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Abstract

1 We analyze annual extremes of daily maximum and minimum surface air temperature
and of daily rainfall in East Asia and the Korean peninsula. This study made intensive use
of the simulation data available from the CMIP5 (Coupled Model Intercomparison Project
Phase 5) multimodels in historical and future experiments up to year 2100, employing three
different radiative forcings: RCP2.6, RCP4.5, and RCP8.5 (representative concentration
pathways). Several reanalysis datasets are used to compare and evaluate the simulated
climate extremes in the late 20th century. We estimate the future changes in precipitation
and temperature extremes in East Asia and Korea, and compare them to the global result,
for the reference period 1986-2005. The rising rate of future cold extremes over East
Asia and Korea is faster than that of warm extremes. This phenomenon appears more
distinctly in Korea as a local scale, indicating more sensitivity of the Korean penisula
to global warming. The increase of the 20-year return level of maximum precipitation
in the CMIP5 over East Asia by the end of 21st century are about 7% in the RCP2.6,
15% in the RCP4.5, and 35% in the RCP8&.5 experiments, which exceed the corresponding
global values. We also estimate the changes in precipitation extremes across East Asia as
a function of the annual mean temperature variation at the same location. The CMIP5

sensitivity in maximum precipitation across East Asia is 5.5%/°C, which is lower than the
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global figure (5.8%/°C). The sensitivity for the Korean peninsula is 7.38%/°C, indicating
the strong impact of global warming to Korea. The results will be important in mitigating
the detrimental effects of variations of climatic extremes and in improving the regional
strategy for water resource and eco-environmental management, particulaly for such areas

in East Asia under significant changes in temperature and rainfall extremes.

Keywords: Annual maximum daily precipitation; Annual extremes of temperature; General-

ized extreme value distribution; Multimodel median; Relative change; Taylor diagram.

1 Introduction

Over the last century, the global mean surface temperature has risen. The climate has changed
both in terms of the average conditions as well as variability and extreme events. Variations
in immoderate climate have received much attention because of their high impact on the well-
being of human and natural systems and because of relatively larger uncertainties than changes
in means. Many studies (e.g., Alexander et al 2006; Tebaldi et al 2006; Sillmann et al 2013;
AghaKouchak et al 2013; Alexander 2015) have reported globally observed long-term changes
in temperature and rainfall extremes. The Special Report on Extreme Events (Seneviratne et
al 2012) emphasized that future changes in very severe climate are expected to be substantial,
especially in temperature extremes.

Regional climate change results from complex processes that vary with location and show
different responses to the global-scale change (IPCC AR5, 2013). Using coupled simulation
models, many studies (e.g., Fowler and Ekstrom 2009; Zhang et al 2011; Fischer et al 2012;
Thibeault and Seth 2014; Jiang et al 2017) have shown that ranges in changes of extreme
climate vary regionally and are diverse under different emission scenarios. Detailed information
regarding climate change at regional and local levels is fundamentally necessary for a better
understanding of the observed variations, as well as for more effective adaptation to and risk
management of future climate changes. East Asia (EA) is a populous region, and it is crucial
to assess the changes in extreme meteorological events in this region under different climatic
change scenarios. EA is considered by many authors (e.g., Ho et al 2011; Zhou et al 2014;
Freychet et al 2015; Li et al 2018; Kwon et al 2019) to be one of the regions most vulnerable
to future increases in very abnormal weather and climate under global warming. For example,
projected changes in extreme precipitation indices over the Asian monsoon domain are larger
than over other monsoon domain, indicating the strong sensitivity of Asian monsoon to global
warming (Kitoh et al 2013).

Ho et al (2011), Wu et al (2016), Park et al (2016), Niu et al (2018), and Park and Min



(2019) projected climate extremes in EA using ensemble of multiple “regional” climate models.
The results predict that overall increases in temperature and heavy rainfall in EA. Their
results indicate that temperature increases involve an overall shift of the daily temperature
distribution toward warmer conditions while precipitation rises are due to dominant increases
in moderate—heavy rainfall events. They also predict an increase of consecutive dry days over
EA which will enhance the risk of drought disasters in the future. Kitoh et al (2013), Zhou
et al (2014), and Freychet et al (2015, 2016) predicted future climate extremes over EA using
ensemble of the CMIP5 (Coupled Model Intercomparison Project Phase 5) multimodels. They
reported that substantial changes are projected in temperature and precipitation extremes
under different emission scenarios, compared to the reference period 1986-2005. These changes
include a decrease in cold extremes, an increase in hotter temperature, and an intensification
of precipitation extremes.

