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Abstract: The increased concentrations of greenhouse gases have led to global warming and an
increased frequency and intensity of extreme weather events. Such changes in weather patterns may
have unexpected implications for everyday life and water resource management in coastal and inland
areas; thus, it is critical to understand the pattern of the changes. This study investigated how extreme
weather events have changed in inland and coastal South Korea in the past 60 years (1961–2020) at
different temporal scales, from monthly to yearly. This study quantified extreme weather events
using multiple meteorological indices such as consecutive dry days (CDD), consecutive wet days
(CWD), tropical nights, and icy and frosty days. The trends in the extreme weather indices were
statistically tested using a non-parametric test. The results showed increases in the minimum and
maximum air temperature and the frequency of warm and cold nights and days. The number of
CDD and maximum five-day precipitation (RX5day) at the coastal and inland stations increased
in the extreme precipitation-related index. The number of warm days and warm nights increased
significantly at the majority of weather stations over the 60 year study period. The number of CWD
increased during the selected period, but this was not statistically significant. In addition, we found
that the temporal variations in the indices became greater over time, which implies the frequency
and severity of extreme events such as drought and storm events may increase in the future. This
study could help researchers determine the climatic areas at the selected stations that are critical for
optimal water resource management planning and/or modeling.

Keywords: extreme indices; consecutive dry days; coastal; inland; climate change

1. Introduction

Climate change affects most socioeconomic activities either directly or indirectly. The
rise in surface temperatures, heat and cold waves, extreme rainfall, and severe cyclones
cause human deaths and lead to agricultural and infrastructural losses worldwide. The
increase in the frequency of meteorological disasters and related losses have been well
documented [1]. Extreme events, defined as an event exceeding or falling short of a
threshold determined based on historical records [2], have occurred frequently due to
global warming [3]. The frequency, severity, spatial extent, length, and timing of extreme
weather and climate events are changing due to climate change, leading to unprecedented
occurrences [4]. Assessing extreme weather and climate events is one of the essential tasks
in modern climatology. Many studies have demonstrated the impacts of extreme events,
with significant changes observed in various climatic variables [5,6].
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Extreme climate, defined as a severe meteorological and climatological event that
exceeds a certain threshold [7], such as unusually hot heat waves, long droughts, prolonged
rainfall and flooding, and frequent and severe tropical cyclones [8], directly affects the
number of cool and hot days and the length of dry and wet periods. Extreme climate has
substantial consequences and poses challenges to society [9–12]. These extreme climate
events frequently have negative impacts on agriculture, human health, water resources,
and infrastructure. There is growing concern about how climate change could affect the
intensity and frequency of future extreme weather and climate events.

The Asian continent has had the most natural disasters, with catastrophic occurrences
accounting for 43% of all extreme climate events worldwide during the 1990s and 2000s.
These disasters are becoming increasingly severe in the 21st century [13]. The United
Nations classified South Korea as a water-deficient country, which has lately encountered
genuine dry spells and water-shortage issues [14]. According to historical weather data,
South Korea has recently endured a massive dry season on a national level [15,16]. Re-
searchers have examined extremes in precipitation and temperature, focusing on extreme
variabilities in different countries, such as Japan [17], Thailand [18], Korea [15,16], In-
dia [19,20], Iran [21,22], China [4,23,24], and Nepal [25,26]. Some observational studies in
Korea have found a link between the recent changes in extreme precipitation and climate
change. The severity of summer rains and typhoons has increased in South Korea [27,28].
Some researchers have investigated the temperature changes in South Korea and discov-
ered a link between temperature and ENSO episodes [29–31]. Studies reported that the air
temperature on the Korean peninsula increased in the 20th century, and the South Korean
government began to pay attention to extreme events [16,27,32], climate change impacts on
water resources [33,34], and the agricultural sector regarding drought [35–37].

Climate change, shifts in the temporal trends of drought, and extreme occurrences in
South Korea have generated considerable concern. Although changes in climate extremes
should be regarded as significant determinants of climate change’s impact, research on
their characteristics has been limited thus far. The spatial variation in climate in Korea
is determined by key climate factors such as latitude, elevation, geographical location,
land/sea heating properties, and ocean currents. In reaction to the East Asian Monsoon, it
is hot and humid in the summer but cold and dry in the winter [38]. Due to the effects of the
Eurasian continent, Korea has a predominantly continental climate. The climate of coastal
areas, which is influenced mostly by the ocean, differs from that of inland areas [39]. On
average, coastal regions experience a strong temperature gradient in the lower atmosphere
at the land–ocean boundary. The rapid change in atmospheric temperature enhances
horizontal and vertical pressure gradients in the atmosphere, which trigger the local wind
system characterized by a flow from ocean to land during the day [40]. As a result, high
evaporation from the ocean increases the moisture content in the atmosphere. This moist
air mass hits the coastal terrain (or topography) and causes higher annual rainfall than the
interior of the continent. After striking the coast, the air mass has no or very little moisture
content to transfer to the interior of the continent and causes low or below average annual
rainfall. Some attempts have been made to identify the extreme events in South Korea;
however, the studies have not focused on coastal and inland areas [16,17].

