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ABSTRACT

Efforts to reduce greenhouse gas emissions are ongoing in many East Asian
countries; however, their influences on future drought remain unknown. We analyzed
future changes in drought intensity over East Asia using the Representative Concen-
tration Pathway (RCP) 8.5 and the new two limiting local greenhouse gas emission
scenarios in East Asia: National Institute of Environmental Research (NIER)-H sce-
nario for high emission and NIER-L scenario for low emission. The two scenarios
were made by a fully coupled global climate model with prescribed gas boundaries
of high and low greenhouse gas emissions from an atmospheric chemistry model re-
flecting the up-to-date environmental policies of South Korea, China, and Japan. The
application of a clustering analysis to the calculated drought index time series identi-
fied four zonally distributed drought regions in the present-day period (1951 - 2016).
Among these regions, higher latitude regions showed a more rapidly increasing trend
in drought intensity than other regions for the present-day period. All future scenarios
projected the continuation of this meridional intensification trend of drought until
2100; however, the intensification rates in the NIER-L were much smaller than those
in the RCP8.5 and NIER-H scenarios. Our results suggest that reducing greenhouse
gas emissions is critical for East Asian countries to alleviate the potential damages
of future droughts.

1. INTRODUCTION

Damages from severe droughts have historically been
a critical concern in East Asian countries (Shen et al. 2007;
Kim et al. 2011). For example, many countries in East
Asia suffered huge damages due to the unforeseen extreme
drought that occurred from autumn 1994 to spring 1995
(Park and Schubert 1997; Yoo et al. 2004); Rice and wheat
production decreased by about 3.5 x 10° t in Southeast Asia
(Rahman and Biswas 1995), and China and South Korea
lost about USD 3.2 billion in societal and agricultural sec-
tors (NAK 2007; Zhang and Zhou 2015). It is expected that
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climate change will make drought among the most serious
threats to people in East Asia (Dai 2011; Park et al. 2018).
Therefore, accurate projections of future droughts under re-
alistic climate change scenarios are essential for preventing
future drought damages.

A number of studies have investigated present and fu-
ture droughts in East Asia using various drought indicators
based solely on precipitation variations (e.g., Byun et al.
2008; Chen et al. 2013; Kim et al. 2014; Duan et al. 2015).
They showed that the drought occurrence in East Asia has
been increasing significantly during recent decades and this
trend is likely to continue in the future (Min et al. 2003; Kim
and Byun 2009; Park et al. 2015). Although precipitation
deficit is crucial for droughts, the increase in environmental
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water demands also plays a decisive role (Karl et al. 2012;
McEvoy et al. 2016; Wang et al. 2016). It is expected that in-
creasing water demand due to global warming would induce
more frequent water imbalance and drought in the future
(Cook et al. 2014; Park et al. 2018). Thus, drought projec-
tions require quantitative assessments of the balance between
water supplies and demands. The Standardized Precipita-
tion Evapotranspiration Index (SPEI, Vicente-Serrano et al.
2010) is a suitable drought indicator for considering both the
supply and demand sides of drought occurrences. The SPEI
uses the water balance between precipitation and potential
evapotranspiration (PET) for measuring the drought and has
been shown to be reliable in diverse hydrological regions
compared to the drought indices solely based on precipita-
tion (Vicente-Serrano et al. 2012; Tan et al. 2015).

To project future drought, previous studies have usual-
ly applied the representative concentration pathway (RCP)
scenarios (e.g., Cook et al. 2015; Park et al. 2015; Venkata-
raman et al. 2016; Schlaepfer et al. 2017; Naumann et al.
2018). RCPs are based on robust scientific agreement and
have become widely accepted in various academic fields
(Moss et al. 2010; Van Vuuren et al. 2011). However, the
greenhouse gas emission assumptions in existing RCPs need
to be updated to account for recent changes because South
Korea, China, and Japan, the major emitters in East Asia,
have adopted new environmental policies in recent periods
(MEK 2015; CCCPC 2016; CSJ 2016). These policies in-
clude detailed plans for reducing greenhouse gas emissions
via mitigation and adaptation strategies to cope with future
climate change.

This study aims at investigating future changes in
drought intensity over East Asia under recently introduced
future climate change scenarios with consideration of the
latest environmental policies of the three East Asian coun-
tries: South Korea, China, and Japan. We first estimated
the greenhouse gas emission reduction plans according to
the recent environmental policies of these three countries.
The Goddard Earth Observing System Chemistry (GEOS-
Chem) model was used for making the boundary dataset of
greenhouse gas emissions. This dataset was then applied
to a fully coupled simulation of the Community Earth Sys-
tem Model (CESM) to generate two updated future climate
change scenarios. Finally, we projected the changes in the
future drought intensity using the SPEI estimated on the ba-
sis of the two scenarios and the RCP8.5.

