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s u m m a r y

An important step in mitigating the negative impacts of drought requires effective methodologies for
predicting the future events. This study utilises the daily Effective Drought Index (EDI) to precisely and
quantitatively predict future drought occurrences in Korea over the period 2014–2100. The EDI is
computed from precipitation data generated by the regional climate model (HadGEM3-RA) under the
Representative Concentration Pathway (RCP 8.5) scenario. Using this data for 678 grid points (12.5 km
interval) groups of cluster regions with similar climates, the G1 (Northwest), G2 (Middle), G3 (Northeast)
and G4 (Southern) regions, are constructed. Drought forecasting period is categorised into the early phase
(EP, 2014–2040), middle phase (MP, 2041–2070) and latter phase (LP, 2071–2100). Future drought events
are quantified and ranked according to the duration and intensity. Moreover, the occurrences of drought
(when, where, how severe) within the clustered regions are represented as a spatial map over Korea.
Based on the grid-point averages, the most severe future drought throughout the 87-year period are
expected to occur in Namwon around 2039–2041 with peak intensity (minimum EDI) !3.54 and pro-
jected duration of 580 days. The most severe drought by cluster analysis is expected to occur in the G3
region with a mean intensity of !2.85 in 2027. Within the spatial area of investigation, 6.6 years of
drought periodicity and a slight decrease in the peak intensity is noted. Finally a spatial–temporal
drought map is constructed for all clusters and time-periods under consideration.

! 2014 Elsevier B.V. All rights reserved.

1. Introduction

To be prepared for the detrimental consequences of drought, it
is essential to predict their properties precisely and objectively
using reliable and robust analytical techniques. Especially in Korea
this importance is greater as droughts have been the greatest nat-
ural disaster in the history of the region (Byun and Han, 1994) with
more extreme events already predicted in the near future (Byun
et al., 2008). As global warming cascades into the next generation,
a change in drought intensity and duration as considered by many
studies is becoming a threat to humanity. Therefore any measures
for mitigation and adaptation require careful assessment historical
events and accurate representation of future drought based on new
methodological approaches.

Based on voluminous accounts of scientific literature, global
trend in drought events appears to be non-steady and significantly
variable over spatial and temporal scales. A decreasing trend of

drought was detected in the Garesou region in Iran
(Golmohammadi et al., 2011), East Asia (Burke et al., 2006; Dai,
2013) and in most parts of China (Chen et al., 2013). By contrast,
an increasing trend of the frequency and intensity has been pointed
for the Thessaly region in Greece (Loukas et al., 2008), United
Kingdom and France (Vidal et al., 2012; Vidal and Wade, 2009), East
Asia (Manabe et al., 2004; Wang, 2005; Wetherald and Manabe,
2002), North America (Rind et al., 1990), Europe (Jones et al.,
1996) and globally (Burke et al., 2006; Dai, 2013). For the case of
Asia, not all drought classes but only the extreme events have been
predicted to increase (Ke et al., 2012; Kim and Byun, 2009; Kim et al.,
2010). In the case of Korea, only a few studies on drought forecasting
have been conducted (Boo et al., 2004; Kwak et al., 2011; Lee and
Kim, 2013; Kim et al., 2014). A primary finding out of these studies
was the intensification of drought in the southern region although
severe events were also expected to be reduced in the middle and
Han River region (Lee and Kim, 2013).

Despite the large volume of literature on drought, contradictory
results on future drought have been obtained, partly due to the
inherent limitations in the various kinds of indices. Among the
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more than 100 indices, the representative ones are the soil mois-
ture (Wetherald and Manabe, 2002), Palmer Drought Severity
Index (PDSI) (Palmer, 1965), Standardised Precipitation Index
(SPI) (McKee et al., 1993) and Effective Drought Index (EDI)
(Byun and Wilhite, 1999). The analysis of soil moisture shows
increasing frequency of global dryness (Wetherald and Manabe,
2002; Manabe et al., 2004; Sheffield and Wood, 2008; Wang,
2005) whereas the PDSI shows intensification of drought (Jones
et al., 1996; Rind et al., 1990) and an elongation of the spatial cov-
erage (Burke et al., 2006; Dai, 2013). However, based on the SPI,
trends of intensification of future drought (Loukas et al., 2008)
and trends of decreasing frequency (Chen et al., 2013) have been
noted. By contrast, the EDI found an increase in extreme drought
events in spite of decreases in their overall cases (Ke et al., 2012;
Kim and Byun, 2009; Kim et al., 2010). Clearly, the choice of the
analytical metric appears to be a pertinent factor in future predic-
tion of drought events (Taylor et al., 2012) (Burke, 2011; Burke and
Brown, 2008).