To the best of our knowledge, long-term changes in the extremes of South Korea’s
coastal and inland areas have not been thoroughly explored. This study grouped selected
weather stations into coastal and inland areas according to their location and proximity to
the ocean and investigated if the temporal changes in the weather extremes are statistically
significant, with the expectation of providing data needed to assess the potential impacts
of such changes on agriculture, water resources, and human health. The objectives of this
study were to examine how extreme weather events historically changed in inland and
coastal areas of South Korea over a 60 year period (1961–2020), and to estimate their relative
contributions to trends in specific extreme climate events at stations. Investigating the
extreme trends in selected areas will help us understand the long-term trends and variability
in the precipitation and temperature in South Korea. Notably, this study investigates
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(a) the trends in the spatial variability in precipitation and temperature extremes and
extreme events that occurred in earlier decades in coastal and inland areas, (b) temporal
trends in long-term precipitation and temperature to determine the significant trends in
extreme conditions, and (c) trends in the precipitation and temperature indices in coastal
and inland areas based on long-term station records.

2. Materials and Methods
2.1. Study Area

Since climate extremes can have complex spatial and temporal variations and Korea
is known for its mountainous topography, high-resolution data suitable for regional or
local analysis are required to better understand climate extremes and their application to
impact assessments across Korea [41]. East Korean warm current and North Korean cold
current in the east sea, as well as the yellow sea warm current, play a role in affecting
Korea’s climate [39]. We grouped inland and coastal stations based on their proximity to the
coast (Figure 1). For example, weather stations in coastal cities located along the coastline
were considered coastal stations, and those located inland were considered inland stations
(Table 1). Coastal areas at lower altitudes generally experience milder temperatures due to
the influence of the nearby ocean, which acts as a temperature buffer. Summers might be
cooler, and winters milder compared to higher altitudes. Coastal regions are influenced
by sea breezes, which can bring in cooler air from the ocean during the day, moderating
temperatures. Inland areas may experience different wind patterns, often influenced by
local topography. Inland areas at higher altitudes experience more extreme temperature
variations. Summers can be hotter and winters colder compared to coastal areas. The
annual average maximum temperatures over 60 years (1961–2020) were 18 ◦C and 18.3 ◦C
in the coastal and inland areas, respectively. The annual average minimum temperatures
were 10.4 ◦C and 8.5 ◦C in the coastal and inland areas of the selected stations, respectively,
and the annual precipitation was 1311.2 and 1255.9 mm in the coastal and inland areas,
respectively. The summer rainy season brings the highest precipitation. Various parts
of South Korea receive 1200–1400 mm of rain, which is almost 30% more than the global
average of 973 mm [42,43]. Statistics Korea (under the Ministry of Economy and Finance)
estimates that approximately 51.6 million people live in South Korea in 2023 [44].

Table 1. Location of weather stations analyzed in this study and their basic climatic statistics on an
annual average basis.

Station
ID Station Name Latitude

(◦N)
Longitude

(◦E) Location PCP
(mm)

T Max
(◦C)

T Min
(◦C)

105 Gangneung 37.75 128.89 Coast 1410.3 17.5 9.1
112 Incheon 37.48 126.62 Coast 1188.7 16.1 8.6
138 Pohang 36.03 129.38 Coast 1141.2 18.6 10.1
159 Busan 35.10 129.03 Coast 1524.3 18.7 11.3
165 Mokpo 34.82 126.38 Coast 1139.6 18.4 10.4
184 Jeju 33.51 126.53 Coast 1462.9 19.0 12.7
108 Seoul 37.57 126.97 Inland 1393.9 17.0 8.4
135 Chupungryeong 36.22 127.99 Inland 1172.2 17.2 6.8
143 Daegu 35.88 128.65 Inland 1053.7 19.3 9.2
146 Jeonju 35.84 127.12 Inland 1291.2 18.8 8.7
156 Gwangju 35.17 126.89 Inland 1368.7 19.0 9.4

Note: PCP, T Max, and T Min indicate annual average precipitation, annual average maximum temperature, and
annual average minimum temperature, respectively.



Sustainability 2023, 15, 12537 4 of 17Sustainability 2023, 15, x FOR PEER REVIEW 4 of 19 
 

 
Figure 1. Locations of the coastal and inland stations. The red and black star symbols represent the 
coastal and inland stations, respectively. 

Table 1. Location of weather stations analyzed in this study and their basic climatic statistics on an 
annual average basis. 

Station 
ID 

Station Name 
Latitude 

(°N) 
Longi-

tude (°E) 
Location 

PCP 
(mm) 

T Max 
(°C) 

T Min 
(°C) 

105 Gangneung 37.75 128.89 Coast 1410.3 17.5 9.1 
112 Incheon 37.48 126.62 Coast 1188.7 16.1 8.6 
138 Pohang 36.03 129.38 Coast 1141.2 18.6 10.1 
159 Busan 35.10 129.03 Coast 1524.3 18.7 11.3 
165 Mokpo 34.82 126.38 Coast 1139.6 18.4 10.4 
184 Jeju 33.51 126.53 Coast 1462.9 19.0 12.7 
108 Seoul 37.57 126.97 Inland 1393.9 17.0 8.4 
135 Chupungryeong 36.22 127.99 Inland 1172.2 17.2 6.8 
143 Daegu 35.88 128.65 Inland 1053.7 19.3 9.2 
146 Jeonju 35.84 127.12 Inland 1291.2 18.8 8.7 
156 Gwangju 35.17 126.89 Inland 1368.7 19.0 9.4 

Note: PCP, T Max, and T Min indicate annual average precipitation, annual average maximum tem-
perature, and annual average minimum temperature, respectively. 

