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Abstract For the comprehensive estimation of regional climate change over East Asia (EA) at the 2 and
3 °C global warming levels (GWLs), the Kppen-Trewartha climate-type change is assessed with ensemble
regional climate change projections in line with Coordinated Regional Climate Downscaling Experiment
(CORDEX)-EA phase 2. Under the 2 °C (3 °C) GWL, 17.6% (25.2%) of the EA region is expected to undergo
major climate-type changes. Tropical and subtropical climate types will expand northward, accompanied by
increasing hydroclimatic intensity. Limiting GWL to 2 °C shows benefits by preventing subtropical-type
expansion around far EA. Desertification over inland regions of EA exhibits scenario dependency. Boreal
and tundra climate types over high-latitude regions will tend to decrease rapidly, especially over the
Tibetan Plateau. The results are expected to be a baseline assessment of climate change over EA under
the 2 and 3 °C GWLs above the preindustrial level.

Plain Language Summary This paper investigates the Koppen-Trewartha climate-type changes
over East Asia (EA) at the 2 and 3 °C global warming levels (GWLs) with the ensemble regional climate
simulations. Under the 2 °C (3 °C) GWL, 17.6% (25.2%) of the EA region is expected to undergo major
climate-type changes. The result shows increased tropical, subtropical, and desert climate types
accompanied by intensification of hydroclimatic stress. In addition, boreal and tundra climate types over
high-latitude regions will tend to decrease rapidly, especially over the Tibetan Plateau under the 2 and

3 °C GWLs.

1. Introduction

The United Nations Framework Convention on Climate Change Paris Agreement of December 2015 sets the
mitigation goal of holding the global warming level (GWL) well below 2 °C compared to preindustrial (PI)
levels and pursuing efforts to limit it to the 1.5 °C level (United Nations, 2015). However, considering carbon
inertia and complex feedbacks, there exist skeptical views on the success of limiting GWL below 2 °C (e.g.,
Mauritsen & Pincus, 2017; Rogelj et al., 2016; Raftery et al., 2017; Knutti & Rogelj, 2015). In line with the
2015 Paris agreement, for instance, the signatories pronounced practical plans for reducing greenhouse
gas (GHG) emissions, the so-called “intended nationally determined contributions” (INDCs), to prevent
the irreversible anthropogenic climate change. Rogelj et al. (2016) examined the global GHG emissions
based on INDCs and presented 2.6-3.1 °C warming by 2100. Raftery et al. (2017) also suggested a global
temperature increase in 2100 within the range from 2.0 to 4.9 °C based on statistically estimated future
emission levels. Therefore, a target temperature warmer than the goal of the 2015 Paris agreement should
be examined for the realistic future.

Meanwhile, the regional climate does not respond monotonically to global warming (James et al., 2017;
Kirtman et al., 2013; Seneviratne et al., 2016; Sillmann et al., 2013). Therefore, extensive research on the
regional climate response to the target GWL has been conducted based on the general circulation model
(GCM, sometimes global climate model) in various regions: King et al. (2017) and Lewis et al. (2017) for
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Australia; King and Karoly (2017) and Vautard et al. (2014) for Europe; Osima et al. (2018) and Nkemelang
et al. (2018) for Africa; Swain and Hayhoe (2015) and Karmalkar and Bradley (2017) for the United States;
Xu et al. (2017), Chen and Sun (2018), Lee and Min (2018), Lee et al. (2018), Shi et al. (2018), and Zhao
and Zhou (2019) for East Asia (EA).

However, GCMs have a weak point in resolution for reflecting the realistic impacts of local forcing with
detailed topography or land use types (Ahn et al., 2016; Choi et al., 2016; Im et al., 2006, 2007, 2015; Lee
& Hong, 2014). Therefore, numerous dynamically downscaled climate change assessments at the target
GWL based on the regional climate model (RCM) have actively been carried out in line with the
Coordinated Regional Climate Downscaling Experiment (CORDEX) project: Donnelly et al. (2017), Dosio
and Fischer (2018), Jacob et al. (2018), and Marx et al. (2018) for the EURO-COREX domain; and Sylla
et al.,, 2018, Sylla et al., 2018), Nikulin et al. (2018), Madure et al. (2018), Mba et al. (2018), and Lennard
et al. (2018) over the CORDEX-Africa domain.

