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ABSTRACT

This paper examined the decadal mean, seasonal cycle, and interannual variations of mean and extreme
temperatures using daily temperature and relative humidity data from 589 stations over eastern China and
South Korea between 1996–2005. The results show that the decadal mean Tm (mean daily mean temperature)
and the TNn (minimum daily minimum temperature) increase from north to south; the opposite spatial
gradient is found in the DTR (diurnal temperature range); the value of the DTR over South Korea is in-
between that over North China and the mid-low Yangtze River valley; the TXx (maximum daily maximum
temperature) has a unique spatial distribution, with the largest value over eastern China. The highest
standard deviation (STD) is located over northern China and the TNn has the largest area coverage of the
high STD. The peak of the seasonal cycle for the Tm, TXx and TNn over South Korea (August) occurs one
month later than that over eastern China (July). The seasonal cycle of the DTR has two peaks (April and
October); the value in the middle-lower reaches of the Yangtze River valley is larger than that in South
Korea during July and August owing to the seasonal northward jump of the major monsoon rain band.
The interannual variations of summertime temperature indices including the Tm, TXx, and DTR over South
Korea are consistent (opposite) to that over northern (southern) China. For the wintertime temperature
indices however, the variation over South Korea is consistent with that over eastern China.
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1. Introduction

Variations of climate extremes are active topics
in the climate change research community. Trends
in daily precipitation and temperature extremes over
China during the last half century were studied by
Zhai et al. (1999), Yan and Yang (2000), Qian and Zhu
(2001), Gong and Ho (2002), Han and Gong (2003),
Zhai and Pan (2003a,b), Gong et al. (2004), Zhai et al.
(2005), and Wang and Zhou (2005). These previous
studies found trends of a decreasing diurnal temper-
ature range (DTR) and frost days over most parts of
China. The indices based on the minimum temper-

atures increased more significantly and consistently
than the maximum temperatures in spatial distribu-
tion; the dominant feature of trends in extreme pre-
cipitation events is an increase along the Yangtze River
valley and a decrease over North China. Analysis em-
ploying longer data coverage showed that this warming
over China has been occurring since the early 1900s
(Qian and Zhu, 2001; Yan et al., 2002), along with a
warming trend in the monthly mean surface air tem-
perature (Zhou and Yu, 2006). DeGaetano and Allen
(2002) found that the minimum temperature was more
easily affected by urbanization than was the maximum
temperature. Qian and Lin (2004) also mentioned
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that the urbanization effects on minimum tempera-
tures might have something to do with the more uni-
form distribution of trends in the night temperatures
rather than the day temperatures in China.

The annual mean temperatures over South Korea
also show an upward trend. There are some indica-
tions that climatic extremes have increased during re-
cent decades. The DTR has increased in the latter part
of the time series (except for summer), as a result of a
more rapid increase in maximum temperatures than in
minimum temperatures, which is not consistent with
results reported elsewhere in the world (Chung and
Yoon, 2000; Jung et al., 2002; Ryoo et al., 2004).

Previous studies mainly focused on the long-term
trends of extreme indices, which ignored the interan-
nual variation and seasonal cycle. Nearly all of the
analyses only employed data prior to the year 2000.
Although both China and Korea are located in the
eastern part of the Eurasian continent and both are
covered by the East Asian monsoon system (Zhou
and Li, 2002), previous analyses of climate extremes
were performed separately, partly owing to the short-
age of data sharing. Benefiting from the joint re-
search program between the Meteorological Research
Institute (METRI)/Korea Meteorological Administra-
tion (KMA) and the Institute of Atmospheric Physics
(IAP)/Chinese Academy of Sciences (CAS), we have
the opportunity to address the climate extremes in
China and Korea by combing data available from the
two countries. The present study aims to answer the
following questions: (1) What are the variations in
the extreme temperatures over China and South Ko-
rea during the last decade? (2) Are there any re-
semblances between the extreme temperature changes
in China and South Korea? We will mainly com-

pare the following three regions: the mid-low Yangtze
River valley (28◦–31.5◦N, 113◦–120◦E), North China
(32.5◦–41◦N, 113◦–120◦E), and South Korea (33◦–
38◦N, 124◦–130◦E). These are typical monsoon regions
and have been the research focus of the climate re-
search community (e.g. Zhou and Yu, 2005).