  

Figure 1. Locations of the coastal and inland stations. The red and black star symbols represent the
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2.2. Data Used, Acquisition, and Climate Indices

Herein, the climate indices, recommended by the WMO Expert Team on Sector-Specific
Climate Indices (ET-SCI), were calculated using the R software package (v4.1.1; Vienna,
Austria) “CLIMPACT2” [45]. CLIMPACT2 generated the core ET-SCI indices and noncore
ET-SCI indices to comprehend past precipitation and temperature changes better. Herein,
11 meteorological stations were employed between 1961 and 2020, and changes in climatic
patterns were recorded over two time periods, i.e., 1961–1990 and 1991–2020.

From 1961 to 2020, indices were calculated using 1970–2000 as the baseline period. Be-
fore calculating the indices, the errors were minimized using quality control processes that
used CLIMPACT2 to perform the homogeneity test. An R-based toolkit RHTest, which uses
a two-phase regression technique [46] for the detection and adjustment of inhomogeneity,
is available from these data. The Expert Team on Climate Change Detection and Indices
(ETCCD) proposed 27 core indices, emphasizing extremes derived from the station’s daily
data. The WMO’s Working Group on Climate Change Detection distinguished a numerous
indices list [47,48]. The relevance of the sectors, namely, Health, Agriculture and Food
Security, and Water Resources and Hydrology, was reflected in the core and noncore indices.
These extreme indices are suitable for capturing precipitation and temperature fluctuations
across the study area. Percentile-, absolute-, duration-, and threshold-based indices were
all used to categorize the indices. Table 2 describes the indices related to the precipitation
and maximum and minimum temperatures used.
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Table 2. Definitions of the ETCCDI extreme precipitation and temperature indices examined
in this study.

Short
Name Long Name Definition Plain Language

Description Units

CDD Consecutive dry
days

Maximum number of
consecutive dry days
(when PR < 1.0 mm)

Longest dry spell days

CWD Consecutive wet
days

Maximum annual
number of

consecutive wet days
(when PR ≥ 1.0 mm)

Longest wet spell days

R30 mm Number of very
heavy rain days

Number of days when
PR ≥ 30 mm

Days when rainfall is
at least 30 mm days

PRCPTOT Annual total wet
day PR

Sum of daily PR ≥ 1.0
mm Total wet-day rainfall mm

R95p
Total annual PR
from heavy rain

days

Annual sum of daily
PR > 95th percentile

Amount of rainfall
from very wet days mm

R99p
Total annual PR
from very heavy

rain days

Annual sum of daily
PR > 99th percentile

Amount of rainfall
from extremely wet

days
mm

Rx5day Max 5 day PR Maximum 5 day PR
total

Maximum amount of
rainfall in five

consecutive days
mm

SDII Daily PR
intensity

Annual total PR
divided by the

number of wet days
(when total PR ≥ 1.0

mm)

Average daily wet day
rainfall intensity mm/day

SU Summer days Number of days when
TX > 25 ◦C

Days when maximum
temperature exceeds

25 ◦C
days

ID Icy days Number of days when
TX < 0 ◦C

Days when maximum
temperature is below

0 ◦C
days

TX10p Amount of cool
days

Percentage of days
when TX < 10th

percentile

Fraction of days with
cool daytime
temperatures

%

TX90p Amount of hot
days

Percentage of days
when TX > 90th

percentile

Fraction of days with
hot daytime

temperatures
%

WSDI
Warm spell

duration
indicator

Annual number of
days contributing to

events where 6 or
more consecutive

days experience TX >
90th percentile

Number of days
contributing to a

warm period (where
the period has to be at

least 6 days long)

days

FD Frosty days Number of days when
TN < 0 ◦C

Days when minimum
temperature is below

0 ◦C
days

TR Tropical nights Number of days when
TN > 20 ◦C

Days when minimum
temperature exceeds

20 ◦C
days

TN10p Amount of cold
nights

Percentage of days
when TN < 10th

percentile

Fraction of days with
cold nighttime
temperatures

%

TN90p Amount of
warm nights

Percentage of days
when TN > 90th

percentile

Fraction of days with
warm nighttime

temperatures
%
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Table 2. Cont.

Short
Name Long Name Definition Plain Language

Description Units

CSDI
Cold spell
duration
indicator

Annual number of
days contributing to

events where 6 or
more consecutive

days experience TN <
10th percentile

Number of days
contributing to a cold

period (where the
period has to be at
least 6 days long)

days

DTR
Daily

temperature
range

Mean difference
between daily TX and

daily TN

Average range of
maximum and

minimum
temperature

◦C

The Mann–Kendall (MK) test was used to test if the differences between the weather
patterns observed in the two periods, 1961 to 1990 and 1991 to 2020, are statistically signifi-
cant. The MK test, widely used in time series analysis, was expected to help detect trends
in the data over time without making any assumptions about the underlying distribution.
The test is based on the ranks of the data and determines whether there is a monotonic
trend (i.e., a trend that is consistently increasing or decreasing) in the time series. More
details on the MK test can be found in the Supplementary Materials.

