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Abstract

It is challenging to estimate how the regional climate will be shifted under future global warming. To reduce the potential risk of
regional climate shift under future climates, examining the change in climate features over Asia is important, as approximately
60 percent of the world’s population resides there. In this study, climate shifts are assessed over the Asian monsoon region
under global mean temperature warming targets from 1.5 °C to 5.0 °C above preindustrial (PI) levels based on different shared
socioeconomic pathway (SSP) scenarios. Global warming impacts the individual climate variables, and consequently, it impacts
the regional climate features across the Asia region. Temperature change patterns are more dominant contributors to the spatial
extent and magnitude of climate shifts than precipitation change patterns. Changes in regional climates show different behaviors
according to the degree of global warming rather than the type of SSP scenario. Climate shifts are intensified under a higher
level of global warming that is above the PI levels. The largest climate shifts in this region are shown under global warming of
5.0 °C based on the SSP5-8.5 scenario, especially in current polar climate zones. Future change patterns in individual climate
zone can differ. Regions with tropical climates and arid climates are likely to be expanded, whereas some regions with warm
temperate climates, cold climates, and polar climates are likely to shrink under global warming conditions. Therefore, this
study supports the necessity of mitigating greenhouse gas (GHG) emissions and establishing an adaptation plan for future

global warming conditions.
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Key Points:
e Potential global warming based on CMIP6 causes the significant changes in regional

climates and consequently climate shifts over Asia.

e Pace of climate zone shifts will become faster as the global warms, but the differences

exist among the regional climate features.

e Characteristics of climate shifts are more sensitive to the degree of global mean

temperature increase than the type of SSP scenarios.
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Abstract

It is challenging to estimate how the regional climate will be shifted under future global
warming. To reduce the potential risk of regional climate shift under future climates, examining
the change in climate features over Asia is important, as approximately 60 percent of the world’s
population resides there. In this study, climate shifts are assessed over the Asian monsoon region
under global mean temperature warming targets from 1.5 °C to 5.0 °C above preindustrial (PI)
levels based on different shared socioeconomic pathway (SSP) scenarios. Global warming
impacts the individual climate variables, and consequently, it impacts the regional climate
features across the Asia region. Temperature change patterns are more dominant contributors to
the spatial extent and magnitude of climate shifts than precipitation change patterns. Changes in
regional climates show different behaviors according to the degree of global warming rather than
the type of SSP scenario. Climate shifts are intensified under a higher level of global warming
that is above the PI levels. The largest climate shifts in this region are shown under global
warming of 5.0 °C based on the SSP5-8.5 scenario, especially in current polar climate zones.
Future change patterns in individual climate zone can differ. Regions with tropical climates and
arid climates are likely to be expanded, whereas some regions with warm temperate climates,
cold climates, and polar climates are likely to shrink under global warming conditions.
Therefore, this study supports the necessity of mitigating greenhouse gas (GHG) emissions and
establishing an adaptation plan for future global warming conditions.
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1 Introduction

Global temperature has increased as a result of enhanced atmospheric greenhouse gases
(GHGs) from natural and anthropogenic sources. The gradual long-term global warming trend
since the preindustrial (PI) period drives the alteration of Earth’s energy cycle, and consequently,
it drives the alteration of the climate system with associated impacts (Skalék et al., 2018).
Alterations have not only affected extreme climates but also regional climatological features,
such as long-term mean temperature and precipitation (IPCC, 2013; 2018). Moreover, future
global warming is likely to cause continuous changes in regional climates (Trenberth, 2011,
Chevuturi et al., 2018). Many studies have suggested that extreme climate responses to enhanced
emission forcings are relatively clear and straightforward (e.g., King and Karoly, 2017;
Harrington and Otto, 2018; Li et al., 2018). On the other hand, long-term mean climates are
much more obscure at the regional scale (Kim et al., 2020a) because climatology is influenced
by local radiative forcings, as well as global circulation effects, such as the advection of air
masses from other regions (Paeth et al., 2015). In addition, for each region, climate plays an
important role as the primary natural constraint regulating natural and human systems, such as
vegetation growth (Nemani et al., 2003), food security (King et al., 2018), water availability, and
water-related disasters (Son and Bae, 2015). Therefore, examining the potential changes in
regional climates under global warming is needed to address climate variability and changing
environmental conditions, especially for the Asia monsoon region, which has the largest

population worldwide and is susceptible to climate disasters.

Identifying regional climate features is an essential prerequisite for understanding their
response to climate change. Although regional climate characteristics are classified by the
homogeneity of several sections (e.g., geography, topography, and ecology), the prevailing
approach is climate classification. Climate classification is widely applied due to its relative
simplicity concerning input data requirements (Peel et al., 2007; Belda et al., 2014). Thus, this
method provides intuitive and valuable insight into the relationships between climate and Earth’s
physical and biological systems for the current climate, as well as for future climates (Mahlstein
et al., 2013) by defining a regional climate type according to the criteria for the long-term mean
climate. Therefore, previous studies have suggested that regional climates have shifted under the

current climate based on analyses of the changes in the classified climate zone (e.g., Fraedrich et
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al., 2001; Chen and Chen, 2013; Belda et al., 2016; Yoo and Rohli, 2016 worldwide; Born et al.,
2008 for West Africa; Son and Bae, 2015; Chen et al., 2016 for East Asia)

