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Abstract Although previous studies show that urbanization contributes to less than 10 % of
the long-term regional total warming trend of mean surface air temperature in northeast China
(Li et al. 2010), the urban heat island (UHI) impact on extreme temperatures could be more
significant. This paper examines the urbanization impact on extreme winter minimum tem-
peratures from 33 stations in North China during the period of 1957–2010. We use the
Generalized Extreme Value (GEV) distribution to analyze the distribution of extreme mini-
mum temperatures and the long-term variations of the three distributional characteristics
parameters. Results suggest that among the three distribution parameters, the position param-
eter is the most representative in terms of the long-term extreme minimum temperature change.
A new classification method based on the intercommunity (factors analysis method) of the
temperature change is developed to detect the urbanization effect on winter extreme minimum
temperatures in different cities. During the period of rapid urbanization (after 1980), the
magnitude of variations of the three distribution parameters for the urban station group is
larger than that for the reference station group, indicating a higher chance of occurrence of
warmer weather and a larger fluctuation of temperatures. Among different types of cities, the
three parameters of extreme minimum temperature distribution of the urban station group are,
without exception, higher than those of the reference station group. The urbanization of
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different types of cities all show a warming effect, with small-size cities have the most evident
effects on extreme minimum temperatures.

1 Introduction

Associated with the escalation of global warming, the frequency and intensity of extreme
weather/climate events and resulting climatic disasters have been increasing during the past
several decades (IPCC 2012). Existing studies have found significant changes in temperature-
related indices worldwide in the last 50 years. For instance, extreme minimum temperature has
shown an evidently increasing trend, with more warm nights, fewer frost days, and a decline in
the annual diurnal temperature range (Easterling et al. 1997; Alexander et al. 2006; IPCC
2007). The change of extreme temperature in China generally coincides with that in the world,
but exhibits apparent seasonal and regional differences (Zhai and Pan 2003; Zhou et al. 2009;
Li and Huang 2012). Over the 40 years 1951~1990, the minimum winter temperature across
China rose by 2.5 °C on average (Zhai and Ren, 1997). Studies using a longer record suggest
that the annual mean minimum temperature in China displays a general upward trend by
0.28 °C/10 years from 1951 to 2002, and the annual mean minimum temperature in winter has
grown by 0.49 °C/10 years (Tang et al. 2005).

Marked progress has been made internationally in the study of impacts of urbanization on
mean surface air temperatures. At the global scale, it is generally agreed that the contribution of
urbanization to global warming is limited (Jones et al. 1990; Peterson 2003; Parker 2004;
Hansen et al. 2010; Brohan et al. 2006). At the regional scale, the climatic impact of UHI is
more significant. In the US, urbanization contributed to an average increase of surface air
temperature of ~0.06 °C between 1901 and 1984 (Karl et al. 1988), ~0.07 °C between 1900
and 2009 (Hansen et al. 2010) and ~0.12 °C/10 years during the mid-20th century (Kukla and
Gavin 1986).

The methods used to quantify the contribution of urbanization to climatic warming fall into
four categories: the first method is to use the difference of the time series between urban and
nearby rural (non-urban) stations as a measurement of urbanization (e.g., Li et al. 2004a); the
second method is to use the difference between the data collected at ground observation
stations and the reanalysis data that are not obtained from ground stations (e.g., Kalnay and Cai
2003; Zhou et al. 2004; Zhang et al. 2005a, b); the third method is to use other data (e.g. upper
air temperature or sea surface temperature) as a proxy for non-urban stations to compare with
urban stations (e.g., Jones et al. 2008); and the fourth method is to use satellites to estimate the
rate of urban growth then relate this to temperature increases (Yang et al. 2011) . Results from
these four methods differ greatly across China: 0.01 °C/10 years (Li et al. 2004a, 2010),
0.02 °C/10 years (Fang et al. 2007), 0.03~0.05 °C/10 years (Hua et al. 2008), 0.05 °C/10 years
(Zhou et al. 2004), 0.07 °C/10 years (Du et al. 2007; Fang et al. 2007), 0.10 °C/10 years (Jones
et al. 2008), 0.11 °C/10 years (Ren et al. 2008), 0.12 °C/10 years (Zhang et al. 2005a, b),
0.14 °C/10 years (Yang et al. 2011) and 0.33 °C/10 years (Chu and Ren 2005).