Another limitation is the basic data of rainfall predictions based
on widely disparate warming scenarios. For example, it is challeng-
ing to accurately project the trends of climate change based on the
Special Report on Emissions Scenarios (SRES) (Nakićenović, 2000)
or the imaginary greenhouse gas scenarios, which arbitrarily
increased the CO2 concentrations by factors of two to four. In the
same hindsight, precipitation is perhaps the most challenging
variable to predict. To empower a more realistic prediction of future
climate, the 5th Assessment Report conducted by the
Intergovernmental Panel for Climate Change (IPCC) introduced the
Representative Concentration Pathway (RCP) (Moss et al., 2010).
This scenario provides more rational basis for CO2 concentrations
compared to the previously used artificial emission schemes.

In addition to this, the spatial resolution of most Global Climate
Models (GCMs) does not permit realistic representations of the cli-
mate of small landmasses. With the previous focuses of climate
modelling experiments being generally on global rather than
regional scales, and the relatively course grid intervals of GCMs,
a significant constraint on spatially representative projection of
precipitation is imposed. Consequently, the characteristics of
future drought events, especially for small regions like Korea,
which is a small part of Asia, are seldom considered realistically.
It is therefore crucial that a re-evaluation of drought on the basis
of new warming scenarios such as the RCP and regionally repre-
sentative climate models is conducted for improving confidence
in future predictions.

In order to realistically predict future drought, an appropriate
drought index must be chosen. Although soil moisture-based index
can deduce climatological conditions related to drought, the water-
holding capacity for regions differs by the attributes of the soil. It is
therefore, unreasonable to generalise results derived from soil
moisture to explain potential drought conditions (Mitchell and
Warrilow, 1987). Interestingly, the PDSI can be computed as a
weekly metric (Rhee and Carbone, 2007; Trenberth et al., 2014)
and therefore, identify the onset and characteristics of drought
more clearly (Todd et al., 2013). However, the PDSI under-perform
in mountainous regions or those with extreme variability in rain-
fall and run-off (Burke et al., 2006; Karl, 1986; Smith et al.,
1993). The SPI operates over sliding timescales without objective
regulations on the time-period and therefore hinders the detection
dates of dry spells, short- and ongoing drought as stipulated by
Kim et al. (2009). Both the PDSI and the SPI were originally
designed for monthly timescales although conditions affected by
drought can return to normal only with one day’s rainfall (Byun
and Wilhite, 1999). However, to date, many investigations includ-
ing Morid et al. (2006), Kim et al. (2009) and Dogan et al. (2012)
have found the EDI is a more ideal index for the diagnosis of dry
spells, short and long-term drought events.

The purpose of this investigation is then fourfold: To determine
the projections of drought in Korea predicted by precipitation data
generated over regional scales using the daily EDI, to improve the
predictability of future drought by employing realistic and skilful
precipitation forecasts over Korea, to more precise quantification
of drought that other drought indices, and to examine future pro-
jections of drought considering warming scenarios that assume
that greenhouse gases will continue to elevate in parallel with
the current trend with no reduction efforts.

2. Methodology

2.1. Climate model and precipitation data

Daily precipitation data generated by the regional climate
model, HadGEM3-RA (Hewitt et al., 2011) for the period 2014–
2100 was analysed. This model is based on the global atmospheric
HadGEM3 of the Met Office Hadley Centre (MOHC). Rather than
using the peak-and-decline scenario (RCP2.6) or stabilisation sce-
nario (RCP6) where the total radiative forcing is stabilized shortly
after 2100, we employ the RCP 8.5 scenarios that assumed the
greenhouse gases continue to elevate according to the current
trends (Riahi et al., 2011). Our goal is to project future drought
based on the continuity of the present level of CO2 emissions.
Accordingly the CO2 concentration is expected to rise to
1370 ppm by the year 2100 (Van Vuuren et al., 2011). In this study,
the grid interval of the precipitation data extracted from the
HadGEM3-RA model is 0.11" in latitude and longitude
(12.5 km " 12.5 km). For analysis the time domain was divided
into two periods, as the current (1971–2000) and the future
(2014–2100) climate. The current period is based on rising trend
of greenhouse gas concentration from the industrial revolution
until the present day. For convenience sake, the future climate
was sectioned into three 30-year segments, as the early (EP,
2014–2040), middle (MP, 2041–2070) and latter (LP, 2071–2100)
phases.