The CORDEX-EA phase 2 (CORDEX-EA2) domain covers broader areas than do the general concept of EA,
including the Asian-Pacific monsoon regions (e.g., Indian Monsoon, Western North Pacific Monsoon, and
East Asian Monsoon; Wang & Lin, 2002), Mongolia, southern Russia, and eastern Kazakhstan (http://cor-
dex-ea.climate.go.kr/cordex/area.do). This region is one of the most vulnerable regions under the target
GWL due to its possible exposure to more frequent extreme heat events (Prajapat et al., 2019, for India;
Shi et al., 2018, for China; Im et al., 2019, for South Korea [S. Korea]), increased heat stress (Lee & Min,
2018), and intensified precipitation (Ge et al., 2019, for Southeast Asia; Sun et al., 2018, for China).
However, these studies have only partially examined these changes due to their focus on different regions
and climatic variables. In order to understand the impact of the target GWL on the environment of EA, com-
prehensive analyses that consider the changes of climatic variables are needed. The Kdppen climate classi-
fication is an efficient tool that offers the advantage of combining climatic variables (temperature and
precipitation) and their seasonality within a single metric (Belda et al., 2015; Mahlstein et al., 2013). Since
this metric has a threshold that considers plant sensitivity, it can be used as a baseline estimation of feasible
biomes and ecosystem changes. In addition, it has broad applicability because the required data are common
variables in climate models. Therefore, the K&ppen scheme is used widely for climate change impact
research with Special Report on Emission Scenarios (SRES; e.g., Gallardo et al., 2013; De Castro et al.,
2007; Gao & Giorgi, 2008; Feng et al., 2012) and Representative Concentration Pathway (RCP) scenarios
(e.g., Rajaud & de Noblet-Ducoudré, 2017; Chan & Wu, 2015; Zeroual et al., 2019; Mahlstein et al., 2013).
A few studies have assessed Koppen-related climate-type changes over EA, merely focused on a relatively
small area in the CORDEX-EA2 domain (i.e., Shi et al., 2012, and Chan et al., 2016, for China; Yun et al.,
2012, and Lee et al., 2017, for S. Korea; Talchabhadel & Karki, 2019, for Nepal) using different emission sce-
narios, horizontal resolutions, and analysis periods. Since the differences in the projection domain
(Bhaskaran et al., 2012; Leduc & Laprise, 2009; Zagar et al., 2013), horizontal resolution (Shi et al., 2018;
Evans & McCabe, 2013), or model sensitivity to GHG forcing (Nikulin et al., 2018; Sylla, Pal, et al., 2018)
could be the source of the uncertainty in regional climate projections, it is important to coordinate experi-
ments and assess the future projection from the same baseline (e.g., PI level). Therefore, this study examines
the Koppen-Trewartha (K-T) climate-type changes over the CORDEX-EA2 domain at 2 and 3 °C GWL from
the PI level with the state-of-the-art GCM-RCM downscale chain forced by RCP4.5 and 8.5 scenarios.

2. Data and Method
2.1. Data

Under the framework of the national project of S. Korea, dynamical downscaling of Coupled Model Inter-
comparison Project (CMIP) Phase 5 GCM experiments is conducted by the collaboration of three different
institutes in S. Korea in line with the CORDEX-EA2 project. For representing possible ranges of climate
change, two different GCMs of CMIP5 are chosen for lateral boundary conditions: the Hadley Centre
Global Environment Model version 2-Atmosphere-Ocean (HadGEM2-AO; Baek et al., 2013) operated by
the National Institute of Meteorological Research/Korean Meteorological Administration and the Max
Planck Institute Earth System Model Low Resolution (MPI-ESM-LR; Giorgetta et al., 2013). In terms of
model genealogy (Knutti et al., 2013; Masson & Knutti, 2011), which quantitatively classified the CMIP3/5
GCMs into “family trees” by hierarchical clustering based on model characteristics (e.g., mean bias

JO ET AL.

