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19. CLIMATE CHANGE INCREASED THE LIKELIHOOD OF 
THE 2016 HEAT EXTREMES IN ASIA

Yukiko Imada, Hideo Shiogama, Chiharu Takahashi, Masahiro Watanabe, 
Masato Mori, Youichi Kamae, and Shuhei Maeda

The 2016 extreme warmth across Asia would not have been possible without climate change.  
The 2015/16 El Niño also contributed to regional warm extremes over Southeast Asia 

and the Maritime Continent.

Introduction. Analyses of the observed monthly 
temperature record from the Goddard Institute for 
Space Studies (GISS) Surface Temperature Analysis 
(GISTEMP; Hansen et al. 2010) indicate that the total 
area that experienced extreme warmth over the global 
land surface in 2016 was record-breaking, exceeding 
the previous highest record in 2010 (Fig. 19.1a, frac-
tion of area that experiences extremely high tem-
perature). This frequent occurrence of warm events 
is particularly remarkable over the Asian region (Fig. 
19.1a). Many parts of Southeast Asia, southern India, 
and northern Eurasia experienced extremely high 
temperature by the end of 2016 (Fig. 19.1b). In India, 
at least 580 people were killed by the heat waves from 
March to May (India’s government; European Com-
mission). The record-breaking high temperature had 
been persistent more than 10 months in the Maritime 
Continent. In Thailand, the heat wave also caused a 
new record for energy consumption because of the 
nationwide usage of air conditioners (Gecker and 
Chuwiruch 2016). 

Generally, Southeast Asia experiences warm and 
dry conditions during El Niño, being in the region of 
anomalously downward motion associated with the 
weakened Walker Circulation. Also, the global sur-
face warms up with a lag of several months following 

an El Niño event through persistent changes in at-
mospheric circulation (Trenberth et al. 2002). In this 
report, we investigate to what extent the 2016 extreme 
warmth across Asia was attributable to anthropogenic 
warming or to the major El Niño episode in 2015/16.

Many studies have concluded that heat waves over 
the global land area have become more frequent due 
to human-induced global warming (e.g., Jones et al. 
2008; Christidis and Stott 2014; Shiogama et al. 2016). 
To separate the influences of anthropogenic warming 
and natural variability on the 2016 heat events in Asia, 
we analyzed large ensembles of atmospheric general 
circulation model (AGCM) simulations with and 
without anthropogenic warming and ENSO effects.

 
Methods. We performed several 100-member en-
semble experiments of 2016 (initialized on 1 June 
2009 and continuously updated every year) using the 
AGCM of MIROC5 (T85L40, Watanabe et al. 2010): 
1) ALL: All-forcing run integrated by the historical 
sea surface temperature (SST) and sea ice (HadISST 
dataset, Rayner et al. 2003) and historical anthro-
pogenic and natural forcing agents. 2) NAT1 and 
NAT2: Natural forcing runs by removing 1870–2012 
linear trends of the observed SST and sea ice (NAT1, 
Christidis and Stott 2014), and by removing the es-
timates of anthropogenic changes in SST and sea ice 
based on the Coupled Model Intercomparison Project 
Phase 5 (CMIP5) historical experiments (NAT2, Stone 
2013). See Shiogama et al. (2014) for details of ALL 
and NAT. 3) ALLnoENSO: Same as ALL but ENSO-
related variability was eliminated by removing the 
observed SST anomaly regressed to the Niño-3.4 SST 
anomaly (Takahashi et al. 2016) in order to examine 
the impact of the extreme El Niño in 2015/16. The SST 
patterns removed in NAT1, NAT2, and ALLnoENSO 
are shown in Figure ES19.1. The long-term historical 
run, ALL-LNG (1949–2016), which also uses ob-
served SST and sea ice as specified forcings, is also 
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conducted with 10-member ensembles for validation 
and to define a threshold of warm events. We used the 
monthly observation data from GISTEMP for land 
surface temperature.

