAT among the 17 CMIP5
models. (b) Histogram and probability density functions (PDFs) of July—August mean SAT anomalies (relative to 1961-1990) for the
observations (black bars and curve) and CMIP5 simulations of historical and RCP8.5 (red bars and curve, denoted as ‘historical/
rcp85’) during 1955-2014, historicalNat simulations (green bars and curve) for 1955-2005, and piControl simulations (blue bars and
curve, relative to the long-term mean). Dashed brown line in (b) indicates the simulated PDF of historical and RCP8.5 simulations for
2000-2014.

anomalies in CEC between the MME of the CMIP5
historical data and RCP8.5 simulations and observa-
tions. Based on the two-sided Kolmogorov test, the
observed and simulated PDFs during 1955-2014 are
not significant different at the 0.05 level. On the other
hand, there are no cases of the observed value lying
outside the spread of the simulations in figure 4(a)
when approximately six cases would normally be
expected. These seemingly contradictory assessments
arise because the observed time series shows a
considerable decadal time scale variability with respect
to the CMIP5 mean time series. This may imply that
the models are producing too much high frequency
variability at the expense of low frequency variability,
but it could also be that the large degree of lag
correlation weakens the power of both tests.

There is a clear warm shift in figure 4(b) in the
PDF of the July—August SAT anomalies in the historical
data and RCP8.5 simulations and observations during
1955-2014, compared with the SAT distribution in the
historicalNat and piControl simulations. The PDF of
historical and RCP8.5 runs after 2000 (for 2000—2014)
show a more rightward shift than that during
1955-2014.

Using the historicalNat and piControl simulations
to complement the anthropogenically forced simu-
lations, PR and FAR estimates were made. For an
inherently conservative analysis, the PR and FAR were
estimated using simulations of historical and RCP8.5
during 1955-2014. The best-estimated PR and FAR
that correspond to the historicalNat (piControl)
simulations are 2.38 and 0.58 (2.29 and 0.56), with
5th—95th percentage range of 1.88-3.1 and 0.47-0.68
(1.98-2.68 and 0.49-0.63), respectively. This means
that human influence has increased the probability of
extreme high-temperature events, such as the 2013
July—August heat event in CEC, by about two times,
and that 60% of this heat event is attributable to
anthropogenic influence.

4. Summary

CEC experienced the warmest midsummer on record
in 2013. In this study, we used the CAMS5.1 and
MIROC5 models provided by the International
CLIVAR C20C+ Detection and Attribution Project
and simulations with CMIP5 models to analyze how
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anthropogenic emissions and natural internal atmo-
spheric variability contributed to the midsummer heat
event in 2013 in CEC. The results suggest that the
internal atmospheric variability and human activities
strongly contributed to the 2013 midsummer heat
event in CEC.

The 2013 July—August warm midsummer was
associated with a positive high-pressure anomaly that
was closely related to the stochastic behavior of
atmospheric circulation. This result is robust and
verified by both AGCM models.

The anthropogenic influence on climate has
increased the probability of midsummer events with
extreme heat, such as the 2013 July—August high-
temperature event in CEC, by a factor of seventeen
(four), based on the detection and attribution
simulations of CAM5.1 (MIROCS5), and it has about
doubled the chance of such extreme heat events
according to analysis of the CMIP5 simulations.

Probabilistic attribution of warm midsummer in
CEC, as in 2013, with CAM5.1, MIROC5 and output
from the CMIP5 models, all suggest a positive
attribution statement, i.e. increased odds of the event
as a consequence of anthropogenic activity.
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