14,031


http://cordex-ea.climate.go.kr/cordex/area.do
http://cordex-ea.climate.go.kr/cordex/area.do

'AND SPACESCIENCE

Geophysical Research Letters 10.1029/2019GL085452

pattern), The HadGEM2 and MPI-ESM models are distinguished as a different “family” among CMIP5
GCMs. Moreover, those two GCMs are assessed to have superior performance over the EA region compared
to the other models (McSweeney et al., 2015). Thus, this combination of driving GCMs is expected to gratify
the requirement for ensemble members to estimate climate changes in EA. The multimodel high-resolution
regional climate projections that are analyzed in this study are HiJdGEM2-AO/RegCM, MPI-ESM-LR/WREF,
and MPI-ESM-LR/CCLM with the same horizontal resolution (25 km) and domain configuration (Table S1
in the supporting information). As reference data of the present climate, Asian Precipitation-Highly
Resolved Observational Data Integration Toward Evaluation of Water Resources (APHRODITE; Yatagai
et al., 2012) daily gridded temperature and precipitation data are used with 0.25° X 0.25° horizontal
resolution. The downscaled results have finer resolution than have APHRODITE,; therefore, it is expected
to be sufficient for describing the detailed climate-type distribution and resolve the complexity of climate
in EA better than can the GCM results (Fig. S1).

2.2. Target GWL

The period reaching target GWLs is defined with global mean surface temperature (GMST) calculated from
driving GCMs (HadGEM2-AO and MPI-ESM-LR). The PI level is usually defined as time-averaged GMST
within the period of 1850-1900 (Collins et al., 2013; Hawkins et al., 2017; Joshi et al., 2011; Vautard et al.,
2014). In this study, due to data availability, time-averaged GMST of historical experiments during
1861-1900 of each GCM is used as the PI baseline (Figure S2). The target warming period is defined as
the timing that 25-year moving-average (central year) GMST reaches the target GWL. The 2 °C warming per-
iod is defined as 2030-2054 (2031-2055) for HadGEM2-AO and 2031-2055 (2024-2048) for MPI-ESM-LR
under the RCP 4.5 (RCP8.5) scenario, respectively. As for the 3 °C GWL, only the RCP 8.5 scenario reaches
the target level, and the period is 2050-2074 and 2049-2073 for HadGEM2-AO and MPI-ESM-LR,
respectively. As for the 3 °C GWL, only the RCP 8.5 scenario reaches the target level, and the period is
2060-2084 and 2056-2080 for HadGEM2-AO and MPI-ESM-LR, respectively. In this study, therefore, the
RCP8.5 scenario is primarily analyzed for the 2 and 3 °C target GWLs. RCP4.5 will be used in changing trend
analysis (Figure 3), and other RCP4.5 results are added in the supporting information. Owing to the different
sensitivity to GHG emission forcing between GCMs, the target warming period and the reference period are
usually defined by each GCM, individually (Sylla, Faye, et al., 2018; Sylla, Pal, et al., 2018). However, in this
study, a fixed reference period (1981-2005) is used because of data availability. According to the
Intergovernmental Panel on Climate Change (IPCC) Special Report on Global Warming of 1.5 °C in 2018
(IPCC, 2018; hereafter IPCC SR 2018), GMST is increased by about 0.57-0.73 °C during 1986-2005 from
the PI period (during 1850-1900), as estimated by various reanalysis data. As for HadGEM2-AO and
MPI-ESM-LR, 0.48 and 0.84 °C increases of GMST, respectively, are projected, and the weighted GCM
ensemble (Figure S2c) shows 0.72 °C warming from the PI period (1861-1900) during 1981-2005. By consid-
ering the different definitions of the PI (which contains a warmer period than IPCC SR 2018) and reference
(which includes a cooler period than IPCC SR 2018) periods, the reference period of this study lies within the
range of data sensitivity and remains reasonably representative of the current state of climate classification.