Kharin et al (2013), which is an update of Kharin et al (2007), provided an analysis of
global temperature and rainfall extremes in the CMIP5 multimodel ensemble. They estimated
20-year return levels of annual extremes of temperature and daily rainfall as simulated by
the CMIP5 codes in the late 20th century in the historical experiments. Furthermore, they
compared them with estimates based on the reanalysis data, and evaluated their projected
changes by the end of the 21st century under various radiative forcing scenarios. Since their
target area and result are mainly at the global level, the regional analysis is confined. Thus,
we concentrate on similar research on EA and the Korean peninsula, and detailed results with
comparisons to the global values are provided in this study.

The datasets, methodology, simulation codes, and periods of interest considered in this
study are similar to Kharin et al’s (2013) (hereafter referred to as K13). The differences are
the study region, new work for model assessment, and comparison with the global values. The
methodological details are minimally described in this paper. For all specifics, we refer to the
Supplementary Material of this study and of K13. The main focus of the description here is
the regionally detailed result we obtained for EA and for the Korean peninsula.

Figure 1 is a map of East Asia showing the study region from 99° to 156° longitude and
from 19.5° to 60° latitude, including sea and land, with grid cells of 1.5° x 1.5° and coverage
for the Korean peninsula. In total, 39 x 28 = 1,092 grid cells including 23 for the Korean
peninsula are considered.

The remainder of the paper is structured as follows. The datasets and numerical models
are described in Section 2. The statistical methods are briefly mentioned in Section 3. Section
4 compares simulated extremes with observational evidence. Projected future changes are
presented in Section 5. A summary is given in Section 6 followed by discussion in Section 7.

The details including technical specifics and some figures are available in the accompanying



Supplementary Material (hereafter referred to as the SM).

2 Datasets and simulation models

We analyze the following four major variables with notations:

TX = the annual warmest among daily maximum surface air temperatures,

TN = the annual coldest among daily minimum surface air temperatures,

R = the annual largest among the daily rainfall amount, and

R5 = the annual largest among the 5-day rainfall amount.

Simulation data are obtained from the CMIP5 models in the historical experiment (years
1850-2005) and the experiments for the 21st century (years 2006-2100) employing three differ-
ent radiative forcings. The considered scenarios are RCP2.6, RCP4.5, and RCP8.5 (Represen-
tative Concentration Pathways; Moss et al. 2010). The estimated radiative forcing values by
year 2100 are 2.6 Wm™2, 4.5 Wm~2 and 8.5 Wm™? in the RCP2.6, RCP4.5 and RCP8.5 ex-
periments, respectively. The CMIP5 daily output was available for 29 models for the historical
experiment, 21 for the RCP2.6, 28 for the RCP4.5, and 25 models for the RCP8&.5 scenario.
For the details, see Tables S1 and S2 in the SM, in which the CMIP5 climate models analyzed
in this study and their resolutions are listed.

Several observationally constrained (or reanalysis) datasets are employed to evaluate sim-
ulated climate extremes in the late 20th century climate. A main dataset used in this study
is the European Centre for Medium-Range Weather Forecasts Re-Analysis-Interim (Dee et
al 2011), abbreviated as ERA-Interim or ERA-I. Other collections utilized for comparison are
ERA40, NCEP1, NCEP2, CMAP, and GPCP. For the detailed list of the six reanalysis datasets

including references, see Table S3 in the SM.

3 Methodology

The major measurements of interest in this study are the return level of annual extremes and
the corresponding waiting time. A return level for a specified T-year waiting time (or return
period) is the value exceeded by an annual extreme with probability p = 1/T. Most of the
analysis presented here is performed for the 20-year waiting time or, equivalently, for an annual
exceedance probability of p = 0.05. These 20-year return levels are denoted by T Xy, T Nog,
Rap, and R} in this study for annual warmest and coldest temperatures, and for annual largest
daily and 5-day rainfalls, respectively. These values are determined as the percentiles of the
generalized extreme value (GEV) distribution that is fitted by the L-moments method (Hosking

1990) to samples of climate extremes at every grid cell.