Fig. 1 shows the spatial distribution of mean daily precipitation
projected by the HadGEM3-RA and 61 weather station observa-
tional data from the Korean Meteorological Administration
(KMA) for the period 1971–2000. Despite some differences
between the observed and modelled datasets in the western parts
of Korea, both plots depict high precipitation in the southern and
northern parts of east coast, and low values in inland parts of
Gyeongsang Province. Practically it is almost impossible to per-
fectly reproduce the natural precipitation trends by using a
dynamic or physical model. It must thus be realised that the phys-
ical model output is rarely, if ever, directly compared with local cli-
mates without appropriate dynamical downscaling, as a mismatch
of spatial scales between the projected and point-specific local
climates is eminent (Palutikof et al., 1997). As dynamic models
generally represent areal integrations over broad regions of inter-
est (Portman et al., 1992; Skelly and Henderson-Sellers, 1996)
one should be cautious of any direct comparison. Nevertheless,
there are considerable advantages of broad comparison of
observed and modelled data, as demonstrated in this work to
establish a broader understanding of whether physical models
can replicate overall observed conditions. In this work the Had-
GEM3-RA shows relatively good correspondence with modelled
dataset. Therefore, the precipitation projections are considered
appropriate for predicting future drought in Korea.

2.2. Computation of the Effective Drought Index

To predict future drought events, the Effective Drought Index
(EDI) developed by Byun and Wilhite (1999) was employed for
analysing daily precipitation derived the HadGEM3-RA model with
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RCP 8.5 warming scenarios. The EDI was deduced from summed
values of daily precipitation (effective precipitation) with time-
dependent reduction functions to precisely detect any changes in
drought on daily basis By utilising each day’s effective precipita-
tion relative to the climatological mean, this method has been pro-
ven to be a robust evaluative mechanism of drought events both
over short and long-term scales (Kim et al., 2009; Morid et al.,
2006; Kim and Byun, 2009; Dogan et al., 2012). A great advantage
over the other kinds of indices is the ability of the daily EDI to
detect the period of drought first, before the intensity or the dura-
tion of drought is calculated. The specific EDI equations are below.

ER ¼
Xi

n¼1

Xn

m¼1

Pm

! ,

n

" #

ð1Þ

DER ¼ ER!MER ð2Þ

EDI ¼ DER=½STðDERÞ' ð3Þ

where ER in Eq. (1) is effective precipitation with accumulated daily
water resources based on previous day’s precipitation considering
the losses over time. Pm is the precipitation m days ago starting
from the first day of the year and i is the duration of summation.
It is fairly reasonable to use i as 365 days, which is a most dominant
precipitation cycle worldwide. However, in the present study, one
year was converted to 360 days by the model of the RCP 8.5 warm-
ing scenario, and the summating duration i followed it. Using the
DER as the climatological (30-year) mean value of ER of the date,
the EDI has been calculated as the standardised metric in Eq. (3).
In general, a more negative EDI would indicate lower than normal
daily water resources, thus signifying greater dryness value. For
more details of this rather complex procedure, readers are referred
to the original work of Byun and Wilhite (1999).

To analyse future drought using the current climate as the base
period, the basic mathematical relations are modified slightly fol-
lowing Kim and Byun (2009).

DERCC ¼ ERCC !MERCC ð4Þ

EDIFC ¼ ðERFC !MERCCÞ=STðDERCCÞ ð5Þ

Note that the subscripts CC and FC denote the current (1971–
2000) and future climate (2014–2100), respectively. That is, ERCC

is the ER value of the current climate and ERFC is the ER value of
the future climate. Therefore, the EDI after the year 2014 has been
designated as EDIFC. Since the EDI is standardised metric whilst the
ER values are normally distributed, the criterion for classifying
drought intensity is different case by case. Table 1 explains the

various intensity of dry levels as depicted by the EDI. In this study,
the drought period was defined with the EDI being successively
less than !0.5 when minimum EDI less than !1.0.