The rest of the paper is organized as follows. We
first introduce the data and analysis method in sec-
tion 2. We then present the results in section 3. A
summary associated with a brief discussion is given in
section 4.

2. Data and methods

The daily temperature dataset, including the daily
mean temperature (Tmean), daily maximum tempera-
ture (Tmax), daily minimum temperature (Tmin), and
the relative humidity (RH) covering eastern China and
South Korea for the period 1996–2005 are used in this
study. The Chinese data was archived at the Cli-
mate Data Center of the National Meteorological Cen-
ter/China Meteorological Administration. The Ko-
rean data was provided by METRI/KMA.

The data was quality controlled according to
Alexander et al. (2006). The temperature records
which are not in the range of −70◦C–70◦C are set to be
a missing value. Both the daily maximum and min-
imum temperatures are set to a missing value if the
daily maximum temperature is smaller than the daily
minimum temperature. In this study, for certain days
of the year, we archived a temperature range using
the climatology mean plus and minus four standard
deviations. The daily temperature values outside the
range for the day are manually checked. We eliminated
those stations with too many missing data points (>5

 

 

Fig. 1. The location of the stations used in this study, (a) 519 stations over
eastern China, (b) 70 stations over South Korea.
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d yr−1). Finally, we archived a set of high-quality data
from 519 stations over eastern China and 70 stations
over South Korea. Figure 1 shows the location of the
519 stations in eastern China and the 70 stations in
South Korea used in this study.

Through international coordination, the Expert
Team on Climate Change Detection, Monitoring and
Indices (ETCCDMI) developed a uniform suite of ex-
treme climate change indices to enable the global
analysis of extremes (Alexander et al., 2006). The
indices used in this study are: mean Tmean (here-
after Tm), maximum Tmax (hereafter TXx), minimum
Tmin (hereafter TNn), and DTR. Among these indices,
TXx and TNn represent the extreme conditions as the
hottest and coldest day’s temperature at the refer-
ence time (a month or a year). Considering that ex-
treme temperatures affect our environment as the ex-
treme hot events in summer and extreme cold events
in winter, we therefore chose the hottest four months,
June–July–August–September, mainly for TXx analy-
ses and the coldest four months, November-December-
January-February, mainly for TNn analyses.

The methods used in this study include compos-
ite, correlation, and the Empirical Orthogonal Func-
tion (EOF) analysis. To extend the length of the time
series, we used the monthly data spanning June–July–
August–September for the summertime Tm, TXx,
DTR, and RH indices and monthly data spanning
November–December–January–February for the win-
tertime Tm, TNn, DTR, and RH during the period
1996–2005. The climatological seasonal cycle was re-
moved from the original data before performing rele-
vant analysis. The correlation method is used to inves-
tigate the similarity in the variation between eastern
China and South Korea, and the significant level is
set to 5% in this study; for two time series with forty
months of data each, the threshold value of the signif-
icant test is 0.31 at the 5% level.

3. Results

3.1 Decadal mean

The decadal mean and standard deviation (here-
after STD) of the annual daily temperature indices
over eastern China and South Korea are shown in Fig.
2. The annual Tm has a quasi-zonal uniform spatial
pattern and increases from north to south. The value
of Tm over South Korea is a little smaller than that
over the same latitude of North China. The STD mea-
sures the strength of the interannual variability. As
shown in Fig. 2a, the STD over North China, North-
east China, and South Korea is generally larger than
0.5◦C. The annual mean Tmax and Tmin show a sim-
ilar spatial pattern as Tm (figures not shown), which

means that the spatial distribution of the annual mean
Tmax and Tmin is consistent with Tm. Do the extreme
temperature indices such as TXx and TNn, calculated
from Tmax and Tmin have the same spatial variation
with Tm?

