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A B S T R A C T   

The aim of the study is to estimate the trend in extreme temperature events in the northern part of Korean 
Peninsula during 1960–2019, as well as to conduct a comparison experiment with the other representative re-
sults, all trends are examined based on quality-controlled daily maximum and minimum temperature data from 
37 weather stations. Results are as follows. First, frost days (FD0) and ice days (ID0) showed a clear downward 
trend, whereas warm days (SU25) and warm nights (TR20) experienced an obvious uptrend, with SU25 
exceeding TR20, while very hot days (TX35), extreme hot days (TX37) and very extreme hot days (TX39) showed 
abrupt increasing trends, especially twice in TX37 and six times in TX39, respectively. Both of cold nights (TN10) 
and cold days (TX10) decreased by about − 0.7d/decade, hot nights (TN90) and hot days (TX90) increased by 
0.6d and 1.0d/decade, respectively. Second, as compared with to representative results in global by the relevant 
reference and study period, all uptrends in TR20, SU25 and annual maximum of daily maximum temperature 
(TXx) were significantly higher than those in most regions in China, SU25 and TR20 were mostly greater than 
those in most regions, except for some regions in Europe. In particular, TR20 upward trend exceeded any other 
region’s results. Meanwhile, TX10 and TNn experienced stronger downward and upward tendencies than those 
in whole China respectively. Especially, TNn experienced the strongest upward trend in comparing with the 
others. Overall, results revealed hot weather frequency and nighttime warm events over the study area have 
experienced a larger increasing trend than those in global land.   

1. Introduction 

Recently, climatologists paid their attentions to extreme temperature 
change due to its enormous effects on socio-economic developments. 
Researchers focused on the spatial and temporal variations of the 
extreme weather events, and investigated the possible causes and the 
future trends on varied spatial scales (IPCC, 2007, 2012, 2013; Zhang 
et al., 2000; Chen et al., 2013; Kruger and Sekele, 2013; Tang and 
Arnone III, 2013; Dong et al., 2016; Alexander, 2016; Ruml et al., 2016; 
Assani and Guerfi, 2017). 

Many previous studies reported the temporal and spatial character-
istics of temperature extreme indices in the regions surrounding the 
Korean Peninsula and other regions of the global land (Manton et al., 
2001; Klein Tank and Kӧnnen, 2003; Ren et al., 2005; Alexander et al., 
2006; Rusticucci and Renom, 2008; Ding et al., 2009; Nie et al., 2012; 
Toros, 2012; Lima et al., 2013; Dileep et al., 2014; Sillmann et al., 2014; 
Wang et al., 2014; Fang et al., 2016; Touré et al., 2017; Asfaw et al., 

2018; Suomi, 2018; Tong et al., 2018; Kim and O, 2019; Om et al., 2019; 
Shouraseni, 2019; Mun, 2020; O and Toko, 2020). Kim and O (2019) 
reported that daily minimum and maximum temperatures had experi-
enced uptrends for 1961–2010 over Pyongyang region. O and Toko 
(2020) analyzed extreme hot weather events observed at representative 
forty stations in 1971–2019, they confirmed it frequently had occurred 
in mid-inland region with registering the largest one in 2018, but not 
nearly in coast and north inland regions. Meanwhile, change in extreme 
cold weather events were investigated on the basis of 1 percentile in 
daily minimum temperature during wintertime of 1990–2019 by Mun 
(2020), his findings showed that the country-averaged annual mean 
minimum temperature had undergone a rising tendency overall for the 
period, excluding the early 2010’s. 

Typical and practical extreme climate indices were suggested from 
climate research workshops, the World Meteorological Organization’s 
Commission for Climatology(CCl), a joint project between the World 
Climate Research Programme’s Climate Variability and Predictability 
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component (CLIVAR), The World Meteorological Organization’s Expert 
Team on Climate Change Detection Monitoring and Indices (ETCCDMI) 
and World Climate Research Program (WCRP). Especially ETCCDMI 
offered 27 extreme climate indices which were widely used to identify 
the global and regional extreme weather trends. IPCC (2007) reported 
that extreme temperature had clearly increased for 1951–2003, areas 
beyond 70% of global had experienced decreasing cold nights, on con-
trary, warm nights were found to undergo a rapid upward trend. Both of 
daily maximum and minimum temperatures also showed obvious up-
ward trends, with daily minimum temperature had stronger rising. Klein 
Tank and Kӧnnen (2003) showed that cold days and cold nights had 
experienced distinct decreasing, while warm days and warm nights had 
different trends throughout Europe region during 1946—1999. Moberg 
and Jones (2005) analyzed linear trends in mean maximum and mini-
mum temperature change during the last decades, and they found that 
mean minimum temperature had experienced the overall increasing 
trends in the study region and mean maximum temperature had regional 
differences, and DTR (diurnal temperature range) showed descending 
trends. Recently, Om et al. (2019) reported the remarkable temperature 
upward trend at several representative weather stations in the northern 
part of the Korean Peninsula for 1918–2015. Meanwhile, to test the 
statistical confidence level of extreme temperature trend, many re-
searchers used nonparametric test Kendall-tau which statistically in-
spects the significance of the extreme climate trends (Zhou and Ren, 
2011; Cinco et al., 2014). 