2.DATA AND METHOD

The 0.5° x 0.5°-resolution monthly gridded precipita-
tion and PET dataset of the Climatic Research Unit (CRU;
Harris et al. 2014) TS version 4.01 during 1950 - 2016 were
used to calculate the drought index. The PET in CRU was
estimated using the Penman-Monteith equation;

_ 0408A(R, —G)+y%U2(VPD) "
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where R, is net radiation at the surface (MJ m? d'), G is the
soil heat flux (MJ m? d'), T is the average temperature at
2 m height (°C), U, is the wind speed measured at a height
of 2 m (m s™), VPD is the vapor pressure deficit measured
at a height of 2 m (kPa), A is the slope of the vapor pressure
curve (kPa °C"), and y is the psychrometric constant (kPa
°C"). Because it uses multiple parameters such as, solar ra-
diation, temperature, and relative humidity, for PET calcu-
lation (Allen et al. 1994), the Penman-Monteith method can
guarantee reasonable spatiotemporal information of water
demand variation over East Asia (Chen et al. 2005).

We calculated the SPEI, an improved drought index
based on the Standardized Precipitation Index (SPI) to
capture the effect of water demand (Vicente-Serrano et al.
2010), using the CRU precipitation and PET to measure the
drought. Because the SPEI succeeds the concept of the flex-
ible time scales of the SPI, it can detect droughts of various
time scales from short- to long-term. In this study, we se-
lected a 12-month time scale (normal hydrological cycle) to
analyze the annual evolution of droughts in East Asia. The
SPEI is calculated as below (Vicente-Serrano et al. 2010),

Co+C,W+C,W?

SPEL=W - W+ da W2 + do W

2

for P < 0.5 then W=4-2In(P), and P > 0.5 then
W =y-2In(1- P) and sign of SPEI is reversed. Here, P is
the probability of accumulated water balance (= precipita-
tion minus PET) for certain periods (12-month in this study)
according to log-logistic distribution. Cy, C,, C,, d,, d>,
and d; are constants; C, = 2.515517, C, = 0.802853, C, =
0.010328,d, =1.432788,d, =0.189269, and d; = 0.001308.
A more negative SPEI value indicates the more dryness. Be-
cause of the requirement of accumulated values for calculat-
ing the first month’s SPEI, the observed SPEI is calculated
for the 1951 - 2016 period.

To classify the homogeneous drought regions in East
Asia sharing a similar hydroclimate, hierarchical clustering
analysis using Ward’s method was applied to the time series
of annual minimum SPEI for each grid point in East Asia.
The Ward’s method uses classical sum-of-square criterion
to minimize within-cluster dispersions. We defined the opti-
mum number of clusters when the inter-cluster distance for
a certain cluster decreased sharply (supplementary, Fig. S1).

The bias correction analysis presented in Ho et al.
(2012) and Hawkins et al. (2013) was applied to the CESM
model data to correct model biases. Below equation is de-
tailed calculation procedure.



Changes of Future Drought in East Asia Under New Scenarios 11

O oss, i GCM,
M[GCMRAWO) -GCM,] (3)

GCMpc (1) = OBS.jim + 5
GCM, hist

In Eq. (3), GCMy(t) and GCMp,y(f) are bias corrected and
raw values of the model data at certain time ¢, respectively.
OBS ., and GCM,,;, are the mean values of the observa-
tion and model during reference periods of climatology and
historical run, respectively (here, reference periods of cli-
matology and historical run are the same as 1950 - 2005).
O o8s. ciim aNd O geur i are the standard deviations of the ob-
servation and model, respectively. According to the equa-
tion, it can correct biases not only in the mean value but also
of in the temporal variability of the climate model dataset
(Ho et al. 2012).