As global warming increases, examining climate change impacts on climate shifts is among
the key scientific issues because shifts in precipitation patterns and increases in temperature are
two major components of ongoing climate change (IPCC, 2014). The recent availability of
spatially comprehensive long-term datasets from general circulation model (GCM) simulations
has made it possible to display of the global spatial extent of climate types over time. Previous
studies have established that climate classification depends on the climate classification method
under climate scenarios derived from GCM simulations (Rahimi et al., 2020; Xia et al., 2020). In
particular, GCMs, which are part of the fifth phase of the Coupled Model Intercomparison
Project (CMIP5) (Taylor et al., 2012), have been widely used in recent decades for climate
classification. Rubel and Kottek (2010) showed that temperate climate regions are projected to
expand, while subpolar and alpine climate regions are projected to shrink significantly in China
by 2100. Feng et al. (2014) suggested that the climate tends to shift toward warmer and drier
types across the global region, with the largest changes in the Northern Hemisphere being north
of 30° N during the 21st century. Talchabhadel and Karki (2019) projected changes in the
climate boundary across Turkey for the near (and mid) future period and showed that the degree
of climate boundary shifts is higher under RCP 8.5 than under RCP 4.5. Romshoo et al. (2020)
analyzed the changes in the distribution of prevalent climate zones across the Indian Himalayan
region using 3 emission scenarios for future projections. Climate change is likely to shrink the
cold desert climate zone and expand the subtropical and temperate zones, whose features are
significant under high radiation forcing. These results indicate that global warming is a major
source of climate change shifts worldwide. However, shifting features (e.g., shrinkage or
expansion, degree of change) are projected to differ based on existing climate type and radiation

forcing scenarios.

The 2015 Paris Agreement established a global framework to avoid catastrophic
consequences due to climate change by limiting global warming (United Nations Framework
Convention on Climate Change (UNFCCC), 2015). In addition, efforts to keep the increase in
global average temperature well below 2.0 °C above preindustrial (PI) levels and to pursue an
ambitious increase by 1.5 °C above PI levels are being continued by the UNFCCC since the

2015 Paris Agreement. Based on this background, recent studies have investigated both the

4
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impacts of certain warming targets (i.e., 1.5 and 2.0 °C) on climate variables and the benefits of
achieving an extra 0.5 °C reduction in global warming (IPCC, 2018). These studies have
reported climate responses in the future period. However, these studies are limited in projecting
the climate shift under the current degree of global temperature rise and more feasible future

conditions.

To the best of our knowledge, only a few studies have analyzed the potential impact of global
warming on regional climate shifts (Mahlestein et al., 2013). Additionally, with the sixth phase
of the Coupled Model Intercomparison Project Phase (CMIP6; Eyring et al., 2016), the climate
model simulations show robust and improved Asian monsoon characteristics based on more
complicated physical processes (Gusain et al., 2020). For analyses of the latest CMIP6 outputs, it
is possible to suggest updated results and a better understanding of climate shifts over the Asian
monsoon region. In this study, we assess the global warming impacts on the regional climate
features corresponding to warming targets with a focus on the Asian monsoon region (see Figure
2), as delineated by Kim et al. (2020a). The climate classification method is applied to
investigate the regional climate features (e.g., types and spatial boundary) and examine the
changes in climate features responding to potential global warming conditions based on multiple
ensembles of GCM climate projections. To consider the reliability of future projections, we
present the results based on the multimodel ensemble mean (MME) derived from five selected
GCM projections, including intermodal agreement. The level of agreement among the multiple
projections is used to assess the robustness of climate projections (Tebaldi et al., 2011; Saeed et
al., 2018). This study provides valuable information for policymakers to identify changes in

regional climate shifts caused by the impacts of anthropogenically induced warming.

2 Data and Methodology

2.1 Study area and observational data collection

The Asian monsoon region located between 9.75°S to 54.75°N latitude and 60.25°E to
149.75°E longitude is selected as the study area to examine the changes in climate zones under
different global warming conditions. This study area is sensitive to global warming because it is
highly influenced by large-scale climate systems, such as monsoon systems (International Panel

on Climate Change (IPCC), 2013). Observational meteorological datasets are required to validate
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the performances of the GCM simulations. We select meteorological datasets considering the
availability of long-term records (30 years; 1985-2015). We collect precipitation data from the
Asian Precipitation-Highly Resolved Observational Data Integration Toward Evaluation of
Water Resources (APHRODITE) product (Yatagai et al., 2012). The maximum and minimum
temperature data are obtained from gridded forcing datasets provided by the University of
Washington (Adam and Lettenmaier, 2003; Adam et al., 2006) for the period of 1985-2005 and
Climate Prediction Center (CPC) Global Temperature data provided by the NOAA/OAR/ESRL
PSL, Boulder, Colorado, USA (https://psl.noaa.gov/) to extend the recent period (2006-2015).
These observational datasets (hereafter “OBS”) are gridded at a 0.5° spatial resolution and
interpolated to the same grid system as the GCMs. In addition, we collect digital elevation model
(DEM) data with a 30 arc second grid resolution to examine the changes in regional climate with
their altitude features in this region from the United States Geological Survey (USGS) and then
convert it to the same grid system as other datasets.