For the ensemble prediction, the simple (or equally weighted) average and the median of
the statistics calculated from the multimodels are employed in this study. The terms ‘CMIP5
ensemble’ and ‘CMIP5 median’ stand for the simple average and the median obtained based
on the CMIP5 multimodels, respectively.

For evaluating the performance of simulation models, we applied the Taylor diagram (Tay-
lor, 2001). The Taylor diagram quantifies the degree of correspondence between the modeled
and observed behavior in terms of correlation coefficient, the ratio of the normalized root mean
squared error and the normalized standard deviation. See Figure S1 in the SM.

The projected changes in return levels and in waiting times are determined and expressed
relative to the climate extremes simulated in the reference period, 1986—-2005. The projected
multimodel median changes are tested with the Wilcoxon signed-rank statistic. The time-
dependent GEV distribution is fitted by the maximum likelihood estimation for data in over-
lapping 51-year time windows. We also estimate the dependence of local changes in maximum
precipitation on mean temperature rise by a linear regression method. For more technical

details, readers are recommended to see the SM.

4 Simulated late 20th century climate extremes over East Asia

4.1 Temperature extremes

The left panels in Figure 2 display the CMIP5 ensembles (simple averages) of Rog, T'Nag, and
T X0 calculated from historical data for 1986—2005. In the middle and bottom left maps, the
CMIP5 ensemble of T'Nyy (T X20) across EA is -9.7°C (31.3°C), which is 9.2°C lower (5.1°C
higher) than the global value, -0.5°C (26.1°C).

The middle and bottom right panels show the differences of the two 20-year return levels
calculated from the CMIP5 historical data and from ERA-I. The difference (CMIP5 minus
ERA-I) in the coldest temperature (-2.2°C) is larger than that in the warmest temperature
(0.58°C). The difference of warm extreme is a bit higher than or similar to the global value
(about 0.5°C), while the value of cold extreme is far lower than the global result (about -
0.5°C) in K13. Table S4 in the SM provides three quartiles of regionally averaged T' X2y and
T Ny, which were computed from the CMIP5 historical data for 1986-2005 over the Korean
peninsula, EA, and globally. The medians from ERA-I and NCEP2 are also given. The warm
extremes from the CMIP5 ensemble across EA and Korea tend to be higher than the global
extremes, and the cold extremes across EA are lower than the Korean and global values. The
warm extremes from ERA-I and NCEP2 are similar across EA and Korea.

The difference for TN between high and low latitudes is bigger than that for T'X, which

shows the larger natural variability of temperature in winter than that in summer. In addition,



the difference between the two extreme temperatures (T X — T'N) gets larger as the latitude
increases, which reflects that the annual temperature variation in higher latitudes is bigger

than that in lower latitudes.

4.2 Maximum precipitation

The CMIP5 ensemble of the 20-year return level of the daily maximum precipitation for 1986—
2005 in EA are displayed in the top left panel of Figure 2. The CMIP5 ensemble of Roy across
EA is about 79.3 mm/day while the global value is 61 mm/day as reported in K13. There is
good agreement in the maximum precipitation between the CMIP5 ensemble and ERA-I with
a 1.02 ratio, as shown in the top right panel of Figure 2.

Three quartiles from the CMIP5 and median values for the reanalysis are provided in Table
S5 in the SM. Ryg of the CMIP5 multimodel for 1986-2005 across EA and Korea tend to be
higher than the global values; particularly, Ryo in Korea is the highest. The R3, computed
from CMIP5, ERA-I, and CMAP are in the increasing order of global, EA, and Korea.

Figure S2 in the SM shows the zonally averaged 20-year return levels of the 1986-2005
annual largest daily rainfall and non-overlapping 5-day mean rainfall, the annual lowest and
highest temperatures as simulated by the CMIP5 codes plotted on a log scale. In general,
temperature and rainfall extremes tend to decrease as latitude increases. Particularly, cold
extremes rapidly decrease from low latitude to high latitude while warm extremes slowly de-
crease. As presented in the box plot, temperature and rainfall extremes from the reanalysis
data are located within the estimates from the CMIP5.