3. Results
3.1. Monthly Precipitation Changes

Figure 2 shows the temporal variation in monthly average precipitation in the coastal
and inland areas during 1961–2020. The coastal areas showed negative changes in June,
whereas the monsoonal months, such as July, August, and September, showed positive
changes in precipitation, which is consistent with previous studies [37,49,50]. However,
precipitation had mixed effects throughout the winter and summer, yielding positive
and negative outcomes. The Gangneung (105) station displayed a negative trend in the
winter, while the other stations displayed both positive and negative trends. This indicates
increasing precipitation trends in May, unlike those in April and June, which exhibited
negative trends. In June and July, the Busan (159) station had the most positive and negative
changes (Figure 2). Positive changes were mainly observed in the monsoonal and winter
months; most stations showed negative changes.
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In the inland stations, the monsoonal months showed positive changes in precipitation;
however, the summer and winter months mainly showed a negative trend in precipitation
patterns. The Daegu (143) station, with less precipitation in the period under comparison,
showed the most negative changes (Figure 2). Overall, all the stations indicated positive
and negative monsoonal and winter precipitation trends. The Busan station showed the
most positive and negative fluctuations in June and August.

3.2. Changes in Precipitation Indices

The consecutive dry days (CDD) revealed that the dry spell in the coastal areas was in-
deed getting worse. Except for the Gangneung (105) and Pohang (138) stations, most regions
showed a positive CDD trend. Table 3 shows the changes in all indices from 1961 to 1990
and from 1991 to 2020. Except for the Mokpo station (165), which showed a negative
trend, the consecutive wet days (CWD) indicated a positive trend. The total precipitation
(PRCPTOT) in the coastal stations increased gradually; the greatest precipitation change
(105.34 mm) was reported at the Busan station (159). The intensity of heavy rainy days
increased when considering the R30 mm index. The rainfall intensity in the coastal areas
showed an increasing trend, except for station 112. Except for station 165, the maximum
five-day precipitation quantity (RX5day) showed an upward trend in the coastal stations.
The same increasing trend was observed in the R95p, R99p, and daily precipitation intensity
(SDII). The annual precipitation from heavy and very heavy rainy days increased in all the
coastal stations except station 156. The analysis of extreme rainfall indices from both inland
and coastal stations across different regions of South Korea revealed a distinctive localized
topographical impact.

Table 3. Changes in precipitation indices (1961–1990 and 1991–2020) at different coastal and inland
stations in South Korea.

Station
ID Location CDD CWD PRCPTOT R30 mm R95p R99p RX5day SDII

105 Coast −4.3 0.13 68.69 0.17 70.57 80.86 24.73 0.7
112 Coast 1.5 0.03 38.51 −0.33 105.16 30.39 24.31 1.09
138 Coast −2.33 0.83 101.78 1.27 145.9 108.66 39.63 1.26
159 Coast 0.77 0.53 105.34 1.1 152.68 22.81 21.06 1.69
165 Coast 4.03 −0.23 57.88 1.1 43.62 −20.56 −16.64 0.89
184 Coast 3.73 0.23 79.8 1.4 101.04 72.08 25.35 1.81
108 Inland 0.87 0.17 49.51 0.27 99.17 68.55 62.58 1.02
135 Inland 1.03 0.3 47.81 0.63 82.89 54.6 23.15 0.72
143 Inland −0.67 0.37 49.48 0.6 107.58 48.05 12.1 0.47
146 Inland −0.4 0.13 −9.55 0.47 48.86 30.41 13.83 0.21
156 Inland 0.37 0.33 25.68 0.37 40.56 19.01 7.11 0.85

The CDD illustrates changes in dry spells for the inland stations, where the maximum
positive trend is 1.03 and the negative trend is −0.67. In all stations, the CWD showed a
positive trend, indicating that the number of dry days is steadily increasing. The PRCPTOT
indices revealed that precipitation has increased in the inland areas; however, one station
(146) showed a negative precipitation trend. The R30 mm showed a trend increase at
the stations. These trends imply that rainfall intensity is increasing in the inland areas.
The maximum five-day (RX5day) precipitation indices showed increasing trends in the
inland areas, indicating an increased rainfall intensity (Table 3). The indices R95p and R99p
showed a trend increase at the selected inland stations for heavy rainfall days. The SDII
follows the same pattern, indicating an increase in wet days in inland areas. Overall, all the
extreme precipitation indices showed increasing trends in the inland and coastal stations
(Figure 3). The consecutive dry days (CDD) showed that the dry spell in the coastal areas
and inland areas shows less changes. The consecutive wet days (CWD) showed a positive
trend. The total precipitation (PRCPTOT) in the coastal stations increased gradually and
exhibits a high peak in the plots. The intensity of heavy rainfall on heavy rainy days when
rainfall was at least 30 mm (R30 mm) increased. The maximum five-day precipitation
quantity (RX5day) showed an upward trend. The same increasing trend was observed for
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the total annual precipitation from heavy rainy days (R95p), the total annual precipitation
from very heavy rainy days (R99p), and the daily precipitation intensity (SDII).
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3.3. Monthly Temperature Changes