2.3. Changes in projected precipitation

Fig. 2 displays the distribution of mean precipitation for the
future periods EP, MP and LP, as well as the pairwise differences
between the EP & CC, MP & EP, and LP & MP, respectively. It is clear
that the data for MP generally exhibits higher precipitation than
the other two counterparts except in most of the coastal regions
in the period LP. This indicates that a monotonic trend in climate
change is not eminent in the future. By contrast, it is surprising
to note that over the coastal areas; continuously increasing precip-
itation throughout all periods are seen although the south coast
exhibits a larger trend that is presumably driven by global
warming.

In Fig. 3, the coefficient of variation (CV) of precipitation, which
is deduced as the standard deviation divided by the mean, has been
shown. Evidently, there is continuously increasing trend in the
magnitude of CV for the western and central parts of Korea.
Interestingly, some regions depict an increase in precipitation for
the period LP (Fig. 2b), and supports more frequent flush style
heavy rain in the long-term future.

2.4. Changes in future drought

2.4.1. Spatial distribution
Fig. 4 presents the drought cases for each period under consid-

eration based on the characteristics in terms of the frequency per
year, mean annual intensity and mean annual duration of drought.
The highest frequency and duration of future drought is detected
for the period EP, while and the highest intensity of drought is
for MP. In southern parts of the west coast, the frequency of future
is the lowest and the intensity is the highest for the period MP. This
indicates that a severe drought event is expected to occur but may
not be seriously elongated in terms of the duration of dry days.

(a) HadGEM3-RA                                             (b)  Observation 

Fig. 1. Distribution of the 30-year (1971–2000) mean of daily precipitation over Korea from (a) 678 grid points of HadGEM3-RA model (projected dataset) and (b) 61 weather
station data of KMA (observed dataset).

Table 1
Classification of dry level defined by the EDI in this
study.

EDI Dry level

!0.5 6 EDI 6 0 Normal
!1.0 6 EDI < !0.5 Moderate
!2.0 6 EDI < !1.0 Severe
EDI < !2.0 Extreme
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2.4.2. Drought ranking and spatial distributions
Next we assessed the severity and spatial distribution of future

drought based on projected values of daily EDI. Tables 2 and 3 enu-
merates the properties of five high-ranked drought events based
on drought intensity (minimum EDI) and drought duration (days
with consecutively negative EDI). For events ranked by their inten-
sity, there appears to be a reasonable positive correlation between
the magnitudes of the two parameters of drought for all events
except the projected one between 2032 and 2034. That is to say,
the highest intensity future drought (minimum EDI !3.54) is pro-
jected to elongate for as long as 580 days and the lowest intensity
future drought (minimum !2.97) only for 312 days (Table 2). This

trend, however, is not apparent when the drought events are
ranked by their actual duration parameter (Table 3). Interestingly,
both the severe and intense drought and the long-term drought are
projected to occur in the early phase (EP) period. Fig. 5 plots the
geographic location of droughts. By a close observation, it can be
seen that the most severe drought is predicted to occur between
2039 and 2041, near Namwon, Jeonnam Province. This event is
expected to have an intensity of EDI = !3.54 and a dry duration
of 580 days. Importantly, this event far exceeds the threshold of
an extreme drought for which the EDI = !2.0. Notwithstanding
this, this region is expected to experience the major drought from
2032 to 2033 too, which has also been ranked in the top five

(a) Mean precipitation (mm)  

(b) Mean precipitation difference (%) 

Fig. 2. Spatial distribution of (a) the 30-year mean of daily precipitation in each phase, (b) the percentages of the differences in 30-year mean precipitation, where the phases
are current climate (CC, 1971–2000), early (EP, 2014–2040), middle (MP, 2041–2070) and latter (LP, 2071–2100).

Fig. 3. Distribution of the coefficient of variation (CV) for the three future periods.
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categories. The next severe case is expected to be realised in 2026–
2027 in the northeast coast of Kangnung, Kangwon Province, with
a peak intensity of !3.31.