The preceding works also urged the importance of the data-quality 
control and inhomogeneity test prior to assessing climate extreme 
change for different indices because of differences between previous 
research results are largely related to the basic datasets (De Lima et al., 
2013; Xu et al., 2013; Jiang et al., 2015; Ruml et al., 2016; Assani and 
Guerfi, 2017; Sun et al., 2017). Actually, research results depend on 
homogeneity level of observation data, which also was a factor which 
brings many inconsistences among the studies. Generally, researchers 
chose extreme temperature indices from ETCCDMI over relevant re-
gions, and accomplished quality-control and homogenization process by 
applying the procedures of RclimDex and Rhest etc. ( Almazroui et al., 
2014; Athar, 2014; Si et al., 2014; Whan and Alexander, 2014; Wang 
et al., 2014; Jiang et al., 2015). 

Overall, the previous results show that the change in general atmo-
spheric circulation system cause abnormal weathers on regional and 
national scales due to global warming, and the extreme temperature 
events occurs more frequently over East Asia including the study area 
which has clear monsoon effect and interaction between marine and 
continental climates. However, as above mentioned, the researches for 
the extreme weather events in the study area are little known and had 
not treated an enough long-term variation and what distinguishes the 
study area from other regions under background warming. 

Therefore, the present study aims at two points, 1) assessing the long- 
term trends for 1960–2019 in extreme temperature events in the 
northern Korean Peninsula where suffered greatly from the East Asian 
monsoon. 2) investigating how different and how similar between the 
study area and the other regions through the overall comparison of re-
sults estimated for different regions. Under the background of changing 
climate condition, therefore, it is necessary to conduct a such compre-
hensive study on the characteristics of temperature extreme events 
change in Korean Peninsula, our findings would have a great signifi-
cance for predicting and reducing weather calamities over the region. 

2. Study area, data quality and homogeneity 

2.1. Study area 

The geographical positions of the stations used in the study, and the 
topographical condition are shown in Fig. 1. The study area is located in 
the Korean Peninsula and belongs to the middle-latitude zone, under the 
influence of the East Asian Monsoon, with wet and hot southerly air flow 

from the West Pacific Subtropical High which moves northward during 
summer, and in contrast, the effects of the continental anti-cyclone in 
Siberia and Mongolia in the wintertime cause the cold and dry weather 
to be maintained over the study region. 

2.2. Data quality control and homogeneity test 

The quality control and homogeneity test for all daily temperature 
data provided from the State Hydro-Meteorological Administration 
(SHMA) were performed, and the process consists of three ways: ex-
amination of the data quality, interpolation for missed data in multi- 
temporal and spatial case and investigation for relocation record of 
stations (Fig. 2). 1) To examine data quality, discrepancies between 
related weather elements were identified on the basis of the logic con-
ditions. All flag-fixed problematic data from the monthly and annual 
upper and lower thresholds based on climatological statistics analysis 
for the historical observation, were removed from the observation series. 
2) For missed data series, we conducted out series extension by using the 
linear fluctuation trend, interpolation based on relationships with the 
neighboring stations that had the best relationships with target station 
during the same period. 3) For the relocation stations, we divided the 
data series to two sub-series with the relocation year as a shifting point, 
and then applied mean value test (t-test) and test of difference between 
two distributions (chi-squared test), i.e. hypothesis test theories. 

According to the above criteria, the total problematic values were no 
more than forty and the missed data were less than 0.028% of the total 
records, and 7 stations were removed due to the affirmed relocations. 
Table 1 shows the information of the missed data for the stations. 
Finally, 37 weather stations were ultimately chosen as qualified obser-
vational temperature series for 1960–2019 (Table 2). Thus all dataset 
used in this study has been examined for temporal inhomogeneity, and 

Fig. 1. The distribution of used 37 weather stations (black circle with cross: 
weather station; black dashed line: boundary of climate zone, NIZ: North Inland 
Zone, WCZ: West Coast Zone, ECZ: East Coast Zone, MIZ: Mid Inland Zone; 
black number: station number, please refer to Table 2). 
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the spatial distribution of the stations shows the relative uniform dis-
tribution, but a sparser observation density in eastern NIZ (Fig. 1). 
Overall, the data series obtained are considered to be robust. 

2.3. Definition of extreme temperature indices 

In the present paper, three different groups of extreme temperature 
indices were used, these are Percentile Based Indices (PBI), Extreme- 
value Based Indices (EBI) and Threshold Based Indices (TBI), respec-
tively. Such similar classifications for indices were reported in other 
studies (Athar, 2014; Wang et al., 2014). The eighteen indices are 
calculated based on daily temperature dataset, and their names and 
definition are shown in Table 3. 

As above mentioned in Section 2.1, the study area has distinct four 
seasons due to severe activation of two monsoons, where annually un-
dergoes frequent extreme weather events related to the awful sultry and 
the bitter cold. We therefore chose incontestably four typical TBIs such 
as FD0, ID0, TR20 and SU25 index which can describe well regional 
climate change as well as the intensity of the monsoons, besides, three 

Fig. 2. Data quality and homogeneity test process. RMSD means Root Mean Square Deviation (standard deviation).  

Table 1 
Information for missed data of daily maximum and minimum temperature 
series.  