2.3. Method

The K-T scheme, which is a modified version of the original Képpen climate classification (Koppen, 1936), is
utilized to estimate the climate change over EA (Table S2). The K-T method revises the original criteria and
thereby achieves better agreement in the boundaries of natural landscapes than does the original Koppen
classification (Belda et al., 2015; Trewartha & Horn, 1980).

As presented in Table S2, the K-T classification uses raw temperature and precipitation rather than anomaly
when defining thresholds. Therefore, the results are crucially affected by the model biases, and so we applied
a bias correction method, quantile delta mapping (QDM), based on cumulative distribution function match-
ing. Quantile mapping is a powerful bias correction method for adjusting not only mean but also variance
and extreme distributions (Chen et al., 2013; Eum & Cannon, 2017; Teutschbein & Seibert, 2012).
However, it has disadvantages when applied to the future climate change data because of the stationary
assumption that artificially offsets the model-projected trends (Hagemann et al., 2011; Maraun et al.,
2017; Maurer & Pierce, 2014). To overcome this defect, QDM has been developed to conserve projected rela-
tive changes in quantiles (Bhatia et al., 2019; Cannon et al., 2015; Eum & Cannon, 2017). A detailed descrip-
tion of QDM is available in Appendix A of Cannon et al. (2015). Transfer functions for QDM are established
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for each month based on daily precipitation and temperatures during historical, 2 °C warming, and 3 °C
warming periods. In order to apply the QDM and ensemble analysis, model data are interpolated into the
APHRODITE data grid system with rectilinear interpolation. The ensemble mean (ENS) is derived with
the simple composite mean method with even weighting.

Precipitation changes are also analyzed with respect to climate indices derived from daily mean precipita-
tion. Indices follow the definitions of the Expert Team on Climate Change Detection and Indices
(ETCCDI; Karl et al., 1999; Peterson et al., 2001). We select the maximum length of dry spell (CDD), simple
precipitation intensity index (SDII), and annual total precipitation above the 95th percentile threshold
(R95pTOT) from ETCCDI to represent dry and wet precipitation extremes. Additionally, the hydroclimatic
intensity index (HYINT; Giorgi et al., 2011, 2014; Im et al., 2017) is used to assess the changes of hydrocli-
matic stress in the target warming climate. Each climate index is defined in Table S4.

3. Results

3.1. Reference Period

EA has diverse climate types classified in terms of the K-T scheme in the reference period (Figure 1a). The
southern regions of 20 °N are mainly covered by Aw types and the southern islands of the Philippines are
included in the Ar climate zone. The western part of India exhibits steppe (Bs) climate, and the southern part
of China is dominated by Cr- and Cw-type climates. Far EA (FEA), including the Korean Peninsula, Japan,
and the northeastern part of China, is represented by D-type climate. Southern Mongolia and the northern
part of China are described as desert climate (Bw). Regions northward of 50°N are principally covered with
subarctic (E) climate, except for the eastern part of Kazakhstan. The Tibetan Plateau (TP), the so-called
“Third Pole” of the Earth, is mostly classified into FT (tundra) climate and mixed with E (subarctic) and
Bw (desert) climate types. Figure 1b denotes the K-T climate-type distribution of the ENS reference period
after bias correction. Only few grid points present different climate types compared with APHRODITE (dif-
ferences are not shown), indicating that the bias-corrected RCM can simulate EA climate types reasonably
well compared with reanalysis data (Figure S3).

3.2. Future Climate at Target GWL

Under the 2 °C (3 °C) warmed climates forced by the business-as-usual scenario, 17.6% (25.2%) of the EA
region is expected to undergo major climate-type changes (Figures 1c-1f and Table S3). One of the largest
climate-type changes is from E to D climate type (Figure 2a), which is prevalent over high-latitude regions
of EA around the southeastern part of Russia (Figures 1c-1f). The changes of precipitation indices such as
CDD, SDII, R95pTOT, and HYINT are relatively small than those of other regions but show high consistency
between ensemble members in terms of increased precipitation (Figures S5¢ and S5d), especially under the
3°C GWL.