3. TWO NIER SCENARIOS OVER EAST ASIA

Much attention has been to reducing the emissions of
greenhouse gases and air pollutants to mitigate the impact of
future climate change. To consider the effects of the strate-
gies for climate change mitigation in East Asian countries,
we designed two RCP-based scenarios, high and low green-
house gas emissions pathways scenarios of the National In-
stitute of Environmental Research in South Korea (NIER;
hereafter NIER-H and NIER-L, respectively) that reflect
the environmental policies of the South Korea, China, and
Japan (Fig. 1). NIER-H considers rapid development and
population increases that assume no further efforts for re-
ducing greenhouse gas emissions will be made in the three
countries, while the NIER-L scenario that assumes maxi-
mum achievements of the reduction goals of greenhouse
gases and air pollutants with the national strategies of South
Korea, China, and Japan. The two NIER scenarios are based
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on RCP8.5 scenarios across the globe, but future emission
inventories for East Asia are modified up to 2100 with a
consideration of the environmental policies, socioeconom-
ic, and demographic characteristics of the three countries.
To construct the NIER-H and NIER-L, we set 2010 as
the reference year and combined three different emission
inventories, Evaluating the Climate and Air Quality Impacts
of Short-Lived Pollutants (ECLIPSE) of the Greenhouse
Gas and Air Pollution Interactions and Synergies-Global
(GAINS-Global) for the globe, NIER and Konkuk Univer-
sity Comprehensive Regional Emissions inventory for At-
mospheric Transport Experiment (NIER/KU-CREATE) for
Asia (Woo et al. 2012; Woo 2013), and Clean Air Policy
Supporting System (CAPSS) for South Korea, as the refer-
ence inventory for future emission projections. After con-
structing the reference inventory, we estimated future pro-
jection factors until 2100 for the three countries using the
Asia-Pacific Integrated Model (AIM; Kainuma et al. 2003)
for South Korea and Japan and the Model for Energy Sup-
ply Strategy Alternatives and their General Environmental
Impact (MESSAGE; ITASA 2009) for China based on future
energy growth and policy control scenarios. Differing from
RCPs that were developed fundamentally based on the past
socioeconomic model of special report on emission scenar-
ios (SRES) (Ward et al. 2012), the AIM and MESSAGE in
this study use the latest trends of numerous socioeconomic
factors such as, population, gross domestic product (GDP),
policy control, and costs of industrial energy, as input data
and estimate the future pathway of the total energy demand
in each country. For other countries across the globe, we
estimated the future projection factors based on the RCP8.5
scenario. Before 2010, we assessed a past projection factor
based on ECLIPSE version 5, covering the entire globe, by

emission inventory | ! (Rest of Asia), ECLIPSE (Global) 1
of East Asia I v' Scenario: MESSAGE (China), AIM (S. Korea, |
\_ YA Japan), RCP 8.5 (Global) 1

Fig. 1. Flow chart of East Asian emission scenario production.
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country, sector, and fuel type. The emission inventory of
the two local emission scenarios was generated from 1995
to 2100 by applying the future and past projection factors on
the reference inventory from 2010.

We used a linked system of GEOS-Chem and CESM
(Kim et al. 2015) to produce future climate simulations
based on the three emissions scenarios, i.e., RCP8.5, NI-
ER-H, and NIER-L, from 2006 to 2100. Historical simu-
lation from 1950 to 2005 was also performed to evaluate
the model’s skill against observations. Details of the sys-
tem configurations are provided in Kim et al. (2015). We
performed the three scenario simulations (the RCP8.5 and
two NIER scenarios) using the BRCP85CN component set,
which is for fully coupled experiments with the carbon-
nitrogen cycle assuming well-mixed atmospheric CO,. For
the NIER-H and NIER-L experiments, we modified the ra-
diation modules in the Community Atmospheric Model 4
(CAM4) in CESM to consider the radiative effects of the
three-dimensional distributions of CO, like other gases and
aerosols to prescribe the generated East Asian emission in-
ventories. Based on these frameworks, we produced three
different climate simulations that reflect different strategies
on climate change mitigation in East Asia.

Figure 2 displays the time series of CO, concentration
during the future period for each scenario. From the effects
of emission reduction policies of the three major emitters
in East Asia, the two NIER scenarios show lower concen-
trations than RCP8.5, in particular NIER-L. The two NIER
scenarios also indicate clearly smaller increasing trends of
other greenhouse gases, such as CH,, compared to RCP8.5
(not shown). The gap between the three scenarios becomes
larger from the 2030s due to their exponential increasing
trend. It is noteworthy that the CO, concentration in 2100 of
NIER scenarios is similar to that of RCP6.0 (IPCC 2014).
This implies even reduction of greenhouse gas emissions in
the three East Asian countries could substantially alter the
climate change pathway.