The aforementioned studies have been focused primarily on the impacts of urbanization on
mean temperatures but very little on the changes in extreme temperatures, while urbanization
has the strongest impacts on night (minimum) temperatures, particularly in winter in China, as
discussed previously (Zhou et al. 2004; Hua et al. 2008; Li et al. 2010; Yang et al. 2011; Li and
Huang 2013). Although Li et al. (2004a), Hua et al. (2008), Li et al. (2010) indicated that
urbanization in north and northeast China contributes to less than 10 % of the regional total
warming during last 50 years, the urbanization impact on winter extreme temperatures could
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be more significant. As Northern China is one of the regions which have experienced rapid
urbanization, it can be used as a good case study to investigate how urbanization affects
extreme winter minimum temperatures. Hence, the present study starts by identifying urban
versus rural stations by developing a new classification approach. It is followed by a detailed
investigation about the effect of urbanization on extreme winter minimum temperatures in
Northern China from the perspective of the probability distribution of temperature and its long-
term variations of characteristic parameters.

2 Data and methods

As noted in Li et al. (2004a), it is more reasonable to focus on a small region where the rural
and urban stations likely share the same regional or large-scale meteorology. After carefully
assessing the data quality, reliability, and homogeneity, we focus our study in a region in North
China centered on the larger area of Beijing-Tianjing-Tangshan where rapid urbanization has
occurred. This region represents the northeast part of the rapid urbanization zones in China and
thus has the most likely urbanization impact on the minimum winter extreme temperatures. It
consists of 33 spatially well distributed stations (Fig. 1).

The observed surface air temperature data set we used here are derived from the Chinese
meteorological National station network (reference and basic stations) for January 1, 1957 to
December 31, 2010, as processed by the China National Meteorological Information Center
(NMIC). This dataset has been adjusted for homogeneity and abrupt discontinuities (Li et al.
2004b; Li et al. 2009). The adjustments improved the reliability of the data and decreased
uncertainties in the study of observed climate change in China but to some extent kept the
gradual urbanization signal in the time series (Li and Dong 2009; Li 2011).

A change in temperature is manifested not only by the mean value which is only one of the
characteristic parameters of the probability distribution of temperatures, but also by other
parameters. Unlike previous studies, the present study focused on the change in the probability
distribution of extreme minimum temperature. There are various definitions of extreme weather
events (Alexander et al. 2006). Here we define the extreme winter minimum temperatures in
each year as the 3 lowest values of daily minimum temperatures in winter (Zhang et al. 2005a, b).

Extremes generally can be studied by fitting a GEV distribution to block maxima (e.g.,
annual maxima) or by fitting a generalized Pareto distribution (GPD) to excesses of peaks-
over-threshold (Coles 2001). Wang et al. (2013a) find that two fitting approaches are compa-
rable in terms of stability when the sample size is moderate. Here in this paper, we fit the GEV
distribution to 30 samples (the 3 most extreme values in each of 10 blocks (the most extreme,
2nd most extreme and 3rd most extreme)). We first checked the samples and found that the 3
lowest daily minimum temperatures always happen in each of the 3 winter months (December
and following Jan and Feb) in this region, which is like a block maxima (monthly maxima)
GEV fitting. In addition, the Walker’s test is performed as done in Wang et al. (2013b), the
results suggest that the changes in extreme minimum temperature are field significant at the
5 % level, in the field of 33 stations, which would not impact the estimation errors of the 3
parameters of GEV.