Station Missed period (monthly) Missing percent 
(%) 

Tmin Tmax 

Phyongwon 1963/1 1963/1, 1967/4 0.0042 
Anju  1965/3 0.0014 
Kim Hyong Gwon 

County  
1967/7 0.0014 

Junggang 1976/8, 1989/ 
10 
2018/ 
11–2018/12 

2018/11–2018/12 0.0084 

Suphung 1979/4 1979/4 0.0014 
Tongchang 1997/3–1997/ 

8 
1998/8–1998/11, 
1997/3–1997/9, 
1996/3 
1996/11–1996/12 

0.028 

Hamhung  1963/3 0.0014 
Musan 2016/9–2016/ 

10 
1965/7, 
2016/9–2016/10 

0.0070  

Table 2 
The detailed information for 37 stations used in this study.  

No Station Name WMO / 
Domestic 
Code 

Longitude 
(◦E) 

Latitude 
(◦N) 

Elevation 
(m) 

1 Pyongyang 47,058 125.47 39.02 36.19 
2 Sinuiju 47,035 124.23 40.06 5.72 
3 Suphung 47,028 124.56 40.27 124.56 
4 Tongchang / 99,214 125.32 40.09 113.19 
5 Kusong 47,037 125.15 39.59 101.16 
6 Thaechon / 99,209 125.30 39.55 54.02 
7 Sonchon / 99,203 124.55 39.48 61.87 
8 Pakchon / 99,205 125.35 39.43 25.29 
9 Jongju / 99,204 125.13 39.42 37.62 
10 Tokchon / 99,113 126.18 39.45 135.95 
11 Anju 47,050 125.39 39.37 33.90 
12 Phyongwon / 99,105 125.35 39.18 39.22 
13 Yangdok 47,052 126.39 39.13 278.17 
14 Onchon / 99,104 125.11 38.51 23.70 
15 Sariwon 47,065 125.46 38.31 51.76 
16 Sinphyong / 99,502 126.46 38.54 135.29 
17 Singye 47,067 126.30 38.30 100.91 
18 Haeju 47,069 125.42 38.02 79.00 
19 Unryul / 99,405 125.11 38.31 27.30 
20 Jangyon 47,068 125.06 38.15 29.60 
21 Kanggye 47,020 126.36 40.58 305.18 
22 Junggang 47,014 126.53 41.47 330.77 
23 Chosan / 99,307 125.48 40.49 146.12 
24 Huichon 47,039 126.15 40.10 153.41 
25 Hyesan 47,016 128.09 41.24 723.10 
26 Paeggam / 99,902 128.58 41.11 1407.47 
27 Kim Hyong 

Gwon County 
47,022 128.09 40.49 1224.30 

28 Chongjin 47,008 129.49 41.47 42.13 
29 Rason 47,003 130.24 42.19 1.76 
30 Musan / 99,804 129.12 42.13 453.83 
31 Kim Chaek City 47,025 129.12 40.40 117.88 
32 Hamhung 47,041 127.33 39.56 39.67 
33 Jangjin 47,031 127.15 40.22 1080.00 
34 Sinpho 47,046 128.11 40.02 15.37 
35 Wonsan 47,055 127.26 39.11 35.10 
36 Kosong 47,061 128.11 38.44 33.26 
37 Sepho / 99,606 127.22 38.38 561.30  
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extreme hot indices of TX35, TX37 and TX39 were additionally used. 
Recently, due to more frequent summer extreme hot weather events in 
the study area, with especially at 2018. SHMA announced newly some 
hot thresholds in that year, daily maximum temperature has exceeded 
35 ◦C, 37 ◦C and 39 ◦C of extreme thresholds, when were defined as 
general-grade warning, first-grade and special-grade warning for hot 
weather. As regards these indices based on observed data of the relevant 
site, those are computed as the total number of days occurred at local 
regions, but no across the study area. Meanwhile, contrast to TBIs, PBIs 
are useful to identify various warming intensities in nationwide scale, 
with comparing with the base period. Even if absolute value of the 
observed temperature and the variation amplitude have clear region-
ality, many climate researchers consider that special percentiles can 
demonstrate how extreme climate have been changed in the probabi-
listic angle, which give them practical possibility to analyze local 
climate changes and to compare to others. In this study, 10 and 90 
percentiles of PBIs were used for convenience. 

In Table 3, Annual, TX and TN indicate the period from January 1 to 
December 31, daily maximum temperature and daily minimum tem-
perature, respectively. HWI (Hot-Warm Index) and CCI (Cold-Cool 
Index) are abbreviations of hot (warm)-related and cold (cool)-related 
indices, respectively. For calculation of PBI, 1981–2010 was chosen as 
reference period. 

2.4. Estimate of linear trends and the significance test 

The least square method was used to estimate the linear trends (i.e., 
the tendency rate) of the extreme indices. To examine the statistical 
significance of linear trends, Kendall-tau method, as a non-parameter 

test method, was applied. When significant level of changing trend is 
less than 0.05 (p ≤0.05), it is thought that the linear trend passes the test 
at confidence level of 95%. 

As shown in Table 3, we mainly treated the daily maximum (TX) and 
minimum temperature (TN) rather than the mean temperature due to 
most of all extreme weather events were characterized by the extreme 
meteorological values, the statistically significant linear tendencies of 
such values therefore can demonstrate trend in the occurrence intensity 
of the extreme hot or cold weather events in the relevant region. Such 
research methodology is general, so far, was applied in many climate 
research articles. According to our calculation, the difference between 
the increasing rates in maximum and minimum temperatures over most 
stations in the study area were not enough large to identify easily a 
remarkable trend in variances by decades. For example, six decadal 
variances in TX(TN) for 1960s–2010s in Pyongyang were 0.15 (0.21), 
0.24 (0.19), 0.37 (0.29), 0.25 (0.31), 0.18 (0.27) and 0.35 (0.26), 
respectively, the linear trends therefore were not particularly clear. By 
the reason, we have not mentioned other trends in the present study. In 
fact, a nonlinear trend during even in a quite short period of observation 
would be more important than two sub linear trends showing an abrupt 
change at shifting year, the variation may be missed due to the decadal 
mean. In many studies, decadal trend analysis is used to estimate uni-
versally the climate change in relevant regions. Therefore, in the present 
paper, only linear trends in all extreme temperature indices were 
analyzed in order to identify easily how similar and different between in 
the study area and the other regions. 