The decadal mean and variation in the extreme
temperature indicators are shown in Figs. 2b–c. The
annual TXx represents the hottest daytime tempera-
tures through the year (Fig. 2b). Because the annual
maximum Tmax occurred in summer over East Asia,
the annual TXx mainly reflects summertime character-
istics. Therefore, the spatial distribution of the sum-
mertime TXx (not shown) is almost the same as the
annual one. Different from the mean temperature in-
dices, we see a larger TXx in regions between 105◦E
and 120◦E, with the highest values over North China.
The TXx in South Korea (34◦C) is much lower than
that in eastern China (36◦C), which indicates that
there are less hot extreme events in the summer over
South Korea than those over eastern China. The STD
over northern China (>1.5◦C) is larger than other re-
gions, which reflects a large interannual variation of
extreme high temperatures in northern China.

The decadal mean and STD of the annual TNn

over eastern China and South Korea are shown in Fig.
2c. Because the annual minimum Tmin occurred in the
winter over East Asia, the annual TNn mainly repre-
sents winter characteristics. The spatial pattern of the
decadal mean TNn is consistent with Tm, with quasi-
zonal distribution, and increases from north to south.
In addition, the TNn in the eastern flank of the Ti-
betan Plateau (Sichuan Basin) is higher than its ad-
jacent area by about 4◦C, which indicates that this
area has less cold extremes in the winter. South Ko-
rea’s (−15◦C) TXx is a little lower than that over the
same latitude of North China, but much lower than
the Yangtze River valley (−6◦C). Comparing the Tm

and TXx, the TNn has the largest STD, especially
for northeast China and South Korea, which indicates
their large interannual variations.

From the above analysis, we found that the varia-
tions of Tmax and Tmin are asymmetric, and therefore
showed the decadal mean and STD of the DTR (Fig.
2d). For the humidity difference, the DTR decreases
from north to south. Both southwestern China and the
coastland have a small DTR. The spatial distribution
of RH (not show) is consistent with the DTR; their
spatial correlation coefficient reaches −0.74. A larger
STD is found over South Korea, northern China, and
southeastern China.

3.2 Seasonal cycle

In addition to the annual mean conditions, climate
extremes over South Korea and eastern China also ex-
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Fig. 2. Decadal mean (contour and shaded) and STD (crosses) of the
annual daily temperature indices. (a) Tm, (b) TXx, (c) TNn, (d) DTR.
Crosses in (a) and (d) represent STD larger than 0.5◦C, in (b) and
(c) represent STD larger than 1.5◦C. The shaded area highlights the
spatial distribution of decadal mean temperatures.

hibit robust seasonal cycles. Figure 3 shows the sea-
sonal cycle of the regional mean temperature indices
in the mid-low Yangtze River valley, North China, and
South Korea. The indices include: Tm (Fig. 3a), TXx

(Fig. 3b), TNn (Fig. 3c), and DTR (Fig. 3d). Com-
paring the Tm over the three regions, we found that
the Tm along the mid-low Yangtze River valley is larger
than that in the other two regions throughout the year;
the Tm over North China is larger than that over South
Korea from March to July. Different from the seasonal
cycle of temperatures along the Yangtze River valley
and North China, which peaks in July, the maximum
temperature values over South Korea appears in Au-
gust.

The TXx along the mid-low Yangtze River valley is
also larger than that in the other two regions. Except
for November, December, and January, the TXx in
North China is larger than that in South Korea. The

maximum value of TXx appears in June over North
China, in July over the mid-low Yangtze River valley,
and in August over South Korea. Considering eastern
China as a whole, it reaches its maximum TXx one
month before South Korea, and this phenomenon in
the extreme temperature index is consistent with that
in the mean temperature index (Tm).

The seasonal cycle of the TNn is similar to the Tm:
the mid-low Yangtze River valley has the largest TNn

value, the TNn over South Korea is larger than that
over North China in most months. The peak time over
South Korea is also one month later than that over the
other two regions of eastern China. From the previous
analysis, we can see that both the mean and extreme
temperatures over eastern China reach their peak one
month earlier than that over South Korea.

The DTR has two peaks throughout the year, in
April and in October; it appears as a semi-annual cy-
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Fig. 3. Seasonal cycle of temperature indicators in the mid-low Yangtze River
valley, North China, and South Korea. (a) Tm, (b) TXx, (c) TNn, (d) DTR.