The FEA region covering the Korean Peninsula, central and southern Japan, and the middle of the North
China Plain (NCP) is famous for highly populated regions with mega cities. This region exhibits changes
from temperate (D) to subtropical (C) climate. The southern boundary of the temperate climate zone
(D type) is projected to shrink northward due to the expansion of subtropical climate (C). These are sup-
ported by the previous studies, assessed under the SRES A1B scenario (Shi et al., 2012; Yun et al., 2012)
and other RCP scenarios (Lee et al., 2017) at the end of the 21st century. These changes were accompanied
by increases of both CDD (Figure 2b) and extreme precipitation intensity (Figures 2c and 2d), which
increased the hydroclimatic stress (HYINT) (Figure 2e). The middle of the NCP shows this changing trend
both under the 2 and 3 °C GWLs. If GMST is kept well below the 2 °C GWL, however, these climate-type
distribution changes are expected to occur over only areas along the coastal line of the Korean Peninsula
and the southern part of Japan (Figure 1d).

Over South Asia (SA), one of the most populous regions in the world, there are narrow bands of the subtro-
pical climate zone along the Ganges River Valley and around the Madhya Pradesh state and the northern
part of Indo-China Peninsula during the reference climate (Figures 1a and 1b). These regions have already
started to experience the effect of climate change (e.g., a record-breaking heat wave over India that claimed
about 5,000 casualties in 2018). Moreover, this region has high vulnerability for climate change because peo-
ple's living primarily depends on outdoor work such as fishery or agriculture. Our result showed that these
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Figure 1. K-T climate-type map over CORDEX-EA2 domain derived from (a) APHRODITE and (b) ENS (reference period). Disappearing and emerging climate
types of ENS in the (c, d) 2 °C and (e, f) 3 °C GWLs under the RCP8.5 scenario.

subtropical regions, including the Ganges River Valley and the Assam region of India, Myanmar, Laos, the
Republic of Bangladesh, and the Hainan island of China, are projected to shift toward tropical humid
climate (Figures 1c-1f). This major climate shift toward warmer and wetter climate than the current state
indicates that the corresponding regions will be exposed to a more favorable condition in terms of high
wet-bulb temperature, which is directly related to human survivability (Sherwood & Huber, 2010).

On the other hand, the dry area (B) at the midlatitude expands toward the northern part of Mongolia and
some eastern parts of Kazakhstan and some B climate boundaries of India and the TP. The extended areas
account for about 15% (30%) under the 2 °C (3 °C) GWL compared to the reference period (Figures 1c-1f
and 3b). Given that these areas can be the source of yellow dust over EA countries, the expansion of these
dry areas is likely to impact on the local environmental change, as well as have a remote impact on air qual-
ity at the lee-side countries in the future. Furthermore, following the eastern edge of steppe climate (Bs) in
the reference period over northeast China, the dry climate tends to expand more eastward with a decrease of
D climate types (Figures 1d and 1f). These regions including the three provinces of northeast China, that is,
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Heilongjian, Jilin, and Liaoning, which are the primary breadbaskets of corn production in the world, imply-
ing that the extension of B climate under the 2 °C GWL can be linked to food security and
socioeconomic problems.

The most dramatic climate change over EA is projected over the TP. F climate type, which only exists over
the TP region in EA, will experience K-T-type changes from FT to various types (B, D, and E), and the largest
portion of FT-type loss is shifted toward E climate types (Fig. 2). These are in line with results with 18 CMIP5
GCMs (Chan et al., 2016). Areas of changing climate types from F show decreased CDD, except for F-D
change in the 2 °C GWL (Figure 2b), and increased extreme precipitations (Figures 2c and 2d) and
HYINT (Figure 2e), but with high uncertainty (the various ensemble members show disagreement on the
sign of precipitation change) especially under the 3 °C GWL (Figures S5c¢ and S5d).