2.2 Climate change scenarios

In this study, climate change scenarios are driven by 2 GCM outputs (i.e., KACE-1-0-G and
UKESM1-0-LL) participating in CMIP6, which show a satisfactory climate simulation
performance (Kim et al., 2020b). KMA’s Advanced Community Earth system (KACE-1-0-G;
KACE) model, which is a coupled climate model (Atmosphere-Ocean-sea Ice-Land; AOIL) and
each component of the Earth system model including the number of physical and
biogeochemical processes, has been developed by the National Institute of Meteorological
Sciences/Korea Meteorological Administration (NIMS/KMA) with KMA-Met Office Hadley
Centre collaboration (see details in Lee et al. (2019)). This model appears to capture the mean
climatology and the interannual variability in the observed climate. On the other hand, the
UKESM1-0-LL (UKESM1) model, in which the physical atmosphere-land-ocean-sea ice model
(i.e., H[dGEM3-GC3.1) and the Earth system model (i.e., UKESML1) are applied, was developed
by the Met Office Hadley Centre. More detailed model configurations for UKESM1 are
suggested in Sellar et al. (2019, 2020). The model runs are being performed by the Met Office
Hadley Centre and the NIMS-KMA and New Zealand’s National Institute of Weather and
Atmospheric Research (NIWA). Individual GCM simulations may depend on the choice of a

point on the control run with different initial conditions, which can lead to differences in the

6
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resulting climate (Lutz, et al., 2016). Therefore, we collect 3 initial condition ensemble members
for each 2 GCM outputs from the KMA for a more robust estimate of individual GCM
simulations. Information about the selected GCMs is given in Table 1. The individual GCM
dataset is converted to a 0.5° x 0.5° grid using a bilinear interpolation scheme. Then, the
multimodel ensemble (MME) scenario approach, which enables us to provide similar results to
the observed data compared with the output from only one climate simulation (Xu et al., 2020;
Tegegne et al., 2020), is adopted to consider the uncertainty ranges of climate change

projections.

Table 1. List of the CMIP6 2 GCMs used in this study

Horizontal resolution* . .
No. GCMs Ensemble Institute, Nation References
(Lon.xLat.)

rlilpifi,

1 KACE-1-0-G r2ilplifi, 192 x 144 NIMS/KMA, Korea Lee et al. (2020)
r3ilplfl
r13ilplf2. .

. Met Office Hadley Cent

2 UKESM1-0-LL r14ilplf2, 192 x 144 e UK Sellar et al. (2019)

ri5ilp1f2 ’

Our focus is to understand the changes in climate shifts under different global warming
environments, such as the degree of global temperature increase and the pace of climate change.
To simulate the climate during both historical and future periods, CMIP6 climate projections
forced by 2 shared socioeconomic pathways (SSPs) 1-2.6 and 5-8.5 are selected. The
temperature response derived from individual GCMs to different SSP scenarios varies, thereby
creating a discrepancy in the increasing trend and slope for the global mean temperature. Here,
the analysis is based on SSP1-2.6 and SSP5-8.5, which are commonly considered for realistic
future projections. SSP1-2.6 and SSP5-8.5 represent the low and high ends of the range of future
forcing pathways, respectively. SSP1-2.6 is the scenario in which the world is under
sustainability-focused growth and equality. On the other hand, SSP5-8.5 is the scenario in which
the world is under rapid and unconstrained growth of economic output and energy use. Because
global warming impacts on regional changes in a regional climate under different SSPs are not

simple, the results based on two SSPs can provide useful information for identifying the impacts
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of global warming on climate shifts from those expected under different SSPs. This finding
implies the need for minimum mitigation strategies and adaptation plans according to global
warming induced by GHG emissions, as well as those under relatively low-impact SSPs (e.g.,
SSP1-2.6).

2.3 Determination of global warming periods and bias correction

We determine the reference period corresponding to a global mean temperature increase in the
reference period and future periods corresponding to increases from 1.5 °C to 5.0 °C above the
temperature during the PI period (1861-1890) under the two SSP scenarios (e.g., SSP1-2.6 and
SSP5-8.5) using the time sampling method (James et al., 2017; Sylla et al., 2018; Kim et al.,
2020a). In this process, the individual 30-year periods and their central years (i.e., the median
year of each period) are determined based on the temperature anomalies relative to the PI period
temperature. All GCM ensembles reach specific warming levels in their central years and in the
30-year reference and future periods under both SSP1-2.6 and SSP5-8.5. In this study, for
individual climate scenarios, the central year of each period is the first year in which the 30-year
running temperature anomaly surpasses the target temperature above the PI period temperature.
The temperature anomalies targeted in this study are 0.66 °C for the reference period (1985-
2014, denoted as REF), as shown in Figure 1, and five global warming temperatures (e.g., 1.5,
2.0, 3.0, 4.0, and 5.0 °C) for each future period. Thus, the 30-year running global mean
temperature is derived from the individual GCMs during the entire simulation period (1880-
2100). Unlike the temperature taken from the central year of the PI period (1875), the
temperature anomalies are calculated for the entire period. For the reference period, we set a
warming level of 0.66 °C, which was derived from the increased global mean temperature
between the Pl and REF periods using observed global temperatures (e.g., HadCRUT .4.6), as
suggested in Figure 1.
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Figure 1. Historical global mean temperature anomalies (unit: °C) relative to the 1861-1890
preindustrial (PI) period based on the observed HadCRU4 temperature data. The thick black
solid line and blue dotted line indicate the median value of the 100 ensemble members with the
95% confidence interval (gray range) and the mean value of the 1985-2014 reference (REF)
period, respectively.