Estimating the GEV distribution parameters generally consists of two major methods,
maximum likelihood methods and L-moments methods. After comparing the fitted optimal
results, Chen et al. (2010) found that among these two methods, the latter is easier to calculate
and also is more accurate for smaller samples. Therefore we adopt the L-moments method to
estimate the three parameters of the GEV distribution for the extreme minimum temperatures
for different 10-year windows (Coles 2001; Chen et al. 2008; Supplementary Information(SI)).
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3 Climate features of extreme winter minimum temperature distribution parameters
and their application in stations classification

For each of the 33 stations, the 3 daily extreme winter minimum temperatures in each year are
used to estimate the GEV distribution parameters (using equations (5)-(7) in SI) over different
10-year windows successively shifted by 1 year. We divide the 54 years of data into 44 10-year
periods, 1957–1966, 1958–1967, 1959–1968, and 2001–2010. The median year in each 10-
year period is used as the representative year for each 10-year window (or each climatic stage),
and as a result, we obtain 44 GEV parameters representing the period of 1963–2006, which are
referred to as time series of the three distribution parameters.

We calculated the climatology of the time series of the 3 GEV parameters: mean,
standard deviation and coefficient of variation (CV), for the period of 1963–2006. It is
evident that the shape parameter CK is between 0 and 0.5, representing the approximate
shape of the probability dense distribution curve of the extreme minimum temperature
in Northern China. The peak value of the curve is located on the right side of the
position parameter CM. The distribution of the curve reflects the regularity of the
extreme minimum temperature variations in Northern China, i.e. the probability of the
occurrence of above −17.1 °C is relatively high, with the range of temperature
fluctuation of 2.3 °C. We also noticed that the position parameter CM had the least dispersion
coefficient, indicating that it has the best representativeness of long term extreme minimum
temperature changes.

To find out the common characteristics of the 3 distribution parameters across the 33
stations in Northern China in terms of long term variations, a principal factor analysis
is applied to the time series of the distribution parameters for the period of 44 years
over the study region. Further, we checked the variance contribution explained by the
first 3 common factors and their accumulated variance contribution. It is evident that
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the first common factor for all of the 3 distribution parameters has contributed ≥69 %
of the total variance. Among the 3 parameters, the 1st common factor of the position
parameter has a ~90 % variance contribution. Compared with the other two parameters,
it represents the major common characteristics of year-by-year variations at different
climatic stages.

It is generally believed that the linear trend of temperatures at rural stations is less evident
than that at urban stations. Given the aforementioned uncertainties in classifying urban versus
rural stations, here we first employ the classification method of factor analysis to classify the
33 stations into two groups: presumed “urban” and “rural” stations (Huang 2007). The above
analysis shows that among the 3 GEV distribution parameters, the position parameter can best
reflect the average state of most frequently occurring extreme minimum temperatures. So, the
result of factor analysis can be utilized to classify the stations based on the characteristics of
these parameters. Specifically, the 1st factor loading is used as the main criteria to classify the
33 stations into two groups. The first group consists of the stations whose 1st factor loading
value is<0.88 (see Table 1). There are 3 stations belonging to this group (Taishan, Chaoyang
and Xiuyan). The mountainous station, Taishan, can be regarded as having no urban impacts.
Chaoyang and Xiuyan are two typical rural stations according to the metadata of the station.
Another two stations, Weifang and Tangshan, are also classified into the “rural” group, but we
regroup them subjectively into the “urban” station group as they are two typical urban stations.
The remaining 30 stations with the 1st factor loading value greater than 0.88 (Table 1 and
Fig. 5) are all defined as the “urban” station group.

The stations in the “urban” group can be further classified into different groups according to
the loading distribution in the factor analysis of the extreme minimum temperature measured at
the 33 stations in Northern China (Huang 2007). We divide the urban station group into 3 types
of stations according to the loading of the 1st factor, while taking account of the loading
distribution of the 2nd and 3rd factors as a reference (Fig. 2): the 1st type of station group is
marked as group ‘A’, in which the 1st factor loading is 0.95~0.98, the 2nd factor loading
is −0.3~0.1, and the 3rd factor loading is −0.4~0.3; the 2nd type of station group is marked as
group ‘B’, in which the 1st factor loading is 0.88~0.95, the 2nd factor loading is −0.4~0.3,
and the 3rd factor loading is −0.4~0.4; the 3rd type of station group is marked as group ‘C’, in
which the 1st factor loading is 0.95~0.97, the 2nd factor loading is −0.1–0.3, and the 3rd factor
loading is -0.2~0.0. The 1st, 2nd, and 3rd factor loadings and geographic locations of the
stations in these groups are shown in Table 1 and Fig. 2.