Figure S3 shows contour maps of Rgq for the reference period (1986-2005) calculated from
four different reanalyses (ERA-I, ERA40, NCEP1, and NCEP2) across EA. Figures S4 and S5
are contour maps of the 20-year return level of the annual maximum of 5-day precipitation
for the reference period obtained from 6 reanalyses (the above four datasets plus CMAP and
GPCP) and from the CMIP5 ensemble for the historical pentad data. The surfaces from
CMAP and GPCP are similar, especially across Japan and Korea. In other cases, there are
noticeable differences among datasets, which reflect the uncertainty among 6 reanalyses. Thus
the assessment of a simulation model and the prediction of relative change depends on the

choice of the reference dataset.



5 Projected future changes in climate extremes over East Asia

5.1 Changes in temperature extremes

Throughout EA, since 1950, daily temperature extremes and heat waves have shown significant
changes with more frequent warm events and fewer cold events (Alexander et al 2006). At
the end of the 21st century, models project substantial warming in temperature extremes.
Regionally, warming trends in EA are projected to be above the global mean. In EA, the daily
maximum temperature is expected to increase with shortened waiting times in high-emission
scenarios (Seneviratne et al 2012). In this study, we check and update this result.

Table 1 summarizes changes of the CMIP5 median and quartiles (25% and 75%) of the 20-
year return levels in regionally averaged TXsg and TNy across the globe, and in EA and Korea
in 2081-2100 relative to 1986-2005. Those are denoted by ATXsy and ATNyy for warmest
and coldest temperatures. The largest changes in warm and cold extremes appear in RCP8.5.
The increases in cold extremes are larger than those in warm extremes across Korea, EA,
and globally. This is consistent with K13 and the IPCC AR5 (the Fifth Assessment Report by
Intergovernmental Panel on Climate Change 2013) that the increase rate in low temperatures is
higher than that in high temperatures globally. The AR5 predicted that this trend is continued
in the future with less variance compared with the past and appears more distinctly for the
local scale than globally. As an example, the biggest (second) rises in temperature extremes
are found in Korea (EA) in this comparison.

Figures 3 and 4 show the changes of T' X5y and T'Nyg from the CMIP5 ensembles across EA
and Korea in 1900-2100, respectively. For both T'Xsg and T Nag, the decrease rates in waiting
times in EA are faster than the corresponding values in Korea. The regional medians of the
waiting times corresponding to 20-year events based on the year 1995 are displayed in the right
panels of Figures 3 and 4. The waiting times for the coldest temperatures over EA are 8, 2,
and 1 years, for RCP 2.6, RCP 4.5, RCP8.5 (3, 1, and 1 years for the warmest temperatures),
respectively. Similarly, the waiting times of TN over Korea are 5, 2, and 1 years for the three
scenarios (4, 2, and 1 years for T'X), respectively.

Figure S6 shows the future relative changes of the 20-year return levels for 2081-2100
relative to 1986—2005 from the CMIP5 ensemble in the three RCP scenarios. The zonally
averaged increases of temperature extremes projected for 2081-2100 in all three RCP scenarios
are approximately from 1.5 to 6.2°C. The biggest increase in temperature extremes is found
in RCP8.5. Figure S7 displays the box-and-whisker plots of the future changes relative to
19862005 in TX9g and TNsq as simulated by the CMIP5 models in future periods. The future

rising trends in temperature extremes across EA and across Korea are similar.



5.2 Changes in rainfall extremes

Some authors including Ho et al (2011), Park et al (2011), Zhou et al (2014), Seo et al (2016),
Kim et al (2019), and Lee et al (2020) have reported future increases in the heaviest rainfall
across EA or across Korea. They projected that the annual maximum precipitation will vary
in intensity with shortened waiting times.