Figure 2 represents the spreads in the climate simulations derived from 6 ensemble scenarios
under the same emission forcing and the central year of each global warming period derived
from the MME. Individual ensembles simulate climate based on their own physical climate
system processes and initial conditions. Therefore, the central year (and 30-year periods) for
each ensemble with global mean temperature increases of 0.66, 1.5, 2.0, 3.0, 4.0, and 5.0 °C
based on the two SSPs is determined and applied to the MME approach. As shown in Figure 2,
individual global mean temperatures derived from the MME of 6 ensembles are expected to
increase by more than 2.0 °C and 5.0 °C by 2100 under SSP1-2.6 and SSP5-8.5, respectively. In
addition, there is a shorter time lag between the timing of 1.5 °C and 2.0 °C global warming
under SSP5-8.5 (18 years) compared with SSP1-2.6 (16 years).
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Figure 2. Thirty-year moving averages of the global mean temperature (unit: °C) under SSP1-
2.6 and SSP5-8.5. The thick solid lines and shadings indicate the values derived from both MME
and the range of the 6 ensemble outputs, respectively. Horizontal arrows indicate the periods of
each global warming condition under different SSP scenarios. Closed circles on the lines denote
the central year of each global warming period derived from the MME.

All GCMs contain substantial biases in simulating observed climate characteristics in terms of
their spatial and temporal scales. To reduce substantial biases in the GCM simulations, we use
the quantile mapping method, which is one of the statistical bias correction methods. This
method adjusts the whole distribution of two datasets by matching the cumulative distribution
function (CDF) of the climate model data to the CDF of the observed data on a daily basis,
thereby improving the mean, variance, and extreme values. The method is an effective and
simple way to correct the systemic biases in climate simulations; therefore, it is widely used for
climate models (MacDonald et al., 2018; Kim et al., 2020a).

2.4 Classification of climate zone

To classify the climate zone over the Asian monsoon region, we apply Koppen’s climate
classification method (Kdppen, 1936). This method is widely used to identify regional climates
based on their precipitation and temperature patterns because the method is universal in its usage
and simplicity (Belda et al., 2014). First, each subregion is categorized into five main climate

10
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259  zones according to the climate boundary conditions: tropical climate (A), arid climate (B), warm
260  temperate climate (C), snow climate (D), and polar climate (E); these zones are based on
261  threshold values of monthly temperature and precipitation (e.g., temperatures for climate zones
262 A, C, D, and E; moisture availability is required for plant growth in climate zone B). Next,
263  individual subregions represented by capital letters are subdivided with second letters based on
264  the temperature feature for the E climate or precipitation feature (e.g., their seasonality or degree
265  of dryness) for the other 4 main climates. A detailed description of the Koéppen climate
266  classification is listed in Table 2.

267
268
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Table 2. The description and distribution rate of the identified climate zone over the Asian
monsoon region derived from the OBS and MME for the historical period (1985-2014) based on
the Koppen climate classification method. (Tmin(max): monthly averaged minimum (maximum)
temperature, Pmin: monthly averaged minimum precipitation, PANN: annual averaged
precipitation, Psmin(smax): minimum (maximum) precipitation in the summer season,
Pwmin(wmax): minimum (maximum) precipitation in the winter season, and Pth: dryness

threshold calculated as a linear function of regional temperature).

Ratio of Area (%)
Type Description Criterion
OBS MME (Bias)
A Tropical climate Tmin 2 +18 °C 15.8 15.5(-0.3)
Af Rainforest Pmin 2 60 mm 7.0 7.0 (0.0)
Am Monsoon Not(Af) & Pmin 2 100-PANN/25 1.5 1.5 (0.0)
Aw Savannah Not(Af) & Pmin < 100-PANN/25 7.3 7.0 (-0.3)
B Arid climate PANN < 10Pth 33.6 34.8(1.2)
BS Steppe climate PANN > 5Pth 17.2 17.1 (-0.1)
BW Desert climate PANN < 5Pth 16.4 17.7 (1.3)
C Warm temperate climate -3°C<Tmin < +18 °C 16.6 16.0 (-0.6)
Warm temperate climate with dry Psmin < Pwmin &
Cs 0.9 0.8 (-0.1)
summer Pwmax > 3Psmin & Psmin <40 mm
Warm temperate climate with dry
Cw Pwmin < Psmin & Psmax > 10Pwmin 9.1 7.4 (-1.7)
winter
Warm temperate climate without
Cf Neither Cs nor Cw 6.7 7.8 (1.1)
dry season
D Cold climate Tmin £ -3 °C 28.8 28.4 (-0.4)
Psmin < Pwmin &
Ds Cold climate with dry summer 0.9 1.1(0.2)
Pwmax > 3Psmin & Psmin < 40 mm
Dw Cold climate with dry winter Pwmin < Psmin & Psmax > 10Pwmin 16.0 15.8 (-0.2)
Df Cold climate without dry season Neither Ds nor Dw 11.9 11.5 (-0.4)
E Polar climate Tmax <+10 °C 5.2 5.3(0.1)
ET Tundra climate 0°C £ Tmax <+10 °C 52 5.3(0.1)
EF Frost climate Tmax <0 °C 0 0(0.1)

12
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3 Results and Analysis

3.1 Historical climate zone in Asia

Evaluation of GCM ensemble simulations through comparisons with observations is a
prerequisite to applying them for climate change impact assessment. First, GCM ensemble
projections are validated to examine whether GCM simulations can properly reproduce the
historical climatology features shown in the observation datasets. The long-term (e.g., 30 years,
1985-2014) annual mean meteorological variables (i.e., precipitation, maximum temperature, and
minimum temperature), which are used as inputs for the Koppen climate classification method,
are derived from the GCM simulations after bias correction and observational datasets on a
monthly time scale at each grid point over the Asian monsoon region. Hereinafter, the results
based on the MME of the 6 selected ensembles and the observational data are referred to as the
MME and OBS, respectively.