3. Results and analysis 

3.1. TBI trend 

Table 4 shows the area-mean linear trends and the significant levels 
of all TBI. The annual mean cold events such as FD0 and ID0 show the 
clear decreasing tendency, whereas hot events including SU25 (summer 
day) and TR20 (tropical night) show the prominent increasing tendency 
during the study period. This means that frost days and ice days 
decreased 7 and 8 days respectively for cold half-year during the period 
analyzed, while the summer days and the tropical nights increased 18 
and 7 days respectively. Both of frost days (FD0) and ice day (ID0) had 
significant negative trends since the 1960s. The increasing rate of 
summer days (4.10d/decade) is much larger than that of tropical nights 
(1.76d/decade). 

Recent many studies often paid more attention to the increasing 
trends of extreme hot days or hot wave frequency (Limjirakan and 
Limsakul, 2012; Isabel et al., 2013; Ruml et al., 2016). According to the 
present analysis from Table 5, TX35 showed significant increasing rate 
of about 10d/decade, but had no regard for the linear trends due to the 
locality. Although the tendencies of TX37 and TX39 both are not sta-
tistically significant, their occurrence frequencies for the last two de-
cades were twice and 6 times more than in 1960s–1990s, respectively. 
This implies that the days with extremely high temperature rapidly 
increased. 

Fig. 3 and Fig. 4 show the spatial patterns of TBI. The frost days 

Table 3 
Extreme temperature indices used in this study.  

Indices Index Name Index Definition Unit Category  

Threshold Based Indices (TBI) 
FD0 Frost days Annual count of days when 

TN < 0 ◦C 
d CCI 

ID0 Ice days Annual count of days when 
TX < 0 ◦C 

d CCI 

SU25 Summer days Annual count when TX >
25 ◦C 

d HWI 

TX35 Very hot days Annual count of days when 
TX > 35 ◦C 

d HWI 

TX37 Extreme hot day Count of regions when TX >
37 ◦C 

d HWI 

TX39 Very extreme hot 
day 

Count of regions when TX >
39 ◦C 

d HWI 

TR20 Tropical nights Annual count of days when 
TN > 20 ◦C 

d HWI   

Extreme-value Based Indices (EBI) 
TXx Max TX Annual maximum value of 

TX 

◦C HWI 

TNx Max TN Annual maximum value of 
TN 

◦C HWI 

TXn Min TX Annual minimum value of TX ◦C CCI 
TNn Min TN Annual minimum value of 

TN 

◦C CCI 

TXa Averaged TX Annual mean value of TX ◦C  
TNa Averaged TN Annual mean value of TN ◦C  
DTR Diurnal 

temperature range 
Monthly mean difference 
between TXa and TNa 

◦C    

Percentile Based Indices (PBI) 
TX10 Cold days Annual count of days when 

TX < 10th percentile 
d CCI 

TX90 Warm days Annual count of days when 
TX > 90th percentile 

d HWI 

TN10 Cold nights Annual count of days when 
TN < 10th percentile 

d CCI 

TN90 Warm nights Annual count of days when 
TN > 90th percentile 

d HWI 

Note: HWI-Hot-Warm Index; CCI-Cold-Cool Index. 

Table 4 
TBI trends by climate zone.  

Climate zone FD0 ID0 SU25 TR20 

Unit (d/decade) 

ECZ − 1.68 (**) − 2.61 (**) 4.20 (*) 2.10 (*) 
WCZ − 2.10 (**) − 2.32 (*) 4.77 (**) 2.33 (**) 
NIZ − 1.63 (**) − 1.90 (**) 2.72 (*) 0.41 (**) 
MIZ − 3.09 (***) − 2.37 (***) 4.29 (**) 1.86 (***) 
Areal Mean − 2.22 (***) − 2.34 (**) 4.10 (***) 1.76 (**) 

Note: ***: confidence level above 99.9%, **: above 99%, *: above 95% and p is 
test value which calculated by Kendall-tau test method. 
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decreased rapidly in MIZ and NIZ, while the decreasing rate of ice days 
in northern inland in NIZ is less than those in WCZ and ECZ. Both the 
days of maximum and minimum temperatures less than 0 ◦C decreased 
for the cold half-year throughout the study area, which should be related 
to the rapid warming during the winter and the weakening of the winter 
monsoon (Jiang et al., 2015; Wang et al., 2017). In the meantime, all hot 
extreme indices exhibited significant upward trends. SU25 and TR20 
had the low or insignificant increasing trends in NIZ, and the largest 
changes were observed at WCZ and ECZ. Especially, as shown in Fig. 4, 
the occurrence frequencies of extreme hot day indices such as TX35, 
TX37 and TX39 were higher in the northern MIZ and NIZ than those that 
WCZ and ECZ. The rising trends of SU25 and TR20 could be partly 
explained by the weakening of summer monsoon since the 1960s, and 
the remarkable upward trends in TX35, TX37 and TX39 should be also 

Table 5 
Occurrence frequencies of TBI.  