Figure 5 shows the CMIP5 ensemble change in the 20-year return levels of the annual
largest rainfall, denoted by ARoy(%), averaged over EA and Korea relative to 1986-2005. The
rising rate in return levels and dropping rate in waiting times in EA are similar to those in
Korea. The ARy increases by 7%, 15%, and 35% up to 2100 for EA and 6%, 17%, and 37%
for Korea for RCP2.6, RCP4.5, and RCP8.5, respectively. The ARy over EA and Korea are
higher than the global figures reported in K13. The result in Korea is comparable with those
by Lee et al (2020), in which they reported 23% and 45% ARy increases for RCP4.5 and
RCP8.5 respectively, relative to the observations in 1971-2005.

The 20-year waiting times decrease to 14, 9, and 5 years across EA, and 13, 10, and 4 years
for Korea, for RCP2.6, RCP4.5, and RCP&.5, respectively, by the end of the 21st century.
These decreases are faster than the global decreases provided by K13. Korea shows similar
sign of the projected changes with enhanced trend. The 20-year waiting times for Korea are
comparable with the results by Seo et al (2015) and by Lee et al (2020). Seo et al (2015)
obtained that the values decrease to 5 and 4 years relative to historical data (11 and 8 years
relative to observations) for RCP4.5 and RCP8.5, respectively. Lee et al (2020) reported these
values be 10 and 5 years relative to the observations in 1971-2005, which is similar to the result
of this study.

Table 2 summarizes changes (%) in the CMIP5 median and quartiles (25% and 75%)
relative to 19862005 in zonally averaged Ro across the globe, EA, and Korea in 2081-2100.
The corresponding multimodel median waiting times of Ro(1995), denoted by WT(Ra0(1995)),
are also listed. Similar to temperature extremes, the biggest changes in Roy by the end of the
21st century are found in RCP8.5.

Figure 6 is a collection of contour maps showing the spatial change (%) of Rgg, denoted
by ARgg, across EA for the three future periods from the CMIP5 ensemble relative to 1986—
2005. The ARy over EA are about 7-9% for 2016-2035, 10-17% for 2046-2065, and 8-32
% for 2081-2100. The differences in the scenarios are small in 2016-2035. Changes that
are not statistically significant at the 5% level are marked by cross-hatching. We can see
more significant changes for the far right and for the far bottom maps. This is because the
climatic effect of the different emission scenarios appear distinctly after the mid-21st century,
as mentioned in the IPCC AR5 (2013).

Figure S8 shows the variations of the annual ‘mean’ precipitation for the future three



periods from the CMIP5 ensemble relative to the period 1986-2005. Similar to the changes
in Ry, the biggest increases are found in RCP8.5. The mean and the maximum precipitation
have different increasing patterns. The former rises as latitude increases whereas the latter
increases across the coastal areas in EA, as seen in Figures 5 and 6. It is notable that the
increases of ARgg are twice as fast as those of the annual mean rainfall for the future. For
example, ARy up to year 2100 in RCP8.5 is 32% while the change of the annual mean rainfall
is 16% for the same period and RCP. This phenomenon is also confirmed in Figure 7 of the
next subsection.

Figure S9 shows the box-and-whisker plots of relative changes (%) in the regionally averaged
ARy and in regional medians with a notation RC(R29(1995)). In both EA and Korea, the
biggest ARop and lowest waiting time are found in 2081-2100 in RCP8.5.

5.3 Changes in rainfall extremes by the rise of temperature

There is a dispute that change in extreme rainfall may accompany a change in temperature in
view of the Clausius-Clapeyron (C-C) relation that predicts an increase in moisture availability
of about 6-7%/°C (e.g., Boer 1993; Allen and Ingram 2002; Westra et al 2013). It is a big
concern that the extreme rainfall of a sub-daily or hourly time scale tends to be increasing
(up to a doubled C-C rate) with the temperature change, which is known as a super C-C
scaling (Lenderink and van Meigjaard 2008; Berg et al 2013; Park and Min 2017). The super
C-C scaling has been observed in many regions including Europe, North America, Hong Kong,
Japan, and Korea.