Table 1. Correlation coefficients between the regional
mean time series of each temperature indice over South
Korea (i.e., Fig. 4). Bolded characters indicate statisti-
cally significant at the 5% level.

(a) Summer

Tm TXx DTR RH

Tm 1.00 0.57 0.24 −0.07
TXx 0.57 1.00 0.46 −0.29
DTR 0.24 0.46 1.00 −0.83
RH −0.07 −0.29 −0.83 1.00

(b) Winter

Tm TNn DTR RH

Tm 1.00 0.73 0.04 0.51
TNn 0.73 1.00 0.15 0.12
DTR 0.04 0.15 1.00 −0.32
RH 0.51 0.12 −0.32 1.00

cle, which is consistent over all three regions. In gen-
eral, North China has the largest value among the
three regions, South Korea has the medium value,
and the mid-low Yangtze River valley has the small-
est DTR. However, the DTR in the mid-low Yangtze
River valley is larger than that in South Korea during
July and August. The seasonal cycle of DTR is closely
related to that of precipitation variations. Following
the seasonal cycle of precipitation, which peaks in June
along the Yangtze River valley and jumps northward

in July (Yu et al., 2000; Zhou and Li, 2002), the cor-
responding DTR increases in July along the mid-low
Yangtze River valley.

3.3 Inter-annual variations

To reveal the interannual variation of climate ex-
tremes, we calculated multi-station mean temperature
and humidity indices over South Korea and present
the results in Fig. 4. For Tm, TXx, DTR, and RH
in Fig. 4a, the time series shows monthly anoma-
lies from June–July–August–September for the pe-
riod 1996–2005. For Tm, TNn, DTR, and RH in
Fig. 4b, the time series shows monthly anomalies
from November–December–January–February for the
period 1996–2005. A strong interannual variation is
seen. The correlation coefficients between every two
indices are shown in Table 1a for the summertime.
The correlations between TXx and Tm (0.57), and be-
tween TXx and DTR (0.46) are statistically significant
at the 5% level. It indicates that the extreme tem-
perature indices have consistent variations with the
mean temperatures. The large correlation coefficient
between the DTR and RH (−0.83) confirms their close
connection. Table 1b shows the correlation coefficients
between each indicator in wintertime; the correlation
coefficient between TNn and Tm (0.73) is much higher
than that of the TXx in summer, and the correlation
between Tm and RH reaches 0.51. Although the cor-
relation between DTR and RH (−0.32) is much lower
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Fig. 4. Time series of multi-station mean temperature indices over
South Korea, (a) summer time (June–July–August–September) Tm,
TXx, and DTR anomaly, (b) winter time (November–December–
January–February) Tm, TNn, and DTR anomaly. The climatology
seasonal cycle has been removed. 

 

 

Fig. 5. Spatial pattern of correlation coefficients between regional mean temperature
indices over South Korea (Fig. 4) and the temperatures over eastern China. (a)
summer Tm, (b) summer TXx, (c) summer DTR, (d) winter Tm, (e) winter TNn, (f)
winter DTR. Crosses indicate correlations are statistically significant at the 5% level.
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than in summer, it is also significant.
South Korea is located in the region neighboring

eastern China. It is desirable to examine whether the
changes of extreme temperatures over South Korea are
significantly relevant to those over eastern China. To
explore the potential resemblances between these two
regions, we calculated the correlation coefficients of
the temperature anomalies over eastern China with a
time series of temperature indices averaged over South
Korea. The results are presented in Fig. 5. A signif-
icant high positive (negative) correlation is seen over
northern China (southeastern China) in the summer-
time Tm, TXx, and DTR indices (Figs. 5a–c). For
DTR, there is a southwest to northeast oriented belt
with significant correlation coefficients, which reflect
the effects of the East Asian summer monsoon rain-
fall. For the wintertime Tm, TNn, and DTR (Figs.
5d–f), the positive correlation location displays a north
to south oriented distribution; the correlation is posi-
tive, however, not significant over southeastern China.
The largest correlation for TNn is located over North
China, comparing to it the relatively small positive
correlation for TXx over North China. Hence, the

temperature change over South Korea is significantly
related to that over North China. Compared to that
of the mean temperature, the homogenous patterns of
extreme temperatures are not so robust.