Coastal areas showed an increasing trend in maximum and minimum temperatures
with a few exceptions (Figures 2 and 3), which agrees with previous findings by Park
and Min (2017) [50] and Heo and Bell (2019) [51]. From August to December, only the
Mokpo station (165) displayed a negative trend, whereas the rest of the stations indicated
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an increasing trend in selected months. The diverse topography of South Korea, with
its mountains and coastal regions, can create microclimates. These small-scale climate
variations may result in different weather observations at nearby weather stations. It is
normal for the weather to exhibit some degree of variability due to various factors such
as natural climate cycles (e.g., El Niño and La Niña), seasonal changes, and short-term
weather patterns [52]. The temperature increased more in the winter months than in
the other months, indicating that the maximum winter temperature would rise in the
future. The Incheon (112) station’s maximum temperature rose by 2.2 ◦C in February,
following similar patterns to the other stations. All the stations had the lowest temperature
fluctuations in August (Figure 4). The maximum temperature at the inland stations showed
a positive trend. The temperature variations in the stations were minimal in August (both
positive and negative). February saw the greatest temperature variation after January and
March. Winter showed higher temperature variations than the summer and monsoon
seasons. The maximum temperature variation at the Daegu (143) station was 2.23 ◦C
throughout this period (Figure 4).
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Figure 4. Monthly average maximum temperature changes between two periods, 1961–1990 and
1991–2020, in the coastal (lines) and inland (dots) stations.

Regarding the minimum temperature, every weather station in the coastal areas
showed an increasing minimum temperature trend in most of the months. In the winter,
there were many variations in the minimum temperature. Changes were observed at the
Pohang (138) and Jeju (184) stations, which showed monthly temperature changes of more
than 1 ◦C. Noteworthy changes in the minimum temperature occurred in February across all
of the locations. The smallest temperature change was recorded at the Mokpo (165) station
(Figure 3). The minimum temperature in the selected inland stations showed an increasing
trend. The maximum changes were observed in February; the winter months showed
the maximum positive temperature changes at all stations except Chupungryeong (135).
The temperature at the Chupungryeong (135) station dropped throughout the monsoon
months, indicating negative inclinations. Noteworthy changes occurred in the months of
January, February, and March (Figure 5).



Sustainability 2023, 15, 12537 10 of 17
Sustainability 2023, 15, x FOR PEER REVIEW 11 of 19 
 

 
Figure 5. Monthly average minimum temperature changes between two periods, 1961–1990 and 
1991–2020, in the coastal (lines) and inland (dots) stations. 

3.4. Changes in Temperature Indices 
In the coastal stations, the summer days (SU) and tropical nights (TR) exhibited an 

increasing trend, with the most summer days recorded at the Incheon (112) station and 
with the maximum TR of 16.2 observed at station 184 (Table 4). The ice days (ID) and frost 
days (FD) showed negative trends, indicating that the maximum and minimum tempera-
tures increased. The daily temperature range (DTR) showed the difference between the 
daily maximum and minimum temperatures, with a decreasing trend in coastal areas. The 
number of cool days (TX10p) and cold nights (TN10p) showed a negative trend. The num-
ber of hot days (TX90p) and warm nights (TN90p) indicated an increasing trend in the 
coastal areas, except at station 165 for the TX90p index. There was an increase in the num-
ber of extreme cold nights and days, and the number of warm nights and days increased 
in the selected period. The indices indicated that the maximum and minimum tempera-
tures increased in the coastal areas. The warm spell duration indicator (WSDI) exhibited 
a positive trend, and the cold spell duration indicator (CSDI) exhibited a negative trend 
in the selected period; these show temperature increases at the coastal stations. 

Table 4. Changes in temperature indices (1961–1990 and 1991–2020) at different coastal and inland 
stations in South Korea. 

Station ID Location SU ID TX10p TX90p WSDI FD TR TN10p TN90p CSDI DTR 
105 Coast 4.63 −4.7 −4.09 2.86 1.1 −15.4 7.93 −5.73 5.78 −1.83 −0.27 
112 Coast 16.67 −10.17 −6.04 6.67 5.6 −12.2 9.33 −6.55 8.53 −2.87 0.07 
138 Coast 5.77 −2.83 −4.29 3.94 2.4 −22.03 15.73 −9.84 9.58 −5.33 −0.84 
159 Coast 11.97 −2.3 −5.23 4.88 4.57 −11.87 10.63 −5.0 7.25 −0.83 0.04 
165 Coast 2.3 −1.4 −1.21 −0.63 0.33 −3.2 5.1  −2.04 2.22 −0.67 −0.19 
184 Coast 8.77 −0.13 −4.44 3.88 2.73 −8.5 16.2 −12.98 8.91 −3.87 −0.69 
108 Inland 9.5 −8.2 −3.92 4.88 5.37 −10.63 12.57 −6.64 7.57 −2.73 −0.24 
135 Inland 5.9 −6.97 −2.67 3.39 1.37 3.33 −3.33 0.33 −1.14 0.03 0.75 
143 Inland 9.03 −5.17 −4.49 3.98 4.0 −18.6 9.63 −8.5 7.82 −2.6 −0.41 

Figure 5. Monthly average minimum temperature changes between two periods, 1961–1990 and
1991–2020, in the coastal (lines) and inland (dots) stations.

3.4. Changes in Temperature Indices

In the coastal stations, the summer days (SU) and tropical nights (TR) exhibited an
increasing trend, with the most summer days recorded at the Incheon (112) station and with
the maximum TR of 16.2 observed at station 184 (Table 4). The ice days (ID) and frost days
(FD) showed negative trends, indicating that the maximum and minimum temperatures
increased. The daily temperature range (DTR) showed the difference between the daily
maximum and minimum temperatures, with a decreasing trend in coastal areas. The
number of cool days (TX10p) and cold nights (TN10p) showed a negative trend. The
number of hot days (TX90p) and warm nights (TN90p) indicated an increasing trend in
the coastal areas, except at station 165 for the TX90p index. There was an increase in
the number of extreme cold nights and days, and the number of warm nights and days
increased in the selected period. The indices indicated that the maximum and minimum
temperatures increased in the coastal areas. The warm spell duration indicator (WSDI)
exhibited a positive trend, and the cold spell duration indicator (CSDI) exhibited a negative
trend in the selected period; these show temperature increases at the coastal stations.