Figure 7 and Figure 8 display the percentage changes in Rag averaged across EA and across
the Korean peninsula, respectively, as a function of the regional annual mean temperature
variation as simulated by the CMIP5 models in 20462065 and 2081-2100 in the three emission
scenarios. We did this work across EA and across Korea by following the linear regression
method as in K13. The regression fit is marked by the dashed line in Figure 7 with the slope
of about 5.5%/°C, which is lower than that (5.8%/°C) for the globe reported in K13. The
value is 7.38%/°C for Korea, which is much higher than that for EA and globally. In Figures 7
and 8, the increasing patterns in EA are similar to the global patterns. These patterns appear
more distinctly in Korea as a local scale.

The regression fitting over EA for annual precipitation on annual mean temperature indi-
cates a 1.79%/°C rise, which is similar to that (1.8%/°C) for the globe. This result is consistent
with IPCC AR5 (2013) in which the increase of annual rainfall is only about 2% because of the
weak atmospheric circulation even though the increase in moisture availability is about 7%.
This study illustrates that in EA, the change effect for rainfall extremes (Ryg) according to

the increase of temperature is more severe than that for annual rainfall. The value for Korea



is 2.57%/°C as seen in Figure 8.

The upper right panel in Figure 7 is a histogram of the hydrological sensitivities, with a
notation ARg9%/AT,°C, of the CMIP5 ensemble for the annual largest rainfall across EA.
This figure indicates considerable inter-model uncertainty in these sensitivity statistics, where
the bulk of model values are in the 4-10%/°C range. By comparison, the lower diagram in
Figure 7 shows similar statistics for the annual mean rainfall, where most of the model values
are in the 1-4%/°C range.

6 Summary

We studied the performance of the CMIP5 models in simulating annual extremes of surface tem-
perature and daily rainfall, and their projected changes for three scenarios, RCP2.6, RCP4.5,
and RCP8.5. Our findings across EA and Korea and global comparisons are summarized as

follows.

1. The warm and cold temperature extremes of 1986-2005 over EA are observed as lower
than the global average. The 20-year return level of the annual warm and cold extremes
from the reanalyzed datasets (ERA-I and NCEP2) across EA are within the range of the
CMIP5 median estimate. The increasing trends in warm and cold extremes across EA

are greater than the global trends.

2. Cold extremes across EA and Korea get warmer faster than warm extremes, which is the
same as the global figures reported in K13. The CMIP5 median warming of cold extremes
over the EA by the end of the 21st century are 1.9°C, 3.2°C, and 6.7°C in the RCP2.6,
RCP4.5, and RCP8.5 experiments, respectively, as compared with the corresponding
increases of 0.9°C, 2.0°C, and 4.8°C for warm extremes. The rise in cold extremes over
Korea are 1.3°C, 2.4°C, and 7.0°C in the three scenarios, respectively, as compared with

the corresponding increases of 1.6°C, 2.6°C, and 5.5°C for warm extremes.

3. Relative increases (%) in the intensity of rainfall extremes over EA and Korea generally
exceed the global figures reported in Kharin et al.(2013). The regionally averaged Rag
increases in the CMIP5 ensemble over EA up to year 2100 are about 7% in the RCP2.6,
15% in the RCP4.5, and 35% in the RCP8.5 experiment. This is 1.5 to 2 times faster

than the corresponding results of global multimodel changes.

4. Waiting times for 20-year extreme rainfall events based on 1986-2005 across EA are
projected to shorten to about 14, 9, and 5 years (13, 10, and 4 years over Korea) by the
end of the 21st century in the RCP2.6, RCP4.5, and RCP8.5 scenarios, respectively.

10



5. Overall, 20-year return levels of temperature and rainfall extremes in the CMIP5 ensem-
ble over EA and Korea are larger than those for the globe. Warm and cold extremes over
EA show a higher rapid warming rate than the globe. Changes in the 20-year rainfall

events in EA and Korea are also faster than the global changes.

6. The CMIP5 multimodel estimate of the sensitivity in extreme rainfall (Rgg) to the annual
mean temperature variation across EA is about 5.5%/°C, which is lower than the global
estimate (5.8%/°C) reported in K13. This value for the Korean peninsula is 7.38%/°C.