Climate zone TX35 TX37 TX39 

ECZ 128 25 2 
WCZ 174 17 0 
NIZ 402 64 8 
MIZ 530 62 4   

Period of 1960–2000 Period of 2001–2019 
TX35 796 438 
TX37 51 117 
TX39 2 12  

Fig. 3. The spatial patterns of TBI (FD0, ID0, SU25 and TR20) trends. White dot in triangle means insignificant trend (confidence level below 90%).  

K.-C. Om et al.                                                                                                                                                                                                                                  



Atmospheric Research 270 (2022) 106061

6

related to the influence of unclouded weather during summer hot day in 
response to the enhanced West Pacific Subtropical High dominance. 

In this paper, for TBI, due to the fact that the frequency of occurrence 
of extreme temperature events much larger or less than the fixed 
threshold has been increasing rapidly in recent decades over the study 
area, we also estimated the total number of stations of occurrence of 
extreme hot and cold weather events, with running linear thresholds 
instead of fixed thresholds. Results are shown in Table 6. Numbers fol-
lowed by all indices in Table 6 indicate the temperature thresholds, 
respectively. 

As shown in Table 6, all running FD and ID indices show the clear 
decreasing tendencies for all temperature thresholds, whereas hot 
events including SU and TR indices present the increasing tendencies 
during the study period, with both pairs of maximum and minimum 

temperature event trends showing similar variation, it is shown that the 
frequency of occurrence of hot indices in summer and warm ones in 
winter changed rapidly in the whole extreme temperature range as well 
as the conventional thresholds. Overall, these results imply that the 
warming is strongly accelerating in the study region under the back-
ground warming. 

3.2. PBI trend 

Not only did TBI, but also Percentile Based Indices (PBI) such as 
TN10, TN90, TX10 and TX90, manifest statistically significant trends 
during the overall period (p ≤0.05 for significance level 0.05). Linear 
trends and the significant levels for PBI for the study region on a whole 
are shown in Table 7. 

Fig. 4. The occurrence frequencies for TX35, TX37 and TX39 of TBI.  
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As shown in Table 7, cold days (TX10) exhibited similar negative 
trend with cold nights (TN10), both are below − 4.5 day per decade. That 
is, the downward rate of low temperature nights is in some extent larger 
than that of cold days. On contrary, the upward trends in warm days 
(TX90) and warm nights (TN90) are asymmetric, with the trend of warm 
days is about twice higher than that of warm nights. These imply that 
cold-season experienced a proportionate warming in both day and night, 
but warm-season warming was more obvious during daytime than 
nighttime. In the absolute magnitude, the decreasing rates of cold days 
and cold nights are much higher than about 3.98 day per decade of 
warm days, also much twice higher than about 2.20 day per decade of 
warm nights. 

The significant decrease in TN10 is apparent in MIZ and NIZ (Fig. 4). 
In particular, MIZ had experienced the most rapid decrease, and the 
trends in WCZ and ECZ were smaller than inland regions (Fig. 5a). For 
TX10, the coastal areas of mid-ECZ show the significant decrease, but 
MIZ and NIZ exhibited weak decrease, with the lowest in NIZ (Fig. 5b). 
The widespread and significant downward trends of cold nights and cold 
days appeared throughout the study area. The minimum temperature in 
northern inland area generally reflects the dominant influence of con-
tinental anticyclone, and the results are the reflection of the weakening 
of winter monsoon over East Asia region. For warm nights and warm 
days in warm season, widespread upward trends are seeable over all 
regions, with the largest positive trends of TN90 in MIZ (Fig. 5c). High- 
value trends in TX90 were in WCZ and some areas of ECZ and MIZ, and 
low-value ones were in NIZ (Fig. 5d). Compared with TX10 and TN10, 
the trends of TX90 and TN90 had a very similar pattern with widespread 
low values in northern inland and remarkable high values in the rest 
region near the ocean. It shows that the change in daily maximum 
temperature and the relative high temperature events frequency is 
larger than that of daily minimum temperature and the relative low 
temperature events frequency in warm season. Meanwhile, it is possible 
that many urban stations located in coastal area of WCZ (Om et al., 
2021) and ECZ and might have registered remarkable urban heat island 
effects or the urbanization effect, like those occurred in China (Zhou and 
Ren, 2011; Wang et al., 2012; Ren and zhou, 2014). More attention 
should be given to this issue in future research. 

3.3. EBI trend 

Annual maximum and minimum values of daily maximum and 
minimum temperatures are crucial elements in clarifying the climate 
variation and in studying the extreme weather events such as high 
temperature and freezing events. Table 8 shows the regional averaged 
linear trends and the significant levels of EBI during the study period. 

Table 8 show that all the EBI indices had a positive trend during the 
period 1960–2019. Especially, the positive trends in TXa, TXx and TNn 
were large and significant. By season (not shown in Table 8), trends of 
TNn and TXn in winter and TXx in spring were 0.50 ◦C/decade, 0.46 ◦C/ 
decade and 0.44 ◦C/decade, respectively, while those of TNx and TXx in 
winter were merely 0.12 and 0.15 ◦C/decade and statistically insignif-
icant. For annual and seasonal mean minimum and maximum temper-
atures, all of them have rapid increasing trends, with annual mean 
minimum temperature having a trend of 0.34 ◦C/decade and winter 
mean minimum temperature (TNn) a trend of 0.50 ◦C/decade. 