4. DROUGHT PROJECTIONS
4.1 Changes in Drought During the Observed Period

East Asia consists of various hydroclimate regimes
from desert in the northwest region to tropical rainforest in
the south region. Accordingly, drought characteristics may
vary according to regions of similar hydroclimate. To iden-
tify changes in the drought intensity for specific hydrologi-
cal regions in East Asia, we applied a clustering analysis to
the annual minimum SPEI time series during 1951 - 2016
for all individual grid points. The analysis identifies four
distinct drought regions in East Asia (Fig. 3): northwest
(R1), northeast and northern middle (R2), southern middle
(R3), and south (R4) parts of East Asia. The meridional
placement of the four drought regions seems to represent
distinct hydroclimates in East Asia, i.e., regions with a dry

and cold climate in the high latitudes and a humid and warm
climate in the low latitudes. In comparison, Oh et al. (2014)
suggested six drought regions based solely on precipitation
variations. This result indicates that drought regions in East
Asian can be further simplified into these four regions by
considering the balance between water supplies (precipita-
tion) and demands (PET).

Figure 4 presents the interannual variation of mean
drought intensity (annual minimum value of SPEI) in the
four drought regions. It is noted that the increasing trend
of drought intensification is stronger for higher latitude re-
gions. The linear regression slope shows that the drought
intensity in R1 has increased by -0.2 decade™ during the 60
years of the observational period as relatively mild droughts
in the 1950s became more severe droughts in the 2010s. On
the contrary, R4 shows no trend and only mild droughts oc-
curred in the 2010s. To identify related physical variation
to this asymmetric pattern between northern and southern
East Asia in the recent periods, we analyzed the interannual
variation of precipitation and PET for each drought region
(Fig. 5). It is found that PET is a dominant factor to drive
the meridional drought intensification trend of Fig. 4; while
there is no significant precipitation trend, PET shows clear
increasing trend which is stronger in higher latitude regions.
When we checked the variation of the environmental vari-
ables used in calculation of CRU PET, this may be caused
by much more rapid warming in the higher latitudes than in
the lower latitudes (supplementary, Fig. S2). Previous stud-
ies presented similar warming trend in conjunction with an
increase in precipitation in southern East Asia (e.g., Zhao et
al. 2010; Dai 2011; Guan et al. 2015; Zhang and Zhou 2015;
Lietal. 2016).

4.2 Future Drought Projections

Before running the future projections, we examined the
biases of the CESM simulation for key hydrological compo-
nents, including precipitation and PET against the CRU ob-
servation-inferred analysis data (Fig. 6). The simulated PET
was estimated using the Penman-Monteith method, similar
to the observation’s PET. The general spatial patterns of the
mean precipitation, PET, and their differences during the
period 1950 - 2005 are somewhat similar between the obser-
vation and the model. In the case of the precipitation minus
PET, the model shows an opposite signal between south-
eastern China and the northern Indochina Peninsula. The
model biases for the absolute values of precipitation and
precipitation minus PET are positive (negative) in north-
ern (southern) East Asia. The model tends to overestimate
PET in most of East Asia except for some northern areas.
Based on the model evaluation, we applied a bias correc-
tion analysis of Ho et al. (2012) and Hawkins et al. (2013)
to the model results for both the historical and three future
scenarios runs. As a result, mean biases of model in Fig. 6
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were considerably reduced (supplementary, Fig. S3). Simi-
lar to the mean biases, the biases of temporal variability of
model’s precipitation, PET, and their difference were also
well corrected (not shown).

Figure 7 shows the interannual variation of the mean
drought intensity during the present-day (1951 - 2005)
and the future (2006 - 2100) periods for each drought re-
gion. Despite some discrepancies in the interannual varia-
tions between the model and the observation, the simulated
decadal-scale variations (11-years running mean) are simi-
lar to observations in the present-day period. In addition, the
changing trends in the drought intensity under the all three
emissions scenarios are consistent with the observed trend
after the 1990s. Thus, the model appears to be capable of
replicating the long-term trend in the drought intensity in
East Asia.

Similar to the observations, results under all future sce-
narios show a meridional intensification trend of drought
in East Asia during the future period. The steepest slope of
increase in drought intensity is detected in R1, while in R4,
the drought intensity would be decreased. The similar spa-
tiotemporal variation of drought under both of the RCP8.5
and the two NIER scenarios suggests that the effects of re-
gional greenhouse gas emission control in East Asia may
be too minor to derive dramatic changes in long-term trend
direction of drought intensity, which seems to be induced by
environmental forcing of global warming.