To further estimate the spatial patterns and in-
terannual variations of temperature, we applied EOF
analysis to mean and extreme temperature indices over
eastern China and South Korea. Figure 6 shows the
spatial pattern of the loading EOF mode and the cor-
responding principle component (PC) of the normal-
ized June-July-August-September Tm. The EOF1 ex-
plains 30.1% of the total variance. It shows a con-
sistent temperature variation over eastern China and
South Korea. The corresponding PC is standardized
to have a zero mean and unit variance. Times when
the PCs cross the horizontal lines ±1 are arbitrarily
chosen to represent particularly high amplitude or ex-
treme events; the largest negative event occurred in
September 1997. Variation of the PC is consistent
with the regional mean Tm over South Korea (see Fig.
4), showing a simultaneous correlation coefficient of
0.74.

The spatial pattern of the loading EOF mode and
 

 

 

 

Fig. 6. Spatial pattern of the loading Empirical Orthogonal Function (EOF)
mode and corresponding principle component of normalized June-July-
August-September Tm. (a) EOF1 over eastern China, (b) EOF1 over Korea,
(c) the principle component. The EOF patterns are shown as the normalized
Tm regressed upon the corresponding PC time series.
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the corresponding principle component of the normal-
ized TXx is shown in Fig. 7. The EOF1 explains 20.0%
of the total variance, which shows positive values over
northern China and South Korea, and negative val-
ues over southeastern China. It indicates a regions. A
tiny negative trend can be found in PC1, with the pos-
itive maximum value in 1997 and negative maximum
value in 2003. The variation of the PC time series is
also consistent with the regional mean TXx over South
Korea (Fig. 4), having a correlation coefficient of 0.59.

The TXx mainly reflects the summer extreme tem-
perature characteristics. Besides the hot extremes in
summer, the variation of cold extremes in winter is also
very important. To reveal the winter extreme temper-
ature variations, we apply EOF analysis to wintertime
TNn (Fig. 8). The first EOF mode explains 33.0% of
the total variance, which shows consistent variations.
However, the positive value over Northeast China and
South Korea is much smaller than that over eastern
China, so the EOF1 mainly reflects variations over
eastern China.

The summertime DTR’s EOF1 (21.3%) and cor-
responding PC1 are similar to the TXx’s, which indi-
cates that the interannual DTR variations are consis-
tent with the TXx over both eastern China and South
Korea (Fig. 9).

The consistent variation of summertime TXx and
DTR over North China, South Korea, and South
China are mainly related to the East Asian summer
monsoon rainfall. The monsoon brings abundant wa-
ter vapor to East Asia in the summer; here we showed
the variations of RH in Fig. 10. From EOF1 (18.8%)
and the corresponding PC1, we can see that it has a
similar spatial and temporal distribution to the TXx

(Fig. 7) and DTR (Fig. 9). The wintertime TNn may
be affected by the cold wave and frequent weather sys-
tem perturbations from higher latitudes.

Based on the time series of PC1 and the regional
mean indices over South Korea, we calculated their
correlation coefficients, the results are shown in Table
2. The correlation between PC1 and the correspond-
ing South Korean mean time series for Tm, TXx (TNn),
DTR, and RH is 0.74 (0.77), 0.59 (0.33), 0.51 (0.69),
and 0.41 (0.47) in the summertime (wintertime), re-
spectively. This is statistically significant at the 5%
level, and hence confirms the coherent changes of cli-
mate extremes between eastern China and South Ko-
rea. In addition, the correlation between the PC1 of
the DTR and the South Korean mean TXx in the sum-
mer is statistically significant at the 5% level, which in-
dicates a consistent variation between DTR and TXx.

 

 

 

  

 

Fig. 7. Same as in Fig. 6, but for TXx.
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Fig. 8. Same as in Fig. 6, but for November–December–January–February TNn.

 

 

 

 

  

Fig. 9. Same as in Fig. 6, but for DTR.
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Fig. 10. Same as in Fig. 6, but for RH.

Table 2. Correlation coefficients between PC1 (PC for
short in table) (i.e., Figs. 6c–10c) and the time series of
temperature indices averaged over South Korea (SK for
short in table) (i.e., Fig. 4). Bolded characters indicate
statistically significant at the 5% level.