Figure 3 shows the spatial distribution of the mean annual precipitation, mean annual
maximum temperature, and mean annual minimum temperature from the OBS and MME. As
seen in Figure 3a, the MME captures both the spatial pattern and magnitude of annual mean
precipitation well (spatial correlation coefficient = 0.99). The MME shows a tendency to slightly
overestimate (or underestimate) the OBS annual mean precipitation in Southeast China (or
Northeast India); however, there is a similarity in the spatial patterns between the OBS and
MME precipitation. Figure 3b (and Figure 3c) shows the validation of the OBS and MME
maximum temperature (and minimum temperature). The MMEs of minimum and maximum
temperature represent the OBS temperature features (spatial correlation coefficient = 0.99).
Based on the results, the MME shows reasonable historical simulations for each climatological
variable compared with the OBS. The results indicate the reliability of the climatological
responses to the climate forcing derived from the MME, which is derived from the bias-corrected
GCM ensembles.

13
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3500

Q9]

Figure 3. Spatial distributions of the (a) mean annual precipitation (unit: mm), (b) mean annual
maximum temperature (unit: °C), and (c) mean annual minimum temperature (unit: °C) for the
historical period (1985-2014) in the Asian monsoon region. OBS and MME denote the values
obtained from the observational dataset and the MME of bias-corrected outputs from the GCMs,
respectively.

Next, classified climate zones over the Asia monsoon region based on the MME for the
historical period (1985-2014) are compared with those based on the OBS. Figure 4 shows the
spatial distribution of classified climate zones based on the OBS and MME derived from 6
ensemble scenarios for the historical period by applying K&ppen’s climate classification method.
The climate zones in this region are classified into 12 climate zones based on both the OBS and
MME. The MME captures the spatial pattern and the extent of the individual climate zone well
based on the OBS (spatial correlation coefficient = 0.96). Table 2 shows the percentage of an

area corresponding to the individual climate zone derived from the OBS and MME. The

14
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differences in the distribution ratios for the 12 climate zones are relatively small, ranging from -
1.3% to 1.7%. The MME adequately simulates the distribution of classified climate zones
derived from the OBS.
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Figure 4. Spatial distributions of the observed and simulated climate zone classifications based
on the MME for the historical period (1985-2014) in the Asian monsoon region. OBS and MME
denote the values obtained from the observational dataset and the MME of bias-corrected outputs
from the GCMs, respectively.

The dominant climate in this region is the arid climate zone (B), followed by the cold climate
zone (D), warm temperature climate zone (C), tropical climate zone (A), and tundra climate zone
(E). Zone A surrounds low latitudes, such as Indonesia, Malaysia, the Philippines, and Thailand
(Aw), the north-central part of Vietnam and the western shoreline of both India and Myanmar
(Am; located between Af and Aw), the southern parts of Indonesia, Vietnam, Thailand, the
southern and northeastern parts of India and part of Myanmar (Aw; located between 9° N and
25° N). Zone B includes the northwestern part of China, the north-central part of India, some
parts of Mongolia, Pakistan, and Afghanistan, and the southern part of Kazakhstan (BS), as well
as northern China, southern Mongolia, and some parts of Pakistan and Kazakhstan (BW). Zone
C appears in some parts of India and Afghanistan (Cs), the southern and eastern parts of China,
the northern parts of India, Vietnam and Myanmar, and the southern part of South Korea (Cw),
as well as most of southeastern China, the shoreline of South Korea, and the southern part of
Japan (Cf). Zone D spreads over the northern part of Afghanistan (Ds), the central part of China
at high altitudes, and most of the inland region at high latitudes (Dw and Df) above 38° N. Zone
ET appears on the Tibetan Plateau and the Himalayas at high altitudes.
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To classify the climate zone over the Asian monsoon region, we apply Kdppen’s climate
classification method (Koppen, 1936). This method is widely used to identify regional climates
based on their precipitation and temperature patterns because the method is universal in its usage
and simplicity (Belda et al., 2014). First, each subregion is categorized into five main climate
zones according to the climate boundary conditions: tropical climate (A), arid climate (B), warm
temperate climate (C), snow climate (D), and polar climate (E); these zones are based on
threshold values of monthly temperature and precipitation (e.g., temperatures for climate zones
A, C, D, and E; moisture availability is required for plant growth in climate zone B). Next,
individual subregions represented by capital letters are subdivided with second letters based on
the temperature feature for the E climate or precipitation feature (e.g., their seasonality or degree
of dryness) for the other 4 main climates. A detailed description of the Koppen climate

classification is listed in Table 2.