To quantitatively identify the future trend of drought
intensification for each region, we calculated the lin-
ear regression slopes for 2006 - 2100, as shown in Fig. 7
(Table 1). The drought intensification trend in R1 and R2
under the NIER-L and NIER-H scenarios is smaller than
under the RCPS8.5; NIER-L shows the lowest intensifica-
tion trend. The trend in R3 indicates no distinct differences
between the three scenarios compared to R1 and R2. In
R4, nearly no trend is detected under NIER-L and NIER-H
compared to the opposite drought intensification trend (i.e.,
flood trend) observed under RCP8.5. In summary, the ef-
fects of greenhouse gas emissions reduction in South Korea,
China, and Japan would contribute to not only alleviation of

the drought intensity in those regions but also the prevention
of the extreme water imbalances of northern drought and
southern flood in East Asia during the future period.

5. CONCLUSION

In this study, we projected the future changes in
drought intensity in East Asia under three climate change
scenarios, RCP8.5 and two NIER scenarios considering the
recent environmental policies of East Asian countries. For
the NIER scenarios, we employed the GEOS-Chem model
in conjunction with the latest greenhouse gas emission re-
duction plans of South Korea, China, and Japan, to generate
the greenhouse gas emission boundary datasets for CESM
simulation. These boundary datasets directly applied to the
fully coupled simulation of CESM, and then, the two fu-
ture limiting greenhouse gas emission scenarios, NIER-L
and NIER-H as the low and high emission assumption sce-
narios, respectively, were generated.

Before analyzing future projections, we examined
the historical droughts using the SPEI, which considers
both water supply and demand. We identified four distinct
drought regions in East Asia and found that droughts are
more rapidly intensified in high-latitude regions than in
low-latitude regions. Similar to the present-day period, the
future droughts projected under the above three emissions
scenarios suggest that the relatively strong drought intensifi-
cation in high-latitude regions would continue in the future
period. Moreover, under all future scenarios, further drought
intensification is expected to occur until 2100, the end of the
projection period. It is noteworthy that even though we pre-
scribed reduced greenhouse gas emissions over East Asia for
NIER-H and NIER-L compared to the RCP8.5, there were
no robust changes in the long-term trend direction for the fu-
ture drought intensity. This implies that the greenhouse gas
emission control in East Asia alone may be insufficient for
altering the drought intensification trend induced by global
warming. Accordingly, worldwide cooperation on the green-
house gas emission reduction may be important for the pre-
vention of the extreme drought disaster in East Asia.
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Fig. 2. Interannual variations of CO, concentration (unit: ppmv) over the globe for each scenario.
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Table 1. Linear regression slopes (century™') of the time series in Fig. 7.

Future Period: 2006 - 2100

Drought | Present Period (Model):
Region 1951 - 2005
R1 -0.57
R2 -0.27
R3 -0.61
R4 -0.31

RCP8.5 NIER-H NIER-L
-1.96%* -1.71% -1.33%
-1.22% -0.9*% -0.76%*
-0.66* -0.7% -0.66*
0.56* 0.074 0.072

Note: * Significance at the 95% confidence level.

Although drought continuously becomes more severe
in the high-latitude regions, including in most of China,
South Korea, and Japan, under all future scenarios, its in-
tensification rate can be slowed substantially for different
emissions levels. Thus, it could say that the local emissions
reduction efforts in the three countries have regional mer-
its. If they well follow and reinforce their present environ-
mental policies, the destructive damages caused by poten-
tial future droughts would be reduced significantly. It was
also found that the water imbalance trend in East Asia, the
strengthening of droughts (floods) in high (low) latitude re-
gions, would be reduced under the two NIER scenarios as
compared to the RCP8.5. In connection with the long-term
trend of floods in low latitude regions of East Asia, previous
studies suggested that the precipitation in this region will
significantly increase in the future period (Lau et al. 2013;
Kent et al. 2015). This may be caused by both of the “rich-
get-richer” mechanism of water vapor and the changes in
tropical dynamics such as strengthening of convection from
the global warming (Liu et al. 2018). Because it is known
that the increases in carbon dioxide could directly strength-
en the factors above (Bony et al. 2013), this weakening ten-
dency of floods under NIER scenarios compared to under
RCP8.5 may be another robust reference to the necessity of
greenhouse gas emissions reduction. To sum up, the results
of this study suggest that the implementation of strict envi-
ronmental policies in East Asian countries would be impor-
tant and effective for alleviating hydrological disasters in
East Asia in the future climate.
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