Fig. 6 shows the spatial patterns of annual trends in EBI in the study 
area. TNa, TNn and TNx exhibited large positive trends in NIZ. The re-
gions with continent climate such as NIZ had experienced strong upward 
trends of TNn and TNx in winter (not shown in Fig. 6), which implies the 
weakening of winter monsoon in northern inland areas. ECZ had expe-
rienced the upward trends of all indices. 

The change in extreme weather indices might have been partly 
associated with the decreasing snowfall, increasing spring drought and 
decreasing rainy days and total precipitation amount during the rainy 
season (O et al., 2018). According to our analysis, the interannual 
variability of annual rainfall had a downward trend of about − 42.0 mm/ 
decade for the same period, with especially rainfall of dry season 
exhibited a declining tendency of − 2.7 mm/decade. In winter, the 
amount of snowfall also showed less decreasing, with a rate of − 2.2 
mm/decade. The declination of summer rainfall may have been related 
to the West Pacific Subtropical High (WPSH) expansion to cover the 
whole study area, which in turn brought out significant reduction of 
systemic rainfall due to the mid-break of rainy season and strengthened 
TX90, TN90, TR20 and SU25 of HWIs for summertime. Meanwhile, an 
abrupt declining in TX10, TN10, ID0 and FD0 of CCIs shows the weak-
ening of East Asian winter monsoon, it means suppression of the inva-
sion of cold air mass from high-latitude region, which ultimately may 
lead to a reduction of snowfall. 

4. Comparison with other study regions 

The time period as reported in this paper include the era of the most 
rapidly climate warming in common for the globe and East Asia. 
Nevertheless, the extreme temperature trends differentiate among re-
gions of the global land because of the disparity in climatic mechanism. 
The regional differences of the extreme temperature trends are exam-
ined in this section of the paper, with making a comparison with our 
results. For the purpose of comparison, we adjusted analysis period of 

Table 6 
Areal mean trends by running linear TBI (Unit: areal total number of occurrences/decade).  

TBI Running linear TBI 

FD FD-1 FD-2 FD-3 FD-4 FD-5 FD-6 FD-7 FD-8 FD-9 FD-10 
− 79.9 
(***) 

− 84.3 
(***) 

− 91.5 
(***) 

− 104.5 
(***) 

− 101.1 
(***) 

− 115.5 
(***) 

− 118.1 
(***) 

− 127.6 
(***) 

− 139.8 
(***) 

− 131.0 
(***) 

ID ID-1 ID-2 ID-3 ID-4 ID-5 ID-6 ID-7 ID-8 ID-9 ID-10 
− 62.1 
(*) 

− 60.2 
(*) 

− 53.9 
(*) 

− 47.3 
(*) 

− 42.5 
(*) 

− 39.6 
(*) 

− 28.5 
(*) 

− 22.6 
(*) 

− 16.1 
(*) 

− 11.0 
(⋅) 

SU SU26 SU27 SU28 SU29 SU30 SU31 SU32 SU33 SU34 SU35 
187.3 
(***) 

182.9 
(***) 

175.6 
(***) 

163.4 
(***) 

151.1 
(***) 

113.3 
(***) 

72.1 
(***) 

38.6 
(***) 

19.5 
(**) 

8.7 
(*) 

TR TR16 TR17 TR18 TR19 TR20 TR21 TR22 TR23 TR24 TR25 
139.8 
(***) 

137 
(***) 

138.2 
(***) 

121.5 
(***) 

93.3 
(**) 

82.5 
(*) 

73.9 
(**) 

61 
(*) 

34.1 
(***) 

5.7 
(*) 

Note: All symbol means are the same with those in Table 4. 

Table 7 
Areal mean trends of PBI.  

Indices Areal mean trend (d/decade) P (significant level) 

TN10 − 4.82 0.036 (*) 
TX10 − 4.66 0.012 (*) 
TN90 2.20 0.001 (**) 
TX90 3.98 0.042 (*) 

Note: All symbol means are the same with those in Table 4. 

K.-C. Om et al.                                                                                                                                                                                                                                  



Atmospheric Research 270 (2022) 106061

8

this paper to fit to those of other studies in particular of East Asian 
countries and regions (e.g. Ren et al., 2005; Jones et al., 2012; Ruml 
et al., 2016). Results are shown in Table 9. 

For Hot-Warm-Index (HWI), increasing trends are larger than those 
in most regions (e.g. Zhou and Ren, 2011; Wang et al., 2014) of China in 
TXx, SU25 and TR20, those in Saudi Arabia (Athar et al., 2014) of 
southwestern Asia in SU25 and TR20. Inversely, the upward trends of 
TN90 and TNx were much smaller than the rest regions of Asia except for 
Thailand of Southeast Asia. For TN90 and TX90, the rising trends were 
no more than about one third of those in Pacific region (Whan and 
Alexander, 2014), but TXx and TNx had experienced slightly larger 
upward trends. Most of HWI indices showed generally smaller trends 
than the regions of Europe, excluding TR20 rose above Serbia (Ruml 
et al., 2016) and northeastern Spain (El et al., 2011). 

Fig. 5. The spatial patterns of PBI trends.  

Table 8 
Areal mean trends of EBI.  