Considering all projected drought cases in the present study, the
longest duration spanning 716 days is expected to occur in Yang-

gu, Kangwon Province, while 80% of the 10 severe droughts are
projected to occur in the south-western parts (Fig. 5). It is notewor-
thy that based on these predictions, all of the severe and the lon-
gest droughts are expected to occur before 2041. This result
agrees with findings of a previous study (Byun et al., 2008) which
predicted an intense drought event to occur around the year 2025

(a) Frequency 

(b) Mean Intensity 

(c) Mean Duration 

Fig. 4. Same as Fig. 2a except (a) frequency (per year), (b) intensity and (c) duration (days).

Table 2
The drought cases ranked by the intensity (minimum EDI).

Period Ranking Intensity Start date End date Duration

All 1 !3.54 11 Sep 2039 21 Apr 2041 580
2 !3.31 15 Jul 2026 30 Aug 2027 405
3 !3.29 21 Mar 2040 13 Apr 2041 382
4 !3.15 03 Jul 2032 10 Apr 2034 637
5 !2.97 29 Jun 2032 11 May 2033 312

Table 3
The drought cases ranked by the duration (days).

Period Ranking Duration Start date End date Intensity

All 1 716 23 Apr 2029 19 Apr 2031 !1.95
2 683 15 Apr 2033 08 Mar 2035 !2.1
3 640 28 May 2033 08 Mar 2035 !2.06
4 637 03 Jul 2032 10 Apr 2034 !2.74
5 580 11 Sep 2039 21 Apr 2041 !3.54
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using drought cycle analysis of 124 years using observed rainfall
datasets for Seoul, Korea.

In terms of comparison with past drought events, we noted
that Seoul, Korea (WMO 47108) suffered from two high intensity
events deduced by the projected periodic drought cycle of
124 years using data for over 240-years of rainfall records. The
first event was a drought with peak intensity of !5.47 (27th April
1902) and the next with !3.46 (25th April 1778) in addition to
the 28 years of successively weak and severe drought events prior
and post these dates (Byun et al., 2008) (http://atmos.pknu.ac.kr/
~intra3/). Therefore, it is obvious to believe that the next severe
drought can occur in 2026. Interestingly this event coincides with
the period EP in the present study using dynamic climate model
data and differs only by 1 year between the predictions of Byun
et al. (2008) using observed datasets. While the exact cause of
this intense drought is unclear and presumably beyond the scope
of our study, the 124 years periodicity of drought in earlier stud-
ies (Duhau and De Jager, 2010) has postulated to be linked with
sunspot activities. Although global warming can potentially result
in milder drought despite an increase in precipitation in some
regions, future drought events are projected to be stronger, and
therefore, a direct threat to water resource sectors, ecosystems,
agriculture and humanity.

2.5. Regional analysis of future drought

2.5.1. Regional clustering
To examine regional changes in drought, a cluster analysis was

conducted by using the Statistical Package for the Social Sciences
(SPSS). The within-group linkage and the hierarchical clustering
analysis method in SPSS were performed using the lowest value
of the monthly EDI extracted from 678 grids in Korea for the period
2014–2100. This clustering technique groups clusters in order of
similarity that was measured by the Pearson correlation coeffi-
cient. The number of optimum cluster was determined when the
similarity between merged clusters decreased sharply (clusters
between 4 and 3 in Fig. 6a) according to the number of groups.
For a much greater depth of information, the readers are referred
to Kim et al. (2011). Subsequently, the grids with similar trends
in the lowest monthly EDI were grouped into four different clus-
ters. Fig. 6b shows their spatial distribution where the region G1
corresponds to Northwest, G2 the Middle, G3 the Northeast and
G4 the Southern region.