7 Discussion

It is generally accepted that increasing greenhouse gases induce atmospheric temperature
warming, which results in rising equivalent potential temperature and specific humidity accord-
ing to the Clausius-Clapeyron relationship (Ruckstuhl et al 2007). The increase in atmospheric
water vapor is the main factor in generating convective instability. In view of this insight, Kim
et al (2019) obtained an indication that increasing extreme precipitation over South Korea
in the past and in the future under RCP scenarios is more related to a change in convective
instability rather than synoptic conditions. We expect this explanation to be extended to the
EA region but we may need more evidence to do so.

Another plausible explanation for the increase of maximum precipitation in the future is a
connection to the high possibility of the rise of strong typhoons in both frequency and strength.
Some regions including south-western Japan, southern Korea, and south-eastern China are in
the typhoon high-impact range. Park et al (2016) evaluated multiple regional climate models
(RCMs) for summer climate extremes over EA. Such multiple RCMs accompanied by multiple
general circulation models (GCMs) must be very useful in understanding the future climate
over EA. Assessing changes in climate extremes over EA by combining and comparing these
multiple RCMs and GCMs is a future research topic.

A reanalysis data APHRODITE (Asian Precipitation Highly-Resolved Observational Data
Integration Towards Evaluation; Yatagai et al 2012) might be a better choice for Asian domain.
However it is not employed in this study because we concentrated to compare results over EA
to the global values which were obtained by Kharin et al (2013) without APHRODITE.

The ensemble methods applied in this study are the simple (or equally weighted) average
or the median of the statistics obtained from multimodels. Many studies including Suh et al
(2012), Zhu et al (2013), Niu et al (2018), and Shin et al (2019b), however, applied the unequally
weighted average methods. These weighted average methods, including the Bayesian model
averaging, combine the forecast distribution of different models and build a weighted predictive

distribution out of multiple models. The weight of each model is calculated by comparing the
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reanalysis data and the historical data from a simulation model. If there are some differences
in the reliability or fidelity of models, these weighted average techniques are worthy of being
employed as ensemble forecasts.

There is high probability that the numerical model is biased systematically. To solve this
problem, one can apply the bias correction technique which constructs a mapping that matches
the observations and the historical data well. Some studies, including Piani et al (2010),
Sangelantoni et al (2019), Shin et al (2019a), and Lee et al (2020), applied the statistical bias
correction methods to the output of models, in which the obtained mapping for the past was
applied to the simulation data for future periods. Such application may be valid under the
assumption that the relationship between observations and historical simulation is kept very
similar in the future. This approach may improve the model output and thus, the ensemble

prediction may be more realistic and reliable.
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Table 1: CMIP5 median changes (ATX5 and ATNyg) and the corresponding interquartile
multimodel range in regionally averaged 20-year return levels of annual coldest and warmest
temperatures in 2081-2100 relative to 1986-2005 simulated under three scenarios: RCP2.5,
RCP4.5, and RCP8.5.

ATXy (°C) ATNy (°C)

Quartiles Globe East Asia Korea | Globe East Asia Korea
RCP 2.6 75% | 1.30 1.94 1.85 1.70 1.73 2.24
RCP 2.6 50% | 0.80 1.18 1.40 1.50 1.40 1.44
RCP 2.6 25% | 0.70 0.77 0.94 1.10 1.05 1.10
RCP 4.5 75% | 2.10 2.98 3.21 3.00 3.09 3.20
RCP 4.5 50% | 1.70 2.45 2.56 2.40 2.62 2.71
RCP 4.5 25% 1.40 1.76 1.70 2.10 2.12 2.17
RCP 8.5 75% | 4.50 6.07 5.87 5.60 6.40 6.74
RCP 8.5 50% | 3.90 5.07 5.09 4.90 5.49 5.37
RCP 8.5 25% | 3.40 4.02 4.09 4.30 4.53 4.41

Table 2: Same as Table 1 but for changes (ARgp) of annual maximum daily precipitation, and
for CMIP5 median waiting times of 20-year return level (Rgg) relative to 1995, denoted by

WT(Rao(1995))-

ARgo (%) WT(Rao(1995)) (vears)
Quartiles Globe East Asia Korea | Globe East Asia Korea
RCP 2.6 75% | 8.70 8.48 11.17 | 15.30 27.92 67.97
RCP 2.6 50% | 6.20 6.27 5.65 | 14.70 23.12 22.20
RCP 2.6 25% | 4.30 4.14 0.74 | 13.70 19.18 17.53
RCP 4.5 75% | 13.00 16.49 18.01 | 12.90 14.86 18.42
RCP 4.5 50% | 10.00 14.88 14.88 | 11.00 13.40 12.97
RCP 4.5 25% | 8.00 11.83 10.96 | 10.40 11.02 9.92