The different urban types correspond roughly to the classification of the stations according to
urban population. As shown by the classification in Table 1, the ‘A’ type consists of 11 stations,
among which 10 are located in cities with a population smaller than 500,000. Therefore, the ‘A’
type stations can be seen as a station group located in small-size cities. The ‘B’ type comprises 8
stations, among which 6 lie in cities with a population between 500,000 and 1,000,000.
Consequently, the ‘B’ type stations can be referred to as stations in medium-size coastal cities.
Among the 11 ‘C’ type urban stations, 6 are located in cities with a population over 1,000,000,
and so they can be called large-size urban stations. This classification based on the factor
analysis agrees well with our previous judgment of the station’s circumstance.

4 Impacts of urbanization on extreme winter minimum temperature

For each year we aggregate spatially the extreme winter minimum temperatures at the 33
stations in our study region into the “urban” and “rural” groups, and then calculate the GEV
parameters at different 10-year windows as described previously for the period of 1963–2006.
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Given that among the 3 parameters, the position parameter can best reflect the charac-
teristics of extreme minimum temperature distribution at different climatic stages, we
focused on the long term variations of the position parameter of the urban station
group. Evidently there is an upward trend in the position parameter in Northern China,
and such a trend is also seen in the position parameters of the “reference” station group
(Fig. 3). The correlation coefficient of the two series (i.e., the urban versus reference
groups) is 0.96, and the coefficients for other two parameters are 0.69 for CK and 0.88
for CF. The high correlations suggest the similar inter-annual variability and high
spatial autocorrelation among the stations.

Table 1 The values of the 1st, 2nd, and 3rd factor loadings of different types of stations in the urban group

Group Station number 1 2 3 Station name Province Latitude (N) Longitude(E)