3.3. Pace of Climate-Type Shift

So far, the analyses are based on a specific time slice within the long-term climate change. Nevertheless, the
pace of shift is the critical information for the adaptation of species (Mahlstein et al., 2013; Sandel et al.,
2011). Figure 3 displays the temporal evolution of area change (%) for each major climate type from the
reference period to the end of the 21st century under each RCP scenario. The statistical significance of the
slope is evaluated based on the Student ¢ test. Tropical climate type (A) shows a persistent increase of about
1% per 5-year period in both RCP4.5 and RCP8.5 scenarios (Figure 3a). The area change of A climate type
keeps increasing and becomes even sharper after the mid-21st century (2046-2070) under the RCP4.5
scenario, although RCP4.5 is a “stabilizing” scenario (van Vuuren et al., 2011). The main region of increased
A climate type is SA (Figure 1), which has already experienced impact of climate change on the human
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Figure 3. Time series of K-T type area changes with respect to the reference period (%: km?/ kmz) from 25-year-averaged climatology with moving central year
in 5-year intervals. Thick line = ENS; shaded area = spread of ensemble members; dotted vertical lines with labels = target GWL reaching year (Fig. S2). The values
in the upper right corner are the slope of ENS (%/5 years; * = 95% confidence level) under the RCP4.5 (RCP8.5) scenario.

survivability. The rapid rate of climate-type shift can result in severe climate crisis without time for
adjustment in such regions. The most noticeable changing rate is found with B climate types (Figure 3b)
under the RCP8.5 scenario (4.68%/5 years). As for the RCP4.5 scenario, B climate is maintained at a
similar level in the 2 °C GWL until at the end of the 21st century with narrow ensemble spreads. If we
follow the RCP8.5 scenario, meanwhile, the changing pace will be accelerated and increase beyond 40%,
compared to the area in the reference period. This implies that if we follow the high-emission scenario,
the EA region is projected to experience intense desertification. C and D climates, which are located
between increasing types (A, B) and decreasing types (E, F), show a large ensemble spread with no
statistically significant linear trends. The areas of C climate exhibit a negative trend under both the
RCP4.5 and RCP8.5 scenarios, associated with the “tropicalization” over SA south of 30°N (Figure S4a).
Despite a steady increase of C climate area in FEA (Figure S4b), a net decreasing pace of C type is
dominant in the CORDEX-EA2 domain (Figure 3c) due to the expansion of A climate over SA
(Figure S4a). As for the RCP4.5 scenario, the increasing (0.36%/5 years) and decreasing (—0.38%/5 years)
trends are comparable; therefore, the net changing rate is not significant at the 5% significance level. The
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key point of this result is that SA will gradually change into tropical climate and C climate over the FEA
region will increase under both RCP scenarios. The increase of D climate is mainly due to the large changes
from E to D climate (Figure 2a), and this continues increasing under the RCP 4.5 scenario but decreasing
under the RCP8.5 scenario. This can be explained with the expansion of C type over FEA, which occurs more
prominently under RCP8.5 than under RCP4.5 at the end of the 21st century (Figure S6).

F climate type denotes a rapid decrease to about 45% under the 2 °C GWL, 90% at the 3 °C GWL, and 100%
under the RCP8.5 scenario at the end of the 21st century. The changing pace is very fast and substantial
under both the RCP 4.5 and RCP8.5 scenarios (Figure 3a), before it reaches the 2 °C GWL. Following the
RCP4.5 scenario, the 2 °C GWL will maintain a similar level of change as that with the 1.5 °C GWL, but
the continuous decreasing trend of F climate is shown under the RCP8.5 scenario. In addition, the narrower
ensemble spread shown in the business-as-usual scenario suggests a high probability of encountering this
accelerated decreasing trend and extinction of FT climate.

4. Discussion and Conclusion

The climate changes at target GWLs (2 and 3 °C) are estimated with high-resolution RCM-projected CMIP5
scenarios. The 2 °C GWL is expected to be reached at the mid-21st century (2050s under the RCP4.5 scenario
or 2040s under the RCP8.5 scenario), and the 3 °C GWL is expected to be reached at the late 21st century
(2070s under only the RCP8.5 scenario). The regional climatic change at each GWL is estimated by the K-
T climate classification scheme, which is an effective tool that can be applied easily to climate model data
and that considers the change of temperature, precipitation, and their annual cycle within one
simple metric.