For the inland stations, the SU and Tr showed increasing trends at all the stations
except station 135 for Tr. The ID and FD showed negative trends except for station 135
for FD (Table 4). FD indicates the days when the minimum temperature was below 0 ◦C,
and ID indicates the days when the maximum temperature was below 0 ◦C in the area.
The DTR index showed increasing and decreasing trends at the inland stations, a negative
change at stations 108 and 143, and a positive change at the rest of the stations. These
results indicate that an increasing temperature trend is evident in the inland areas after
the abrupt change. Indices like the number of cool days (TX10p) and cold nights (TN10p)
showed a negative trend, except for the Chupungryeong (135) station for TX10p. The
number of hot days (TX90p) and warm nights (TN90p) showed positive trends, except for
station 135 for TN90p (Table 4). The WSDI showed a positive trend and the CSDI showed a
negative trend except for Chupungryeong (135) station. These results indicate that climate
change may increase the frequency, duration, and intensity of extreme hot events (Figure 6).
Summer days (SU) and tropical nights (TR) exhibited an increasing trend, while ice days
(ID) and frost days (FD) showed a negative trend. The daily temperature range (DTR)
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showed positive trends in the inland and negative trends in the coastal area. The number
of cool days (TX10p) and cold nights (TN10p) showed mostly negative trends, while the
number of hot days (TX90p) and warm nights (TN90p) showed mostly positive trends.
The warm spell duration indicator (WSDI) exhibited a positive trend and the cold spell
duration indicator (CSDI) showed a negative trend.

Table 4. Changes in temperature indices (1961–1990 and 1991–2020) at different coastal and inland
stations in South Korea.

Station ID Location SU ID TX10p TX90p WSDI FD TR TN10p TN90p CSDI DTR

105 Coast 4.63 −4.7 −4.09 2.86 1.1 −15.4 7.93 −5.73 5.78 −1.83 −0.27
112 Coast 16.67 −10.17 −6.04 6.67 5.6 −12.2 9.33 −6.55 8.53 −2.87 0.07
138 Coast 5.77 −2.83 −4.29 3.94 2.4 −22.03 15.73 −9.84 9.58 −5.33 −0.84
159 Coast 11.97 −2.3 −5.23 4.88 4.57 −11.87 10.63 −5.0 7.25 −0.83 0.04
165 Coast 2.3 −1.4 −1.21 −0.63 0.33 −3.2 5.1 −2.04 2.22 −0.67 −0.19
184 Coast 8.77 −0.13 −4.44 3.88 2.73 −8.5 16.2 −12.98 8.91 −3.87 −0.69
108 Inland 9.5 −8.2 −3.92 4.88 5.37 −10.63 12.57 −6.64 7.57 −2.73 −0.24
135 Inland 5.9 −6.97 −2.67 3.39 1.37 3.33 −3.33 0.33 −1.14 0.03 0.75
143 Inland 9.03 −5.17 −4.49 3.98 4.0 −18.6 9.63 −8.5 7.82 −2.6 −0.41
146 Inland 8.83 −6.33 −3.95 4.73 4.63 −9.07 5.73 −4.25 3.61 −1.4 0.15
156 Inland 10.7 −5.2 −3.81 6.18 3.5 −12.9 8.27 −6.93 5.02 −2.53 0.06Sustainability 2023, 15, x FOR PEER REVIEW 13 of 19 

 

 
Figure 6. Variations in regionally averaged (red for the coastal station and blue for the inland sta-
tions) temperature extremes indices over the time period 1961–2020. Boxes indicate the interquartile 
model spread (25th and 75th quantiles), with the horizontal line indicating the ensemble median 
and the whiskers representing 1.5 times the interquartile range of the upper and lower quartiles. 
The violin-like shapes (violin plots) represent the density of each index. 

3.5. Trend Analysis of Precipitation and Temperature Indices 
The CDD showed positive trends in most coastal stations; however, stations 105 and 

138 exhibited negative trends. The CWD showed the opposite of the CDD. Regarding the 
CWD, most of the stations’ trends were positive except for stations 112 and 184, which 
showed negative trends. However, all the stations did not exhibit significant changes. 
PRCPTOT, R30 mm, R95p, RX5day, and SDII indicated positive trends but were not sig-
nificant except for station 112 for R30 mm (Table 5). R99p exhibited neither positive nor 
negative trends in the coastal stations. The temperature-related indices showed either neg-
ative or significant positive changes. Regarding DTR, FD, and ID, most stations showed 
significant negative changes in the coastal areas except for station 159, which showed a 
positive change in DTR and no change in ID. However, station 165 showed only negative 
trends in all indices, whereas ID indicated no trend in the Jeju (184) station since no ice 
days were observed and no significant changes were identified. The SU index showed 
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the whiskers representing 1.5 times the interquartile range of the upper and lower quartiles. The
violin-like shapes (violin plots) represent the density of each index.
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3.5. Trend Analysis of Precipitation and Temperature Indices