Ref 54486 0.83 −0.39 0.39 Xiuyan Liaoning 40.2 123.2

54808 0.88 0.08 0.06 Chaoyang Shandong 36.1 115.4

54826 0.88 0.28 0.16 Taishan Shandong 36.2 117.1

A 54405 0.98 −0.02 −0.07 Huailai Hebei 40.2 115.3

54429 0.95 −0.25 −0.09 Zunhua Hebei 40.1 117.6

54436 0.97 −0.04 0.05 Qinglong Hebei 40.2 118.6

54454 0.97 −0.15 0.05 Suizhong Liaoning 40.2 120.2

54476 0.97 0.02 0.11 Xiongyue Liaoning 40.1 122.1

54493 0.97 −0.08 0.11 Kuandian Liaoning 40.4 124.5

54563 0.97 −0.07 0.13 Wanfangdian Liaoning 39.4 122.0

54584 0.95 0.04 0.25 Zhuanghe Liaoning 39.4 122.6

54725 0.98 0.03 −0.02 Huimin Shandong 37.3 117.3

54936 0.96 −0.23 0.05 Lvxian Shandong 35.4 118.5

54945 0.97 −0.05 0.07 Rizhao Shandong 35.3 119.3

B 54497 0.92 0.04 0.34 Dandong Liaoning 40.0 124.2

54534 0.88 −0.41 −0.11 Tanshang Hebei 39.4 118.1

54539 0.94 −0.28 −0.12 leting Hebei 39.3 118.5

54602 0.92 0.09 −0.37 Baoding Hebei 38.5 115.3

54623 0.91 0.19 0.33 Tanggu Tianjin 39.0 117.4

54753 0.93 −0.23 −0.25 Longkou Shandong 37.4 120.2

54776 0.95 0.26 0.03 Chengshantou Shandong 37.2 122.4

54843 0.88 −0.41 −0.01 Weifang Shandong 36.5 119.1

C 54401 0.96 0.23 0.01 Zhangjiakou Hebei 40.5 114.5

54423 0.95 0.17 −0.18 Chengde Hebei 40.6 117.6

54511 0.96 0.23 −0.10 Beijing Beijing 39.5 116.3

54471 0.97 0.20 0.00 Yingkou Liaoning 40.4 122.1

54518 0.96 0.02 −0.25 Langfang Hebei 39.1 116.2

54527 0.96 −0.19 −0.10 Tianjin Tianjin 39.1 117.0

54606 0.95 0.27 −0.06 Raoyang Hebei 38.1 115.4

54662 0.96 0.26 −0.01 Dalian Liaoning 38.5 121.4

54705 0.95 0.17 −0.16 Nangong Hebei 37.2 115.2

54823 0.96 0.23 −0.06 Jinan Shandong 36.4 117.0

54916 0.95 −0.09 −0.11 Yanzhou Shandong 35.3 116.5
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However, the magnitude of the trends differs between the urban and reference station
groups and also among the 3 distribution parameters, with a strong year-by-year variability
(Fig. 4). Again, the common upward trend for all of the 3 parameters reflects regional/global
warming trends. The shape and position parameters of the urban station group are larger than
those of the reference station group while the dispersion parameter of the urban station group is
smaller than that of the reference station group (Table 2). Table 2 indicates that the probability
distribution curve of the urban extreme minimum temperature is located on the right side of the
corresponding distribution curve of the reference station group, but the former is narrower than
the latter. This suggests that the occurrence probability of relatively warmer extreme minimum
temperature of the urban station group is higher than that of the reference station group, with a
magnitude of fluctuation smaller than that of the reference station group (Fig. 5). Figure 4 also
shows strong year-by-year variations of the 3 distribution parameters for the difference
between the urban and the reference station groups. The position parameter exhibits the largest
difference and the variations also display a periodic characteristic.

Like Zhou et al. (2004) and Li et al. (2010), here we also take the year 1980 as the cut-point to
divide our study period into two different periods to examine the UHI effect on the extreme
minimum temperature in Northern China. We calculated the mean values of the 3 distributional
parameters of both the urban and reference station groups for two different periods, before and after
the year 1980 (marked as Period ‘I’ and ‘II’ respectively in Table 2). The “Difference” column in
Table 3 lists the difference between the mean values of the parameters of the urban and reference
stations during the same period. Evidently during the rapid urbanization, the 3 distributional
parameters of the urban stations are all higher than those of the reference stations. The difference in
the shape and dispersion parameters between the urban and reference station groups changes from
the negative value in Period ‘I’ to the positive value in Period ‘II’ (Table 2), which suggests that
before the year 1980, the probability distribution curve of extreme minimum temperature of the
urban station group is located on the right side of that of the reference station group. Its dispersion
range is smaller than that of the reference station group. However, during the period of rapid
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development of urbanization, relatively higher extreme minimum temperature at urban stations
occursmore frequently (Fig. 5). As a result, the probability distribution curve of extrememinimum
temperature of the urban station group shifts to the right side of that of the reference station group.
Its dispersion range is larger than that of the reference station group. There are also considerable
changes in the position parameter. During the period after the year 1980, the position parameter of
the urban station group is higher than that of the reference station group by 2.3 °C, while during the
period of low-level urbanization; the position parameter of the urban station group is higher than
that of the reference station group by 1.5 °C. If we use the former value as a measure of the
intensity of urban heat island, then in each 10-year climatic stage, the value of the urban station
group is higher than that of the reference station group by 0.8 °C; in each 10-year climatic stage,
the value of the urban station group is higher than that of the reference station group by 0.80 °C, i.e.
the effect of urban heat island on extreme minimum temperature is about 0.80 °C/10 years.
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Fig. 5 Comparisons of the theoretical distribution functions between the urban and reference station groups in
different periods (Period I: 1957–1979; Period II: 1980–2010)

Table 3 The mean values of the distributional parameters of different types of urban stations and of their
differences from the reference station group (Period I: 1957–1979; Period II: 1980–2010)

City type A B C

Parameter Period Mean value Difference Mean value Difference Mean value Difference

CK I 0.12 −0.12a 0.30 0.06 0.37 0.13a

II 0.43 0.13a 0.32 0.02 0.40 0.10a

CF I 1.60 −0.34a 1.63 −0.30a 1.84 −0.09
II 2.16 0.21 1.87 −0.08 1.97 0.01

CM I −19.1 −1.0a −14.3 3.8a −16.3 1.7a

II −17.2 0.0 −12.8 4.3a −14.5 2.6a

(a ) means that the differences between the urban and rural stations are statistically significant at the 5 % level
Note that CK has no unit and the unit of CF and CM is °C
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The above analysis indicates that the effect of urbanization on the extreme minimum winter
temperature in Northern China is very significant, and the urban heat island effect due to
urbanization has increased the magnitude and variation of the extreme minimum temperature
in cities.