(a) Summer

PC

SK Tm TXx DTR RH

Tm 0.74 0.33 0.20 −0.23
TXx 0.11 0.59 0.44 −0.48
DTR −0.02 0.20 0.51 −0.41
RH 0.07 −0.19 −0.41 0.41

(b) Winter

PC

SK Tm TNn DTR RH
Tm 0.77 0.36 0.06 0.32
TNn 0.54 0.33 0.01 0.32
DTR 0.35 0.30 0.69 −0.44
RH 0.20 −0.04 −0.20 0.47

4. Summary and discussion

4.1 Summary

Using daily temperature and relative humidity
data from 589 stations covering eastern China and

South Korea during the period 1996–2005, we have
examined the decadal mean, the seasonal cycle, and
interannual variations in mean and extreme tempera-
ture indices and their potential relationship to humid-
ity. The major results are summarized as follows.

(1) The decadal mean Tm and TNn increase from
north to south with a quasi-zonal spatial distribution.
The TXx, however, has unique spatial distributions,
with the largest value over eastern China. Due to
humidity differences, DTR decreases from north to
south. The Tm, TXx, and TNn over South Korea is
much lower than those over eastern China, and the
value of DTR over South Korea is in between that
over North China and the mid-low Yangtze River val-
ley. The largest interannual variation of mean and
extreme temperature indices is located over northern
China.

(2) For the seasonal cycle of the regional mean tem-
perature indices over the mid-low Yangtze River val-
ley, North China, and South Korea, both the mean
and extreme temperatures along the mid-low Yangtze
River valley are larger than those over the other two
regions year-round. The peak of the seasonal cycle for
Tm, TXx, and TNn over South Korea (August) occurs
one month later than in eastern China (July). The
seasonal cycle of DTR has two peaks (April and Oc-
tober). In general, North China has the largest value
among the three regions, South Korea has the medium
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value, and the mid-low Yangtze River valley has the
smallest. However, the DTR in the mid-low Yangtze
River valley is larger than that in South Korea during
July and August owing to the northward jump of the
monsoon rain belt in July.

(3) The time series of multi-station mean temper-
ature indices over South Korea exhibit significant in-
terannual variations. Owing to the effects of the East
Asian summer monsoon rain belt, the interannual vari-
ations of the summertime temperature indices includ-
ing Tm, TXx, and DTR over South Korea are consis-
tent (opposite) to that over North (South) China. For
the wintertime temperature indices, however, the vari-
ation over South Korea is consistent with that over
eastern China. In general, the interannual tempera-
ture variations over South Korea are consistent with
those over North China. The significant correlation
between the regional mean time series over South Ko-
rea and PC1 of the EOF analysis over eastern China
and South Korea for a certain temperature index indi-
cates the spatial continuity of temperature variations.

4.2 Discussion

In terms of the seasonal cycle, the time when
South Korea reaches its maximum value is different
from that of eastern China, however, both the corre-
lation analysis and the EOF analysis on the interan-
nual variability show that the temperature variations
over South Korea are consistent with those over North
China. In recent decades, a marked summer precipita-
tion change (often called the ‘Southern-flooding-and-
Northern-drought’ pattern) has been observed in east-
ern China. Precipitation has increased over the middle
and lower reaches of the Yangtze River valley, whereas
it has decreased over the middle to lower reaches of the
Yellow River valley (Hu et al., 2003; Yu et al., 2004; Yu
and Zhou, 2007). A recent examination shows that the
excessive rain belt extends from the middle-to-lower
Yangtze River valley across the East China Sea and
South Korea to northern Japan, signaling consistent
variations of climate between South China and South
Korea (Wang et al., 2006). This result is different
from the interannual variations of temperature shown
above, which reveals a coherent change of tempera-
tures over North China and South Korea. The reason
for this difference warrants further study. Special ef-
forts should be devoted to the potential coherent vari-
ations of extreme precipitation over China and South
Korea. By combing data available from the East Asian
countries, we wish to develop an integral view of the
changes of climate extremes across the entire eastern
Asian region in the near future.
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