The CDD showed positive trends in most coastal stations; however, stations
105 and 138 exhibited negative trends. The CWD showed the opposite of the CDD. Regard-
ing the CWD, most of the stations’ trends were positive except for stations 112 and 184,
which showed negative trends. However, all the stations did not exhibit significant changes.
PRCPTOT, R30 mm, R95p, RX5day, and SDII indicated positive trends but were not sig-
nificant except for station 112 for R30 mm (Table 5). R99p exhibited neither positive nor
negative trends in the coastal stations. The temperature-related indices showed either
negative or significant positive changes. Regarding DTR, FD, and ID, most stations showed
significant negative changes in the coastal areas except for station 159, which showed a
positive change in DTR and no change in ID. However, station 165 showed only negative
trends in all indices, whereas ID indicated no trend in the Jeju (184) station since no ice
days were observed and no significant changes were identified. The SU index showed
significant positive changes on the summer days; only the Mokpo (165) station showed a
positive trend, and there was no significance at all the other stations. Substantial positive
and negative changes were identified for the TN10p and TN90p indices; station 165 did
not show significant changes, whereas significant positive changes were observed at sta-
tion 138 for TN10p. The TR indices showed significant positive trends at all the stations
except station 165, which showed a positive change with no significance. TX10p showed
significant negative trends except at station 165, which showed a negative change with no
significance. TX90p showed significant positive trends at all the stations except station 165,
which exhibited a negative trend in the indices (Table 6).

Table 5. Station-by-station annual trends in extreme precipitation indices indicating increas-
ing/decreasing trends with significant changes at the 5% level.

Indices Location CDD CWD PRCPTOT R30 mm R95p R99p RX5day SDII

105 Coast N P P P P NO P P
112 Coast P N P N P NO P P
138 Coast N P P P P NO P P
159 Coast P P P P P NO P P
165 Coast P P P P PS NO P PS
184 Coast PS N P P P NO PS PS
108 Inland P NS P N P NO P P
135 Inland P N P P PS NO P P
143 Inland P P P P PS NO P P
146 Inland P P N P P NO P N
156 Inland P P P P P NO P P

Note: N—negative, P—positive, NS—negative significant, PS—positive significant, NO—no trend.

Table 6. Station-by-station annual trends in extreme temperature indices indicating increas-
ing/decreasing trends with significant changes at the 5% level.

Indices Location SU ID TX10p TX90p WSDI FD TR TN10p TN90p CSDI DTR

105 Coast PS NS NS PS NO NS PS NS PS NO NS
112 Coast PS NS NS PS NO NS PS NS PS NO NS
138 Coast PS NS NS PS NO NS PS PS PS NO NS
159 Coast PS NO NS PS NO NS PS NS PS NO P
165 Coast P N N N NO N P N PS NO N
184 Coast PS NO NS PS NO NS PS NS PS NO NS
108 Inland PS NS NS PS NO NS PS NS PS NO NS
135 Inland P NS NS PS NO P N P N NO PS
143 Inland PS NS NS PS NO NS PS NS PS NO NS
146 Inland PS NS NS PS NO NS P NS PS NO P
156 Inland PS NS NS PS NO NS PS NS PS NO P

Note: N—negative, P—positive, NS—negative significant, PS—positive significant, NO—no trend.
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The CDD exhibited a positive trend at the inland stations, whereas the CWD showed
both positive and negative trends at all stations. Stations 108 and 135 exhibited a significant
negative trend. The majority of the precipitation indices, including PRCPTOT, R30 mm,
R95p, RX5day, and SDII, showed a non-significant positive trend, while the rainfall intensity
increased at the stations. In the case of station 146, both PRCPTOT and SDII decreased over
time. The R95p index showed a significant positive trend at the inland stations 135 and 143
(Table 5). DTR showed mixed trends at the stations, i.e., significant positive, significant
negative, and positive trends. FD and ID showed significant negative changes at the
stations except for FD at station 135. SU showed significant positive trends except at the
Chupungryeong (135) station, which showed a positive trend with no significant change.
The indices TN10p and TX10p showed significant negative trends in most areas except
station 135, which showed positive trends that were not significant. The indices TN90p,
TX90p, and TR showed significant positive trends at most stations; however, station 135
showed negative and positive changes but no substantial changes in the indices (Table 6).

4. Discussion

Currently, there is a need to identify relevant climate change signals, particularly in
precipitation and temperature, which may be used in coastal and inland planning as well
as policymaking. With this consideration, our research has focused on the coastal and
inland areas of South Korea in various climate zones. This study demonstrated a notable
difference in the variability of coastal and inland area precipitation and temperature.