5 Effects of different urbanization types on extreme winter minimum temperature

To assess impact of the rapid expansion of the different types of cities on extreme minimum
temperatures, two historical periods are considered with the year 1980 as the cut point as
described in Section 4. The period after 1980 represents a rapid development of urbanization.
The relevant parameters of the urban station group during these two periods are compared with
those of the reference station group. Table 3 lists the mean values of the 3 distributional
parameters of different types of urban stations in the two periods as well as the difference
between these mean values of the urban station group and the corresponding values of the
reference station group. Table 3 and Fig. 6 indicates that during the period of rapid
urban expansion (Period II), there is a positive difference of 0.13 between the shape
parameter of the ‘A’ type urban stations and that of the reference stations, compared
with a negative difference during Period I. This suggests that during the period of rapid
expansion of small-size cities in Northern China, higher extreme minimum temperatures
in the cities occur more frequently. The shape parameters of the stations in ‘B’ and ‘C’
type cities show little change. The mean trends of the position parameters of the ‘A’,
‘B’ and ‘C’ type cities are higher than those of the reference station group by 1.00,
0.50 and 0.90 °C/10 years, respectively. This suggests that the UHI effect is relatively
strong in small- and medium-size cities. In other words, the urbanization in small-size
cities exerts the greatest impact on extreme minimum temperature during the period of
rapid expansion, possibly related to its faster urban expansion, consistent with the result
that the urban size has an impact on the UHI effect (Mohsin and Gough 2012).

6 Conclusions

Although in north/northeast China, the urbanization contributions to the long-term trends are
less than 10 % of the regional mean temperature change during the past 50 years (Li et al.
2010), the UHI impact on extreme temperature is more signifcant. In the present study, we
classify the weather stations in Northern China into urban and non-urban stations by the winter
minimum temperature change features and quantify the contribution of urbanization to the rise
in winter minimum temperature by differentiating between urban and non-urban time series
from 33 weather stations in Northern China for the period of 1956–2010. The Extreme Winter
Minimum Temperatures from these stations are used to estimate the GEV distribution param-
eters over forty-four 30-year windows successively shifted by 1 year from 1963 to 2006. The 3
parameters of the GEV distributional characteristics are analyzed to examine their long term
variations and to quantify the urbanization effects on extreme minimum temperature change.
We have the following conclusions:

1. Among the 3 GEV distribution parameters of extreme minimum temperatures, the
position parameter has the best representativeness in terms of year-by-year variations.
There is an evidently upward trend in extreme minimum temperatures, indicating increas-
ingly higher extreme minimum temperatures with time.
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2. The stations can be classified into the urban and rural station groups by the mean values of
the loading values based on factor analysis. During the period of rapid urban expansion,
the 3 distribution parameters for the urban station group show an evidently upward trend,
with a higher chance of warmer weather and larger variations in cities, than those for the
reference station group.

3. During the rapid urbanization period, the 3 parameters of extreme minimum temperature
distribution of the city station group are higher than those of the reference station group.
The urbanization at different types of cities all contributes to the increase in extreme
minimum temperature. The extreme minimum temperature in small-, medium- and large-
size cities increases by 1.00, 0.50 and 0.90 °C/10 years respectively, with small and
medium cities having a stronger UHI effect on winter extreme minimum temperature.

4. It is worth noting that different methods and datasets would result in different estimations.
It is clear that the signal extracted by our new method is likely primarily due to the UHI
effect. In this paper, the estimated contribution of urbanization on extreme minimum
temperature based purely on the calculation of the change in temperature series is still only
a theoretical maximum value.
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