3.2 Global warming impacts on potential climate shifts in Asia

In this section, we examine the future changes in the classified climate zone over Asia under
global mean temperature (GMT) increases from 1.5 °C to 5.0 °C compared with the reference
global warming temperature levels based on the two SSPs (i.e., SSP1-2.6 and SSP5-8.5). Thus,
future climate variables are obtained from the MMEs of six ensemble scenarios under specific
GMT increases. Under the two selected SSPs, compared with the reference period (i.e., 1985-
2014, REF), Figure 5 indicates the timing of specific global warming levels (Figure 5a) and
changes in the shifted climate area in the Asia monsoon region corresponding to this timing
(Figure 5b). Figure 5a presents the changes in the central year corresponding to individual global
warming conditions above the Pl level. The MME-based global warming temperature will
increase to 2.0 °C and 5.0 °C under SSP1-2.6 and SSP5-8.5 by 2100, respectively. The pace of
GMT rise under SSP5-8.5 is much faster than that under SSP1-2.6 and is expected to accelerate
as warming intensifies. Figure 5b shows the proportion of areas where the existing climate in an
individual grid over the Asian monsoon region changes under global warming conditions. The
areas with shifted climates under global warming will increase regardless of the type of SSP.
Fewer differences (e.g., less than 0.6% of the area) between the 2 SSPs are found in the rate of

change under 1.5 °C and 2.0 °C warming. More specifically, approximately 8.8% (8.2%) and
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13.8% (13.2%) of land area across the Asia monsoon region will be expected to undergo a
change under 1.5 and 2.0 °C warming in SSP5-8.5 (SSP1-2.6), respectively. Under additional
global warming beyond 2 °C, the ratio of the area with a changing climate zone under global
warming conditions ranges from 21.7% under 3.0 °C warming (approximately 2040 years) to
32.9% under 5.0 °C warming (approximately 2070 years) in the most pessimistic scenario
(SSP5-8.5). This result indicates that the pace of climate shifts increases as the gradual GMT
increases due to future climate change, which is in line with the results from Mahlstein et al.
(2013). These features reveal that the impacts of global warming are likely to cause regional
climate shifts in Asia, consequently threatening the ecosystem and human well-being by altering
the existing climate system.

(a) (b)
6 : 6
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B 5 T
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Figure 5. (a) Differences in periods between one and another global warming level (unit: %)
forced by SSP1-2.6 (green line with green circles) and SSP5-8.5 (pink line with the pink
triangle) based on the MME. (b) Relative area change in the classified climate zones over Asian
monsoon regions (unit: %) under global warming levels forced by SSP1-2.6 (green bars) and
SSP5-8.5 (pink bars) compared with the reference period (REF). The green (pink) bar in the
MME histogram indicates the intermodel spread measured by the 6 bias-corrected ensembles of
GCM outputs.

To examine the impact of SSP emission scenarios on climate zone change under global
warming levels, we compare the spatial patterns of climate zone change using SSP5-8.5 with

those using SSP1-2.6. Figure 6 shows the spatial distributions of the classified climate zone
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under 1.5 °C and 2.0 °C of global warming over the Asian monsoon region under SSP5-8.5 with
a degree of consistency in the results between SSP1-2.6 and SSP5-8.5. The spatial agreement in
the classified climate zone between SSP5-8.5 and SSP1-2.6 is represented by black dots in
Figure 6a for 1.5 °C of warming and Figure 6b for 2.0 °C of warming. Despite the disparity in
the global warming patterns (e.g., the pace of global warming and the degree of global warming
levels by 2100; see Figure 5a) between SSP1-2.6 and SSP5-8.5, there is a similarity in the spatial
patterns of the classified climate under 1.5 and 2.0 °C global warming derived from 2 SSPs.
Under the same global warming conditions, a high spatial correlation coefficient (SCC > 0.98) is
shown in the spatial patterns of the classified climate zones between the results under SSP5-8.5
and those under SSP1-2.6. The discrepancy rate of climate zone change is 2.9 % (3.7 %) of the
entire area under 1.5 °C (2.0 °C). This result reveals that the SSP scenarios have no significant

impacts on climate zone change compared with the degree of global warming levels.
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Figure 6. Spatial distributions of the classified climate zone based on the MME and SSP5-8.5
scenarios (a) under 1.5 °C of global warming and (b) under 2.0 °C of global warming over the
Asian monsoon region. Black dots denote the agreement of the classified climate zone in an
individual grid under the SSP1-2.6 scenario.

3.3 Future projections of shifting in each climate zone

Global warming leads to uneven change patterns that cause the difference in the degree of
climate shifts in each climate zone. Therefore, we investigate the changes in individual climate
zones under potential warmer conditions. Figure 7b (and Figure 7a) shows the area change in

individual climate zones under global warming compared with the REF based on SSP5-8.5 (and
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SSP1-2.6). Based on both SSPs, each climate zone shows a different magnitude and trend of
change patterns under global warming compared with the REF. As shown in the results under
both SSPs, a decreasing area in zone Af and cold climate zones (e.g., Dw, Df, and ET) occur in a
warmer world, while an increasing area is shown in zones Am, Aw, and BS. The change patterns
of the climate zone in most climate zones are more accelerated under warmer climates except for
some climate zones (e.g., zones BW, Cw, Cf, and Ds). More importantly, under 4.0 °C of
warming forced by SSP5-8.5, the change signal in each zone shows a large amount of change.
Hence, global warming surpassing the 2.0 °C global warming level will lead to tremendous

adverse influences on the risk due to climate shifts across the Asian monsoon region.
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Figure 7. Relative area changes in 12 individual classified climate zones over Asian monsoon
regions (unit: %) under global warming levels compared with the reference period derived from
the MME forced by (a) SSP1-2.6 and (b) SSP5-8.5.