The FEA region is projected to change from temperate (D) type to subtropical (C) type with increasing
HYINT in the coastal regions of the Korean Peninsula, southern Japan, and the middle of the NCP. The
2 °C GWL shows the benefit of preventing the widening of subtropical climate over the Korean Peninsula
and southern Japan compared to that of the 3 °C GWL, but not for NCP.

The SA region exhibits the emergence of tropical humid (Aw) climate with a steadily increasing trend until
the end of the 21st century whether emission forcing stabilized (RCP4.5) or not (RCP8.5). This changing
trend toward warmer and wetter climate could increase the threat to human survivability in relation to heat
stress, which is already an issue over SA (Im et al., 2017).

The expansion of arid climate types (Bw and Bs) denotes large scenario dependency over EA. The
RCP4.5 scenario retains the 2 °C GWL of change until the end of the 21st century, whereas the
RCP8.5 scenario displays the most noticeable increasing rate among K-T climate types. This indicates
that the emission scenarios, as well as GWL, are likely to play an important role at regional
climate change.

One more remarkable change is shown over the TP region. Almost half of the FT climate area is expected to
be changed to various other climate types under the 2 °C GWL and one more degree warming from 2 °C
GWL can double the distinction of the FT climate zone, which will reach 100% extinction if we follow the
RCP8.5 scenario at the end of the 21st century. The TP is the headwater for the largest rivers in Asia, such
as Yellow, Yangtze, and Mekong, and plays a significant role in the hydrological cycle of surrounding
countries by reserving water in the forms of snow, glaciers, and permafrost (Ma et al., 2017).
Furthermore, the cryosphere (ice and snow) and land that cover this region have a crucial effect on the
EA monsoon (Hsu & Liu, 2003; Li et al., 2018; Wang et al., 2008; Wu et al., 2012; Yanai et al., 1992).
Therefore, climate changes over the TP region should be studied further.

On the other hand, in interpreting these results, it is necessary to consider the uncertainties that are gener-
ally inherent in all future projections. The first one is the small number of ensemble members. High-
resolution dynamical downscaling requires intense computational power and human resources. Due to
these limitations, the large ensemble of dynamically downscaled regional climate change scenarios needs
international cooperation. From this viewpoint, our results offer a preliminary assessment of the
CORDEX-EA2 participating ensemble members and should be compared with others in future research.
Moreover, our result itself is valuable in suggesting a plausible range of EA climate change attributable to
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effective selecting of driving GCMs by considering independency in terms of model genealogy (Knutti et al.,
2013) and performance over the EA region (McSweeney et al., 2015).

Another uncertainty comes from the bias correction applied to future projection. To utilize climate model
data as input of climate change impact studies, bias correction is unavoidable due to biases in the climate
model itself. In the present study, the K-T climate classification scheme also needs realistic climatic values,
in terms of not only mean but also their seasonal variations and intensity (minimum/maximum values).
However, the validity of bias correction remains controversial in future projections because of its assumption
of a “stationary” condition for spatiotemporal variability and its neglect of the relationships between vari-
ables (Ehret et al., 2012; Maraun et al., 2017). Therefore, even though QDM, used in this study as the bias
correction method, has advantages to overcome temporal stationary assumptions, it should be noted that
additional uncertainties can be inherent in any bias-corrected future projection.

The other uncertainty is the limitation in simulating interactions of estimated environmental change with
the climate change scenario. For example, following Kang and Eltahir (2018), the NCP region will face
the increased risk of heat wave under the RCP8.5 scenario when considering the irrigation-related land-
atmosphere interactions. This implies that our result is only a conservative estimation of climate-type
changes and the EA region is more likely to suffer severe climate changes if we consider the surface changes
and their feedbacks under the same GWL.

The projected spatiotemporal changes of the K-T climate zones at the target GWL over the CORDEX-EA2
domain are expected to be useful not only as vital data for forming a baseline assessment of regional climate
change but also an essential tool for disseminating the risk of global warming to the public.
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