Indices Areal mean trend (◦C/decade) Significant level P 

TXa 0.29 ** 0.002 
TNa 0.28 ** 0.001 
DTR 0.02 * 0.021 
TXx 0.29 ** 0.004 
TNx 0.21 * 0.030 
TXn 0.28 * 0.021 
TNn 0.34 *** 0.0004 

Note: Note: All symbol means are the same with those in Table 4. 
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Fig. 6. The spatial patterns of EBI trends.  
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For Cold-Cool-Index (CCI), TX10 and TNn exhibited stronger nega-
tive and positive trends than the whole China region (Wang et al., 2014 
etc.). Most of the CCI indices had underwent greater warming trends in 
comparison to the weaker cold even change of the Yangtze Basin and 
north China. The more rapid loss-cold trends have also been confirmed 
in comparison with some regions in Europe (El et al., 2011; Isabel et al., 
2013) and other regions of Asia (Limjirakan and Limsakul, 2012; Athar 
et al., 2014), in particular in Spain region (El et al., 2011). However, FD0 
exhibited weaker downward trend than most regions in China (Zhou and 
Ren, 2011; Jiang et al., 2015; Wang et al., 2017). 

Overall, the maximum and minimum temperatures had stronger 
upward trends than those in other regions of East Asia, but weaker 
increasing trends than those in some regions of the Near East. Never-
theless, the upward trends in extreme percentile days (TX90 and TN90) 
were rather smaller those in Pacific Island countries, Saudi Arabia and 
Serbia. The upward trends of TX90 and TN90 are usually accompanied 
with higher rising of TXx and TNx, but an asymmetry in comparison 
with results of the three regions implies that the temperature in the 

warm days and warm nights had experienced a climatic jump. Contrary 
to this, fair symmetries in TXx-TX90 and TNx-TN90 appeared in com-
parison with China region probably due to both the study area and some 
regions in China being located in the similar climate zones. Compared to 
Europe region, most of the upward trends in hot and warm events were 
weaker, and it is clear that southern Europe have underwent more 
serious high-temperature extreme events than in the study area, prob-
ably due to the severe droughts around the Mediterranean Sea during 
the last decades (IPCC, 2013). Tropical nights (TR20) showed a gener-
ally more rapid rising in the study region than in other regions, 
deserving high degree of concern. 

Such comparison may be persecuted by some uncertainties. It is al-
ways hard to choose representative stations with observational records 
long enough for the comparative analysis. Another issue is the possible 
effect of urbanization on daily temperature data series and the relative 
extreme temperature indices trends for some regions. It has been found 
that there was an overestimated warming for national meteorological 
stations in China (Ren et al., 2005; Ren and Zhou, 2014) and the study 

Table 9 
The comparison of this study with others. unit: per decade; Italic means p > 0.05.  

Indices Cold-Cool-Index (CCI) Hot-Warm-Index (HWI) 

TX10 TN10 TXn TNn ID0 FD0 TX90 TN90 TXx TNx SU25 TR20 

(Unit) days days ◦C ◦C days days days days ◦C ◦C days days 
This study − 4.23 − 4.64 0.60 0.85 − 3.78 − 2.70 2.58 1.79 0.19 0.15 3.15 1.30 
Zhou and Ren, 2011 − 3.26 − 8.23 0.35 0.58 − 2.32 − 3.48 5.22 8.16 0.15 0.25 2.69 2.47 

Mainland China (70◦–140◦E, 15◦–55◦N) Period: 1961–2008 
This study − 4.09 − 4.31 0.60 0.85 − 3.78 − 2.70 2.96 1.39 0.19 0.15   
Ning et al., 2012 − 0.73 − 3.69 0.19 0.55 − 0.64 − 4.20 1.80 3.25 0.13 0.16   

Qinghai-Tibet Plateau, China (94◦-104◦E, 24◦-34◦N) Period: 1961–2008 
This study − 2.66 − 3.32 0.35 0.66 − 2.45 − 3.53 4.09 3.65 0.25 0.23   
Wang et al., 2013 2.80 − 4.90 0.66 0.63 − 7.73 − 5.69 3.40 4.00 0.15 0.38   

Western Tibetan Plateau, China (75◦-85◦E, 30–40◦N) Period: 1973–2011 
This study − 2.81 − 2.99 0.47 0.67 − 2.63 − 2.24 2.96 1.90   3.04 1.61 
Jiang et al., 2015 − 0.95 − 2.39 0.26 0.31 − 0.50 − 3.39 2.49 1.95   0.05 0.11 

Central inland, China (104◦–116◦E, 30◦–36◦N) Period: 1960–2012 
This study   0.44 1.09 − 3.49 − 4.08   0.31 0.35 5.35 4.97 
You et al., 2013 NCEP/NCAR 0.05 0.04 − 1.75 − 2.50   0.38 0.29 4.67 2.61 

ECMWF − 0.09 0.06 − 1.44 − 2.79   0.34 0.42 4.88 4.25 
Whole China (75◦–135◦E, 20◦–55◦N) Period: 1980–2011 

This study    0.67 − 2.63 − 2.24   0.19    
Wang et al., 2017    0.43 2.00 − 3.90   0.17    

Northwest China (75◦E - 105◦E, 35◦N - 50◦N) Period: 1961–2012 
This study − 3.32 − 3.61 0.54 0.72 − 3.22 − 2.65 3.47 2.22 0.22 0.15 3.41 1.90 
Wang et al., 2014 − 0.84 − 2.78 0.33 0.47 2.24 2.86 2.24 2.86 0.16 0.19 2.93 1.80 