To consider all possible degrees of global warming above the PI levels, we use the analytical
results based on the MME forced by SSP5-8.5. Figure 8 shows when the climate in individual

grid points over this study domain is shifted to different climates as a certain temperature rises
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(e.g., from 1.5 to 5.0 °C under SSP5-8.5) compared with the REF period. The regions with 4 out
of 6 ensemble scenario agreements on the change patterns are identified and employed for the
analyses in this figure to provide reliability in the future change patterns. Global warming
conditions are expected to change the existing climates in 32.9% of the entire area for the
reference period. In general, climate shifts occur in regions with low latitudes (e.g., ranging from
7.75° S to 3.75° S and 20.25° N to 26.75° N) below 2.0 °C of warming. In the warmer world, the
regions of changing climates tend to increasingly extend around this area regardless of the type

of climate zone.

I A GMT (°C)
= 4+5.0°C
—+4.0°C
+3.0°C
+2.0°C
- Decimal Degrees  * R S cn. ~ Ml | o 1
0255 10 15 20 e i N +15°C

Figure 8. Spatial distributions of the changes in the classified climate zone based on the MME
and SSP5-8.5 scenarios under individual global warming levels over the Asian monsoon region.
Black dots denote the agreement (i.e., 4 out of 6 ensemble scenarios) in the changes in the
classified climate zone in an individual grid.

Figure 9a shows the changes in the distributions of the 5 main climate zones (e.g., zones A, B,
C, D, and E) across the Asian monsoon region under a GMT increase in SSP5-8.5. The
increasing rate of individual climate zones is calculated based on the entire area change under the
REF period. Each climate zone (i.e., zone A) includes subclimate zones (i.e., zones Af, Aw, and
Am). Both the A and B climates will increase under global warming conditions. However, the C
and D climates tend to decrease under global warming conditions. Climate zones in this study are
classified by the precipitation conditions for zone B or by the minimum and maximum

temperatures for other zones. For this region, we examine the changes in the climate variable
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(e.g., precipitation and temperature) contribute to climate shifts based on the type of shifted
climate zone under global warming. Figure 9b represents the box-whisker diagram of the impact
factor rate for shifted climate zones under given GMT increases (i.e., from 1.5 to 5.0 °C of global
warming). The regional temperature increase has larger impacts on the climate zone than the
precipitation increase (see Figure 9b). The areas where climate zone change caused by a
precipitation factor (denoted by PRE) occurred increased from 23.3 % at 1.5°C of global
warming to 33.5% under 5.0°C of global warming. The areas where the climate zone changes
caused by a temperature factor (denoted by TEM) occur decreased from 76.6% at 1.5 °C of
global warming to 66.5% at 5.0°C of global warming. This result is because the climate zone
shift to C and D from other regions is reduced above 3 °C of global warming. The main driving
force of the climate zone shift seems to be a temperature change compared with a precipitation
change.
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Figure 9. (a) Increasing rate of area (unit: %) corresponding to individual classified climate
zones under individual global warming levels based on the MME. (b) Box-whisker plot of
relative rate of the impact factor (unit: %) on climate zone change under different global
warming levels (e.g., 1.5 °C —5.0°C) based on the MME and SSP5-8.5.

Consequently, changes in temperature and precipitation are associated with variations in
individual climate zones according to potential global warming levels. Figure 10 shows the
percentage of the area where the individual climate zone is shifted under GMT increases from

1.5 °C to 5.0 °C compared with the reference period. A small change is suggested in the Aw,
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BW, and Cf zones (e.g., less than 12.3%), whereas a large change in the climate zone occurs in
the ET, Ds, Dw, and Df zones. Under 5.0 °C of global warming, approximately 97.0% of the ET
zone area will shift to other climate zones due to the temperature increase. This finding reveals
that ET and D zones with low temperatures are more sensitive to global warming over Asia than
other climate zones with warm temperatures. In a warmer world, climate zone shifts are

intensified in most climate zones in response to warming as the GMT increases.
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Figure 10. Percentage of area where the individual climate zone shifts under a global mean
temperature rise from 1.5 °C to 5.0 °C (unit: %) compared with the reference period (REF).

4 Discussion and Conclusions

Regardless of the region, the global warming caused by the anthropogenic influence impacts
on extreme climate events (e.g., heatwaves, maximum precipitation, and flooding) are clear
worldwide (IPCC, 2013; 2018). Comparatively, changes in general climates (e.g., long-term
mean precipitation) caused by anthropogenic influences are more complex and uncertain in each
region. However, there is no doubt that climate change has an impact on regional climates,
especially in terms of specific climate features. Therefore, estimating climate shifts is
challenging for various sectors because the climate is a fundamentally natural feature related to

the ecosystem (e.g., biodiversity loss; extinction of species) and human well-being.

In this study, we focus on identifying the climate zone shift features over the Asia monsoon
region in response to various potential GMT increases above the PI level (1861-1890) based on
the MME climate projections forced by 2 SSPs and CMIP6 GCM simulations. The periods
corresponding to various global warmings (e.g., from 1.5 °C to 5.0 °C) are determined according

to the sensitivity of the individual GCMs to the emissions forcing. Several meteorological
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variables derived from each climate scenario are applied to the Koppen climate classification
after systematic biases in the scenarios are removed by applying quantile mapping. Next, the
comparison of the climate shift under different global warming change patterns (e.g., two SSPs)
in terms of spatial distribution, shift times, and their characteristics are analyzed based on the

MME and intermodel agreement.