RCP 8.5 75% | 36.00 37.90 41.16 | 7.60 7.06 7.51
RCP 8.5 50% | 25.00 31.37 29.27 | 6.60 6.39 5.36
RCP 8.5 25% | 19.00 22.16 25.92 | 5.80 5.56 4.62
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Figure 1: Map of East Asia from 99° to 156° longitude and 19.5° to 60° latitude including sea
and land, with grid cells of 1.5 x 1.5 and coverage for the Korean peninsula.
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Figure 2: Left panels: The CMIP5 ensembles (simple averages) of 20-year return levels of
annual maximum precipitation, annual coldest and annual warmest temperatures for 1986—
2005. Top right panel: The ratio of two 20-year return levels (mm day~!) of precipitation
extremes calculated from CMIP5 historical data and from ERA-Interim reanalysis data. Mid-
dle and bottom right panels: Difference of 20-year return levels (°C) of temperature extremes
calculated from CMIP5 historical data and fr(irgn ERA-Interim.
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Figure 3: Left panels: The CMIP5 ensemble change (ATXsg) in 20-year return levels of the
annual warmest daily temperature T' X9 (°C) averaged over East Asia and Korea relative to
1986-2005 in the historical, RCP2.6, RCP4.5, and RCP8.5 experiments. Right panels: The
regional medians of the waiting times corresponding to 7' X3y based on the year 1995 are
displayed. Thick solid lines and shading are the ensemble means and inter-quartile range (75%
—25%) respectively. Dotted lines indicate individual model simulations.
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Figure 4: Same as Figure 3 but for the change (ATNgy) of the annual coldest temperature
T Nog.
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Figure 6: CMIP5 median relative change (% R# 20-year return levels of annual largest daily
rainfall simulated in 2016-2035 (left column), 2046-2065 (middle column), and 2081-2100
(right column) relative to 1986-2005 in RCP2.6 (top panels), RCP4.5 (middle panels), and
RCP8.5 (bottom panels). Changes that are not statistically significant at the 5% level are
marked by cross-hatching.
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Figure 7: Top left panel: Relative changes (%) in averaged 20-year return levels of annual
largest daily rainfall (ARgg) over East Asia plotted on a log scale as a function of averaged
changes in annual mean surface temperature (AT, °C) simulated by the CMIP5 models in the
three scenarios in 2046-2065 and 2081-2100. The linear regression fit is marked by the dashed
line. Top right panel: Histogram of maximum precipitation sensitivities (ARgo/AT, °C) over
East Asia. The median value and quartiles (25%, 75%) are indicated by the vertical dashed
and dotted lines respectively. Bottom panels: same as the above but for changes in annual
mean rainfall (AR) instead of ARg.

23



AR 20, %

AR, %

50

20

10

20

10

AR 20, Korea

o RCP26
2 RCP45
/ ¢ RCPB5
‘oo © a 20452065
' a 20812100
= T T
2 4 8
NAs
AR, Korea
&
o o5 00
o o @ 6 D@D—@"'" 257/C
& TR0 Oy ¢
0@;@%%]0% o
i} %
§ ¢ g
@ © 0
0
90 0 o
0]
o RCP26
0 o RCP45
 RCPB5
o o 20462065
B 2081-2100
T T T
2 4 8
NAs

# of simulations
20 30 40 50 &0

10

# of simulations
20 a0 40 50 60

10

25% 50% T5%
377 574 847
'

RCP 2.6 2046-2065
RCP 4.5 2046-2065
RCP 8.5 2046-2065
RCP 2.6 2081-2100
RCP 4.5 2081-2100
RCP 8.5 2081-2100

EEDEOOO

AR20,%IAT, ¢

25% 50% 75%
362 475658

-10 5 0 5 10 15 20 25

AR, %IAT, T

Figure 8: Same as Figure 7 but for the Korean peninsula.
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