Yangtze River basin, China (90◦–120◦E, 25◦–35◦N) Period: 1962–2011 
This study − 3.65 − 3.87  0.77   3.10 1.68 0.21    
Si et al., 2014 − 0.90 − 2.58  0.54   1.35 2.28 0.20    

North China (100◦-125◦E, 35◦-55◦N) Period: 1961–2010 
This study − 2.59 − 2.81 0.43 0.62 − 2.40 − 2.07 3.10 2.12 0.19 0.15 3.21 1.79 
Jia, 2016 − 0.87 − 1.34 0.20 0.24 − 2.53 − 2.70 1.52 3.16 0.19 0.41 2.16 0.56 

Northwest China (94◦-104◦E, 36◦-41◦N) Period: 1960–2013 
This study − 3.34 − 4.20 0.46 0.70 − 3.35 − 2.37 2.24 1.37 0.18 0.15 2.81 1.14 
El et al., 2011 − 1.20 − 0.80 0.15 0.05 − 0.19 − 1.35 2.70 3.30 0.27 0.30 2.20 0.61 

Northeastern Spain (5◦W- 4◦E, 39◦N-44◦N) Period: 1960–2006 
This study − 3.98 − 4.45 0.43 1.02 − 3.66 − 4.22 5.29 4.96 0.31 0.22 5.71 4.03 
Ruml et al., 2016 − 4.10 − 9.80 0.05 0.27 − 1.50 − 5.90 11.8 12.70 0.82 0.52 6.40 1.20 

South Europe, Serbia (19◦ - 23◦E, 41◦50′- 46◦10′ N) Period: 1981–2010 
This study    0.39     0.10  − 0.72 − 1.92 
Isabel et al., 2013    0.23     0.72  7.32 2.80 

Southwestern Europe, Portugal (6◦- 10◦ W, 37◦- 42◦ N) Period: 1961–1990 
This study − 3.98 − 4.45 0.43 1.02   5.29 4.96 0.31 0.22   
Whan and Alexander, 2014 − 4.00 − 5.00 0.12 0.19   17.00 17.00 0.19 0.19   

Pacific Island countries(130◦E - 150◦W, 10◦N - 30◦S) Period: 1981–2010 
This study − 4.59 − 5.96 0.58 1.33  − 4.12 6.12 6.06 0.35 0.42 6.56 5.15 
Athar, 2014 − 3.52 − 2.57 0.06 0.02  0.01 3.55 2.43 0.63 0.59 5.82 4.99 

Saudi Arabia (30◦-60◦E, 10◦-35◦ N) Period: 1979–2008 
This study − 3.98 − 4.45     5.29 4.96 0.31 0.22   
Almazroui et al., 2014 − 19.40 − 16.30     16.90 12.70 0.80 0.70   

Saudi Arabia, southwestern Asia Period: 1981–2010 
This study − 3.38 − 4.97 0.41 0.79   4.01 3.26 0.25 0.20   
Limjirakan and Limsakul, 2012 − 2.00 − 3.00 0.21 0.59   3.40 3.60 0.06 0.12   

Thailand (97◦-105◦E, 6◦-20◦N) Period: 1970–2009  
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region (Om et al., 2021). This might also have been a reason that this 
region and a few areas of China had a larger warming trend in the 
analyzed extreme temperature indices over the last decades as compared 
to other regions of the world. 

5. Summary 

This paper made first effort to analyze the long-term change in 
extreme temperature events in northern part of the Korean Peninsula 
over the last 60 years. The variability of temperature extreme was 
synthetically estimated under the rapid global warming. Both cold (CCI) 
and warm (HWI) extremes showed a warming trend, with almost sta-
tions having statistically significant linear trends for most indices, with 
larger trend in minimum temperature than maximum temperature. It 
means a faster weakening of East Asian winter monsoon due to the 
reduction in winter temperature gradient of high-low latitudes around 
the study area. While, fast increasing trend in summer hot days related 
to more frequent exceeding high-temperature phenomenon and to 
earlier onset and later retreat of East Asian summer monsoon. 

The detailed conclusions were drawn as follows.  

1) The cold and warm indices had experienced decreasing and 
increasing trends, respectively. Especially, frost days and ice days 
exhibited a significant downward trend, and summer days (SU25) 
and tropical nights (TR20) showed a clear upward trend with 
approximately rising rate of summer days is 2.5 times greater than 
that in tropical nights. 

2) Days with maximum temperature higher than 35 ◦C (TX35) dem-
onstrates an abrupt increasing at a rate of 10d/decade, and days with 
maximum temperature higher than 37 ◦C and 39 ◦C (TX37 and TX39) 
increased twice and six times during the period of 2010s compared to 
1960s, respectively.  

3) Cold nights (TN10) and cold days (TX10) both decreased by about 
− 0.7d per decade. Warm nights (TN90) and warm days (TX90) 
increased by 0.6d and 1.0d per decade. Annual mean maximum and 
minimum temperature (TXa and TNa) exhibited the rapidest upward 
trends.  

4) In comparison with the other regions of the world, TR20, SU25 and 
the highest maximum temperature (TXx) were significantly higher 
than those in most regions in China, and SU25 and TR20 were also 
greater than those in most other regions. TX10 and TNn also had 
experienced greater changes than those in China, especially, TNn 
showed the strongest uptrend in comparing with those in global land. 
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