When compared to the reference period (30–30 years), total and extreme precipitation
greatly increased over the past 60 years (1961–2020). As the time period changed, there
were obviously increasing trends in annual precipitation as well as extreme events like
PRCPTOT, R95p, and R99p. Summer rainfall (late June to early September) in conjunc-
tion with synoptic disturbances, typhoons, and convective storms contribute to the total
annual precipitation [49,53]. On various timescales, the subtropical East Asian summer
monsoon, which produces midsummer rainfall, experiences significant fluctuation, result-
ing in devastating floods throughout Korea [54]. The annual average precipitation over
South Korea showed a rising trend, with increases in precipitation in July and August [54].
Moreover, the contribution of extreme precipitation to total precipitation increased signif-
icantly, indicating that the rate of change in extreme precipitation is greater than that of
total precipitation. The western North Pacific subtropical high is a prominent large-scale
circulation system that controls rainfall during the East Asian summer monsoons and
determines the commencement and withdrawal of the summer monsoon [55,56]. Many
researchers have focused on the temporal–spatial trends of summer precipitation in South
Korea, which is located in the East Asian monsoon zone and receives more than 50% of its
annual precipitation during the summer [57–59]. All stations showed positive changes in
the coastal areas, whereas only 165 stations exhibited negative changes. Many of the ex-
treme precipitation indicators increased, but not significantly. The CDD and CWD revealed
positive and negative changes in the coastal areas, yielding variations in precipitation
patterns at various coastal sites. However, the CDD and CWD did not vary appreciably.
For the inland stations, the CDD showed a positive shift, indicating that the number of dry
days increased with time. However, both positive and negative changes were identified for
the CWD, with station 108 showing a substantial negative trend.

The variability in precipitation, which reflects the positive changes in the region, was
highest in the coastal stations. When compared to the inland stations, the CDD and CWD
were similarly higher in the coastal region. The extreme precipitation RX5day showed
increasing trends at the inland and coastal stations except for the Mokpo (165) station.
These results suggest an increase in precipitation intensity in both coastal and inland areas.
The same results were found for the R30 mm index, which showed increasing trends at
all stations except station 112. The SDII showed slightly increasing trends, implying a
potential increase in the intensity of extreme precipitation events in the future. In this study,
significantly intensified peaks in the rainy season were observed, accompanied by a slight



Sustainability 2023, 15, 12537 14 of 17

shift and increase in precipitation during the monsoon period. These observations indicate
a possible shortening of the monsoon break period with an increase in the number of rainy
days and an intensification of precipitation throughout the monsoon period. Ho et al.
(2003) studied climate change in Korea over 48 years (1954–2001) and found that significant
rainfall anomalies in summer exceeding 100 mm have become more common recently [57].
Although there are regional differences across periods, most of the indices associated with
extreme precipitation showed faster changes over the past years, and summer precipitation
intensity over South Korea has increased [27,28].

The temperature indices showed an overall increase in temperature from 1961 to 2020,
with fluctuations in the number (or frequency) of warm/cold days and nights (Figure 5).
The temperature increases were statistically significant at the 0.05 level at most of the
stations (Table 6). The minimum temperature indices showed a stronger increasing trend
compared to the maximum temperature indices (Table 6), which is consistent with the
results of other studies [60,61]. The frequency, duration, and extreme values of temperature
indices such as FD, ID, Tr, and SU also showed increasing trends. The values of SU and Tr
were found to be increasing, while the values of ID and FD were found to be decreasing
at most of the coastal and inland stations. According to Ha and Yun (2012), the increase
in temperature led to an increase in the number of tropical nights in South Korea due to
global warming and urbanization [62].

The coastal region had the most observed variations in temperature indices, which
were evident at the stations. When compared to the inland stations, extreme occurrences,
such as SU, FD, TR, ID, TX10p, and TX90p, demonstrate the large changes in the examined
periods. The majority of the inland and coastal stations show an increase in air temperature.
The frequency of warm days (TX90p) and nights (TN90p) increased, whereas the frequency
of ID and cool days (TX10p) and nights (TN10p) declined. In most coastal and inland
stations, the TX90p and TN90p showed a significant negative trend, whereas the TX10p
and TN10p showed a significant positive trend. These findings are consistent with the
major conclusions of the Intergovernmental Panel on Climate Change (IPCC) [8], which
stated that it is quite likely that the number of cold days and nights has reduced since 1950,
whereas the number of warm days and nights has increased. The Chupungryeong station
(135) showed a decreasing trend in most temperature indices; this change was observed
due to the high elevation of the area. The WSDI showed a positive trend, whereas the CSDI
showed a negative trend; this indicates that a temperature increase was observed in coastal
and inland areas. Considering temperature and rainfall extremes together, the coastal
and inland areas witnessed noticeably wetter conditions, large increases in associated
rainfall extremes, and a concurrent spike in warm extremes. This observation updates prior
findings [16,27,63], indicating a heightened probability of catastrophes and incidences of
increased rainfall and temperature extremes in coastal and inland areas. The methodologies
used in this assessment are relied upon to provide valuable guidelines for detecting extreme
events and contribute to the risk preparedness of coastal and inland areas. Thus, these
extreme changes will make people more vulnerable to natural hazards and necessitate
proper management of climate crises.

5. Conclusions

This study investigated whether the patterns of extreme weather events changed in
the inland and coastal areas of South Korea between 1961 and 2020. We selected 11 weather
stations that represent the unique combinations of latitude and proximity to the coastline.
Statistical analyses showed that the intensity of precipitation events increased in inland
areas, and both the intensity and frequency increased in coastal areas. Both coastal and
inland areas experienced a notable shift in temperature extremes, while the coastal areas
underwent an increase in icy days, frosty days, summer days, and tropical nights. These
results suggest that the length and intensity of the dry spells may have a long-term impact
on the dry season. The identified changes in the weather patterns might have affected
agricultural and hydrological systems and the security of both food and water. Future
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studies may examine the detailed implications of the observed changes in weather patterns
on agricultural productivity and water resource availability. In addition, the climate indices
employed to quantify the climate or weather patterns can help evaluate what the future
climate may look like and how the projected changes may affect agriculture and hydrology.
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