The classified climate zone for the historical period (1985-2014) from the MME is similar to
the OBS-based distribution of the climate zone over the Asian monsoon region. For the future,
the global temperature rise is projected to increase the risk of climate zone shifts over the Asian
monsoon region under both SSP scenarios. Additionally, the area of climate zone shift gradually
increases as the degree of global temperature rises across this region. This finding supports the
concept that global warming accelerates the pace of climate shifts (Mahlstein et al., 2013).
However, differences derived from the 2 SSP scenarios in climate shift are relatively smaller
under the same global warming conditions. On the other hand, the pace of shifts tends to be
largely impacted by the degree of global warming levels regardless of the SSPs. More
importantly, under SSP5.8-5, global warming is likely to occur faster, and the degree of warming
is much higher (e.g., above 5.0 °C of global warming) than that under SSP1.2-6. These results
imply the necessity for mitigation to alleviate the negative impacts of anthropogenic warming

and to reduce the increased risk of climate shifts under a much warmer climate.

Figure 11 shows the difference in the period (i.e., Figure 11a) according to the GMT change
(e.g., AT1-AT4) and difference in the magnitude of area change (i.e., Figure 11b) in the climate
zone over the Asian monsoon region under increasing GMT conditions. The large variations in
terms of warming period are shown under an additional 0.5 °C of warming between 1.5 °C and
2.0 °C (i.e., AT1). After AT1, the difference in the timing corresponding to changes in GMT
tends to be reduced, as shown in Figure 11a, which means that the pace of global warming
becomes fast. Under the AT1 condition, although the time variation in scenarios forced by SSP5-
8.5 is larger than that forced by SSP1-2.6 (see Figure 11a), the ratio of changed area under the
SSP1-2.6 scenario is similar to that under the SSP5-8.5 scenario (see Figure 11b). As shown in
Figure 11b, the AT1 condition will lead to the most significant change in the climate zone over
the Asian monsoon region. The increasing rate in the climate zone based on the MME ranges
from 5.6% at AT4 (i.e., 5.0 °C-4.0 °C) to 7.0% at AT2 (i.e., 3.0 °C-2.0 °C). The change in the

climate zone shows a large increase in AT2. As the global temperature increases, regional
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climate change impacts the regional climate in addition to the shifting climate. These results
suggest the positive benefits of less warming in terms of climate features. In addition, given the
obvious benefits expected by limiting global warming, this study supports the urgency of

mitigating GHG emissions in accordance with the 2015 Paris Climate Agreement.
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Figure 11. Differences in the (a) period according to the GMT change (i.e., AT1-AT4). The
green (pink) box-whisker plot in (a) indicates the range of periods on the x-axis derived from the
6 ensemble scenarios fed by bias-corrected outputs of the 2 GCMs. (b) Differences in the change
rate (unit: %) of the climate zone between one global warming level and the next. The green
(pink) bars and error bars with the same color indicate the MME forced by SSP1-2.6 (SSP5-8.5)
and the standard deviation of the 6 ensemble scenarios, respectively. In these figures, AT1-AT4
on the horizontal axis indicates the GMT change.

However, the individual climate zones in this region in response to global warming conditions
show different change features (e.g., shrinkage or expansion of each climate zone). Under global
warming, arid climates and warm temperature climates are projected to increase, whereas cold
climates and polar climates are projected to decrease with a high degree of robustness based on
intermodel agreement. This behavior becomes more prevalent under higher temperature
increases than under lower temperature increases. Warmer climate conditions tend to alter the
climate zone over the Asian monsoon region with an increase in dry and warm climate regions
and a reduction in cold climate regions, which are in line with the results from Talchabhadel and
Karki (2019) for Nepal and Romshoo et al. (2020) for India. Therefore, a drier and warmer
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climate over the Asian monsoon region will result in adverse impacts in the context of climate

systems, ecosystems, and water resource management.
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Figure 12. Spatial distributions of the area with changed classified climate zones under global
warming levels based on the MME and SSP5-8.5 climate scenarios over the Asian monsoon
region. The green shaded area denotes a high altitude (e.g., above 2,000 m) region.

In addition, the susceptibility of climate shifts under global warming conditions is not uniform
in the individual regional climate zones. Figure 12 shows the spatial features of the region where
the individual grid point exhibits a climate zone shift under global warming conditions from 1.5
to 5.0 °C. Blue dots on the map denote the agreement (i.e., 4 out of 6 ensemble scenarios) on the
climate shift occurrence in the individual grid from the existing climate under reference
conditions to others under warming conditions. The climate shifts do not tend to be related to
latitude features or proximity to the shoreline, but rather, they are related to altitude and the
existing climate. As shown in Figure 12, large climate shifts are shown in the region with high
altitude (above 2,000 EL.m). Conversely, small climate shifts are shown in the Aw zone (e.g.,
delineated in pink), BW zone (e.g., delineated in yellow), and Cf zone (e.g., delineated in green).
Although these behaviors are derived from a limited number of GCMs, the level of agreement

seen in the six ensemble projections provides a certain level of reliability. In this regard,
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understanding the changed behavior of the regional climate under a warmer world is necessary to
establish a regional climate adaptation plan.
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