2.5.2. Seasonal changes in drought projections
Fig. 7 displays the percentage of the number of drought days

(per month) for all three future periods. A prominent observation

Fig. 5. The locations (red marks) of severe droughts in Tables 2(a) and 3(b). Grey lines depict the administrative section of Korea. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. (a) The variation of Pearson correlation coefficients between the two neighbours in group clusters. The numbers of groups vary from 677 to 1. (b) The distribution of 4
groups. G1 is Northwest region, G2 is Middle region, G3 is Northeast region, and G4 is Southern region.
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is the significantly large percentage of drought days for the period
EP relative to the other periods for all regions. This, however,
appears to be especially pronounced in G3. These results coincide
with our previous findings in Fig. 4, Tables 2 and 3 and also that
of Byun et al. (2008), which predicted a severe drought event in
the year 2025 based on a drought periodicity of 124 years. The next
observation is the rapid increase in the number of drought days for
the LP curve from August to November in G2 where the effect of
ocean is supposed to be the smallest of four regions. This trend is
seen also at G1 and coincides with the general results that global
warming effect is not significant during the warm ocean season
in these regions.

2.5.3. Annual changes and drought occurrence cycles
To examine annual intensity of drought in each sub-region, the

minimum EDI per year for each grid cluster has been averaged
(Fig. 8). The possibility of strong drought events (with low magni-
tudes of EDI) is exhibited from mid-2020s to the mid-2040s for the
time-slice corresponding to EP. Again, the projected incidences in
annual drought severity concur with the findings in Fig. 4, Tables
2 and 3 and Fig. 7 as well the previous observations of Byun
et al. (2008).

It is noteworthy that extremely severe annual drought cases
with EDI thresholds less than !2.0 basically appear in 3 groups.
That is to say, considered by the region the year 2033 (for G3
and G4) and 2034 (for G2 and G3) shows peak of annual intensity
where these two regions are expected to experience intense events
almost at the same time, in addition to the year 2027 (for G3) and

2041 (for G4). Moreover, the projections of G3 and G4 have the 1st
and the 2nd most severe cases of drought relative to the entire per-
iod of investigation. This contradicts the findings in Table 2 when
droughts are analysed by their region. Based on annual droughts
by region, the most severe case is expected to occur not in 2041
but in 2027 where the lowest minimum EDI (!2.85) is detected.
Interestingly, this prediction differs by only 2 years from the pre-
dicted year of 2025 for the future peak drought analysed by
Byun et al. (2008). It is also found that the annual intensity of
drought is expected to decrease gradually in general and this is
particularly conspicuous for the region G4 where an increase in
precipitation has been simulated (Fig. 2). Interestingly a statisti-
cally significant rise in annual drought cases is expected in the
region G4 as verified by largest regression slope (0.0046) over
99% confidence level.

To examine the cyclic nature of drought, a wavelet spectrum
analysis is performed. However, a general spectrum analysis of
the occurrence cycle of drought using the entire EDI dataset may
contain unnecessary information because it also considers the
periodicity of flood as well as drought (Byun et al., 2008). To avoid
this error, only the monthly lowest EDI were used. Fig. 9 dissemi-
nates the results of each sub-region from the year 2014 to 2100.
Evidently, G1 shows a strong periodicity in drought from the
2040s to 2070s. This periodicity displays repetitive cycles of
5 years at first and then changes to about 3.9 years in the early
2050s. G2 does not exhibit a significant drought cycle despite a
strong periodicity of about 6 years around the 2050s. G3 showed
a strong periodicity from the 2020s to the 2030s and 2060s. This

Fig. 7. Monthly percentage of drought days for the early (EP, circle with blue line), the middle (MP, triangle with cyan line), and the latter phase (LP, rectangle with red line)
for each cluster. Black and grey bar are the differences between the middle and the early phase, the latter and the middle phase, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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periodicity is based on a cycle of 6.6 years. Relatively short strong
periodicity also appears in the 2020s and 2050s, but there is no sig-
nificant cycle within the acceptable confidence levels except for
the cycle of 6.6 years. In G4, as with the case of G2, a strong peri-
odicity appears in the middle, but no significant cycle has been
found.

To verify drought cycles detected in wavelet analysis, compari-
sons with years of severe to extreme drought with measured with
EDI thresholds less than !1.5 are conducted (Fig. 8). In case of G3,
the severe drought year emerges with a periodicity of almost
5–7 years from the 2020s to the 2050s and from 2080s to the
2090s. This is in agreement with wavelet spectrum analysis.

Fig. 8. Annual intensity of drought for each group. The thick solid line shows linear regression.