For each land–surface grid point, annual time 
series of the total number of months exceeding a 
threshold are calculated. The thresholds for the obser-
vation and simulations are defined by two standard 
deviations of surface air temperature from 1951 to 
2016 for GISTEMP and ALL-LNG, respectively. We 
assessed relative contributions of human influence 
and ENSO to the frequent occurrences of extreme 
warmth in terms of the fraction of attributable risk 

(FAR; Allen 2003), defined as 1 − (P0 / P1), where P1 
and P0 are threshold exceedances computed with the 
ALL and NAT/ALLnoENSO simulations, respectively. 
The threshold is defined as a 99-percentile value of 
area fraction estimated by the kernel method (Sil-
verman 1986; Kimoto and Ghil 1993); 0.103 for the 
observation and 0.065 for the simulations (the ALL-
LNG simulation underestimates the extreme values 
of the area fraction).

Results. Figure 19.1c depicts the modeled time series 
of the fraction: area-weighted total number of grid 
points experiencing extremely high temperature 

Fig. 19.1. (a) Time series of area fraction with extreme warmth, defined as total land surface area with 
extreme warmth (exceeding 2 std. dev.) divided by total area of available grid points, based on GISTEMP 
dataset. Global land surface (gray shaded) and Asian region (10°S–90°N, 55°E–170°W) (red) are shown.  
(b) Map of number of monthly warm events in 2016. (c) Same as Asian time series of (a) but ensemble mean 
values (red line) and range (shaded) of 10 member simulations of ALL-LNG are shown. (d) Same as (b) but 
for result from 2016 ensemble simulations of ALL, where number of monthly warm events was divided by 100 
(number of members) to get annual value number per year. Values exceeding 99% confidential level by Student’s 
t test are plotted.
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divided by the total number of available grid points 
(hereinafter, referred to as “area fraction”) over the 
Asian region from the ALL-LNG runs. The ALL-LNG 
model captures peaks of the area fraction occurring 
after large El Niño events (1998, 2010, and 2016) and 
the most frequent occurrence of warmth in 2016 (Fig. 
19.1c). The model also captures the general trend of 
the observations. Owing to the large ensembles, a sim-
ulated event frequency map based on the 100-mem-
ber ALL simulations (Fig. 19.1d) depicts continuous 
distribution, and reproduces the concentration of 
the events in Southeast Asia, southern India, and 
northern Eurasia. 

Next, we constructed probability density functions 
(PDFs) of the area fraction of extreme warmth over 

the Asian region in 2016 using the ALL, NAT1, NAT2, 
and ALLnoENSO simulations (Fig. 19.2a). The results 
indicate that anthropogenic forcing leads to a marked 
increase in the event occurrence although there is a 
certain degree of uncertainty induced by the differ-
ent estimations of anthropogenic changes in SST and 
sea ice between NAT1 and NAT2. Compared with 
this, the impact of ENSO is weaker but substantially 
increases the area fraction of extreme warmth. 

The effects of the anthropogenic warming and 
ENSO on the occurrence of extreme warmth are 
evaluated from the difference between ALL and 
NAT, and ALL and ALLnoENSO, respectively. Again, 
extreme warmth months are defined as monthly 
temperatures that exceed 2 standard deviations of 