Fig. 9. Wavelet power spectrum (Morlet wavelet) conducted on the EDI series. (a) G1, (b) G2, (c) G3, and (d) G4 from 2014 to 2100. Black dotted area indicates 90% confidence
level, using a red-noise background spectrum. The hatched area is the ‘‘cone of influence,’’ in which edge effects are important. The panels on the right in (a)–(d) show the
global power spectrum, i.e., the average of the wavelet power spectrum over time. The dotted and dashed lines show 50% and 90% confidence levels against red noise,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Indeed, this sort of drought cycle has been also revealed in past
studies on drought periodicity (e.g. Min et al., 2003; Byun et al.,
2008). Moreover, in the region G1, unlike the case of G3, the severe
drought year does not appear with the cycle of 3.9 years in Fig. 8.

2.5.4. Spatial–temporal drought mapping
A spatial–temporal drought map is created to demonstrate

regional and temporal distribution of future drought (Fig. 10).
The map shows that future droughts are projected to frequently
occur in all regions, especially from the mid-2020s to the early
2040s. These can be long lasting and intense and in general, agree
with the highest frequency, intensity and duration in the EP found
in previous analysis (Fig. 4). The droughts in G3 between the year
2026 and 2027 are distinct from the other regions in the same per-
iod. These were previously confirmed to be quite intense over
annual timescales (Fig. 8). For the period 2032–2035, intense
droughts are expected to occur nationwide, which may also con-
tinue in regions G2 and G3 but weaken temporarily in the middle
of region G1 and G4. After this period, sporadic drought is expected
to occur in some regions, with more intense ones from the mid-
2060s in the region G1 and G3. Lastly, in the year 2099, a short,
intensive drought is expected to occur in all regions, except G1.

3. Summary

The occurrence of future drought in Korea was predicted based
on daily precipitation projections using the regional climate model,
HadGEM3-RA and RCP 8.5 warming scenario for the period
2014–2100. The Effective Drought Index (EDI) initially developed
by Byun and Wilhite (1999), was employed for identifying the
onset of future drought as the date on which the EDI first dropped

below !0.5 and secession when the EDI last exceeded this value
while being consecutively negative after the onset in case of the
minimum EDI less than !1.0. Therefore, the onset dates, duration,
severity and intensity of future drought were deduced.

In order to analyse future drought, the precipitation projections
were partitioned into the early (2014–2040), middle (2041–2070)
and latter (2071–2100) phases while the study area was divided
into 4 clusters (G1B Northwest, G2B Middle, G3B Northeast, and
G4B Southern). It was revealed that the properties of future
drought events could be diagnosed more precisely and quantita-
tively using the EDI without subjective assumptions other than
those in Eq. (1). Accordingly, the characteristics of drought events
were detected as follows:

1. The most severe drought was predicted to occur in the year
2027 for the region G3. This prediction was almost in parity
with the year 2025 deduced previously by Byun et al. (2008)
using historically observed data with a periodicity of 124-
years.

2. The coastal areas in Korea exhibited continuous increase in
future precipitation. However, the drought events were shown
to become milder, especially in the southern coast as a conse-
quence of global warming. This result stood at odds with some
of the previous studies, and therefore requires more in-depth
investigation. In other areas, however, the largest future precip-
itation appeared to be concentrated in the middle period, which
had little correlation with global warming.

3. Based on wavelet and spectrum analysis, a periodicity in
drought of about 6.6 years was deduced for the region G3. This
finding concurred with the drought interval of 6 years previ-
ously found by Min et al. (2003) and Byun et al. (2008) using
historically observed datasets.

Fig. 10. Spatial–temporal drought map from 2014 to 2100. G1, G2, G3, and G4 denote the regions.
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4. Using regional clusters and the time-series of drought proper-
ties, a map of future drought occurrence over Korea was con-
structed. This offered a distinct advantage for identifying the
drought intensity and duration by the year and the region
simultaneously. This provided an easy and precise identification
of future drought properties.

A significant outcome was the quantitative predictability of
drought in Korea using the Effective Drought Index within the
framework of a regional climate model (HadGEM3-RA) and RCP
8.5 warming scenario. The information on future drought dissem-
inated generally reliable results compared with previous studies
that used observed datasets. Conclusively, the prediction of future
drought in Korea provides emphatic reference data for setting fur-
ther research and drought response policies in the Korean region.
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