Fig. 19.2. (a) PDFs of annual area fraction of extreme warmth over Asian region in 2016 for ALL (red), NAT1 
(blue, solid), NAT2 (blue, broken), and ALLnoENSO (green) estimated by kernel method (Silverman 1986; Ki-
moto and Ghil 1993). (b) Map of difference in frequency of extreme warmth (per year) between ALL and NAT1 
(ALL minus NAT1). Extreme warmth is defined as monthly temperatures that exceed 2 std. dev.of 1951–2016 
average. (c),(d) Same as (b) but for ALL minus NAT2 and ALL minus ALLnoENSO, respectively. In (b)–(d), 
values exceeding 99% confidential level by Student’s t test are plotted.
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the 1951–2016 average from the ALL-LNG run. The 
spatial maps of frequency change due to anthropo-
genic forcing (Figs. 19.2b,c) indicate that the frequent 
occurrence of warm events across Asia shown in Fig. 
19.1d can be attributable to the anthropogenic effect 
in most regions except narrow parts of East Asia and 
the Indochina peninsula. On the other hand, the 
ENSO-induced frequency change (Fig. 19.2d) shows 
increased incidence particularly over Southeast Asia. 
The positive frequency anomalies of extreme warmth 
over Southeast Asia appeared during the months from 
January to May in 2016 (not shown) and seem to be 
attributable to the warmer Indian Ocean SSTs and 
descending anomalies over the Maritime Continent 
during that period associated with the continued big 
El Niño since the 2015 winter (the ENSO-related SST 
transition in 2016 is shown in Fig. ES19.1c). Note that, 
in our simple concurrent regression method, lagged 
influence of ENSO on the East Asian summer climate 
(the so-called Indian Ocean capacitor effect; Xie et 
al. 2009, 2016) cannot be taken into account. In 2016, 
however, the major Indian Ocean warming occurred 
in the beginning of the year, which is partly captured 
in the concurrent regression method (Fig. ES19.1c), 
and the lagged impact of ENSO was relatively small 
in the summer.

From the observed record, the occurrence rate 
of extreme area fraction in 2016 can be estimated at 
less than 1% in the long-term climate (the observed 
area fraction of 2016 is greater than the 99-percentile 
threshold). The ALL simulations, however, indicate 
that the 2016 condition raised the level of the occur-
rence rate up to 75.9%. On the other hand, the occur-
rence rate is 0.000%, 0.000%, and 41.1% for NAT1, 
NAT2, and ALLnoENSO, respectively. The estimated 
FARs are 1.000, 1.000, and 0.458, respectively. These 
results suggest that the frequent occurrence of ex-
treme warmth across Asia in 2016 would never have 
happened without the anthropogenic warming, and 
the ENSO condition also partly contributed to the 
increase in the probability particularly over the Phil-
ippines, the Maritime Continent, and Southeast Asia. 

Several studies demonstrated that the magnitude 
of the attributable signal can change substantially 
depending on the model used (e.g., Bellprat and Dob-
las-Reyes 2016). It is also known that the atmosphere-
only model experiments lack air–sea interactions and 
overestimate the role of SST (e.g., Barsugli and Battisti 
1998). To evaluate the impact from these drawbacks, 
we analyzed the results of fully-forced 20-member 
historical AGCM simulations conducted by ESRL-
CAM5 (available at www.esrl.noaa.gov/psd/repository 

/alias/facts/), and also, 5-member historical (ALL) 
and natural (NAT) CMIP5 simulations conducted 
by MIROC5 (atmospheric components are exactly 
the same as the model used in this study). The linear 
trends of the historical simulations from 1958 to 2016 
are 0.0569% per year of area fraction for the ALL-LNG 
run (Fig. 19.1c), 0.0590% per year for the ESRL-CAM5 
AGCM simulations (Fig. ES19.2a), and 0.0764% per 
year for the coupled GCM of MIROC5 (Fig. ES19.2c). 
The sensitivity to different AGCM is relatively small 
between MIROC5 and CAM5 AGCMs. On the other 
hand, the difference between MIROC5 AGCM and 
CGCM suggests that the air–sea interaction might 
have some impacts on the occurrence of extreme 
warmth over Asia.

Conclusions. All of the risk of the extremely high 
temperatures over Asia in 2016 can be attributed 
to anthropogenic warming. In addition, the ENSO 
condition made the extreme warmth two times more 
likely to occur. It is found that anthropogenic warm-
ing contributed to raising the level of event probability 
almost everywhere, although the 2015/16 El Niño 
contributed to a regional increase of warm events 
over the Maritime Continent, the Philippines, and 
Southeast Asia, but had little significant contribution 
elsewhere in Asia.
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