Pol. J. Environ. Stud. Vol. 32, No. 3 (2023), 2775-2785
DOLI: 10.15244/pjoes/161382 ONLINE PUBLICATION DATE: 2023-04-24

Original Research

Spatio-Temporal Characteristics of Extreme
Cold Events and Their Impacts on Population
and Economy in Tianjin Binhai
New Area, China

Fanchao Meng', He Huang'*, Jun Guo', Guoyu Ren*?, Jialin Zhang*

!Tianjin Climate Center, Tianjin 300074, China
2National Climate Center, China Meteorological Administration, Beijing 10081, China
3Department of Atmospheric Science, School of Environmental Studies, China University of Geosciences,
‘Wuhan 430074, China
“Tianjin Jinnan District Meteorological Bureau, Tianjin 300350, China

Received: 2 August 2022
Accepted: 17 February 2023

Abstract

Extreme weather events, such as extreme cold events (ECEs), are occurring more frequently due
to climate change and variability. The ECEs have severe impacts on people’s lives and the economy.
In this study, we used observational data for the period 1978-2020 from three national meteorological
stations and forty-nine automatic weather stations located in the Tianjin Binhai New Area (TBNA),
China, to analyze the spatio-temporal characteristics of ECEs and evaluate their impacts on population
and economy. Our results indicate that the annual extreme minimum temperature showed a slight
upward trend in the TBNA during the past 43 years. Extreme minimum temperatures were higher in the
central part (—15 to —19°C) and lower in the northern and southern parts of the TBNA (—19 to —23°C).
The cumulative decreases in temperature were higher in the west and lower in the east. ECEs were
most frequent in autumn, followed by winter, and least frequent in summer. The months with the most
ECEs were October and November. The ECEs lasted longer in the southern part of the TBNA and were
shorter in the central and northern parts. The ECEs lasted, on average, approximately 15 days in the
south and 7-10 days in most other areas. Places in the TBNA at a high risk of experiencing the ECEs
include Gulin subdistrict and other areas in the central part of the TBNA, whereas Zhongtang town and
other places in the southern TBNA are low-risk areas. In terms of the impact of ECEs on populations,
the central parts of the TBNA such as Hangzhou subdistrict and the northern parts of the TBNA
such as Hangu subdistrict are areas of moderate risk; most others are low-risk areas. In terms of the
impact of ECEs on Gross Domestic Product (GDP), central parts of the TBNA such as Hujiayuan
subdistrict are moderate-risk areas while most others are low-risk areas. Our findings serve as a basis
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for decision-making and provide a reference for local governments to mitigate the negative impacts

of ECEs.
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Introduction

The  Sixth  Assessment  Report of  the
Intergovernmental Panel on Climate Change stated that
climate change caused by human activity is already
affecting every region on Earth, causing increases in
extreme climate and weather events observed worldwide.
Changes in the frequency and intensity of extreme
events are exacerbated with every additional increment
of global warming [1]. Extreme weather or climate
events often lead to different degrees of meteorological
disasters [2-3]. As a result, extreme weather and
climate events, such as extreme temperatures, are
receiving more attention from researchers [4-7]. The
greatest impacts of climate change may be attributed to
changes in extreme climates, therefore, it becomes very
important to analyze extreme climates [8-9].

Extreme cold events (ECEs) are one of the most
common weather disasters in north China. Since 2006,
winter temperatures have dropped slightly in most
parts of this region and ECEs, such as cold waves,
have increased significantly [10]. In January 2016,
a record-breaking extreme cold event occurred in east
China [11-12].I n January 2018, 108 counties and cities
in China experienced another extreme cold event, when
4 counties and cities experienced record-breaking
minimum temperatures [11]. At the end of 2020 and
the beginning of 2021, extreme low-temperature events
related to Arctic warming and La Nifla swept across
mainland China, resulting in record-breaking winter
weather in 58 cities [13].

ECEs are weather processes in which cold air
accumulates in a source region before moving
southward due to circulation [14]. ECEs, such as cold
wave, usually lead to severe cooling and windy weather,
and are sometimes accompanied by rain, snow and
frost [15]. Studies showed that despite overall winter
warming in North America, ECEs have increased
[16]. The frequency and intensity of cold waves in
China decreased between the 1950s and 1980s [17-
18]. However, despite global warming, the intensity
of cold waves in East Asia has not decreased and the
probability of extreme cold waves has increased. Ma
et al. [6] found that extreme cold waves in East Asia
became more frequent and serious between 1988 and
2016, indicating that the variation inside the atmosphere
may be responsible for this phenomenon. Research in
China produced similar conclusions. From a study on
the Circum-Bohai-Sea region, Duan et al. [19] found
that extreme cold wave events have not decreased as
climate warming increased. Ma et al. [20] pointed out
that the frequency and intensity of cold-air events did

not decrease significantly in the Beijing-Tianjin-Hebei
region from 1981 to 2015. In Henan Province, study
reported that the frequency of cold waves increased
significantly since 2011 [21]. Disaster weather caused
by ECEs — such as extreme cold, strong winds, and
snowstorm-harm human health and agricultural and
livestock production and can cause great losses by
impacting transportation and interrupting power and
communication systems due to freezing roads and wires
[22-24]. As a result, risk assessments of disasters caused
by ECEs should be conducted.

Although many studies have been conducted on low-
temperature events in China, previous studies tended
to focus on winter cold waves, with less research on
generalized ECEs. Tianjin Binhai New Area (TBNA)
located in the lower reaches of the Haihe River Basin,
and the Tianjin Port here is the largest comprehensive
port in northern China. In recent years, ECEs have
occurred frequently in this region, and which is a
representative coastal region to study ECEs and its
impact on society in China. What are the variation
characteristics of the ECEs in recent years in this
region? How has the ECEs affected the population and
economy in this region? The results of these problems
remain unreported. In this study, we analyzed the
spatio-temporal characteristics of ECEs and established
a disaster risk classification system to assess the impacts
of ECEs on the population and economy in the TBNA.
Using ArcGIS mapping technology, we showed maps
of ECEs disaster risk for population and economy at
the township and subdistrict levels. The results of this
study could show a further understanding of the change
characteristics of ECEs and provide a scientific basis
for government to make decisions on concerning low-
temperature disaster prevention.

Materials and Methods
Study Area and Data

The TBNA is on the northern part of the North China
Plain (38°40'-39°00'N, 117°20'-118°09'E), bordered by
the Liaodong Peninsula to the north and the Shandong
Peninsula to the south; it is close to Bohai Bay, where
the Hai River flows into the sea. The coastline is 153 km
long and the TBNA is also the eastern starting point
of the Eurasian Land Bridge, providing an important
gateway to the sea between the capital, Beijing, and
the northwestern and northern regions of the country.
The total area of the TBNA is 350 km?; it comprises
the three administrative districts of Hangu, Tanggu,
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In this study, the daily surface air temperature data
were obtained from national meteorological stations
in the Hangu, Tanggu, and Dagang, including daily
minimum temperature and daily mean temperature
data from 1978 to 2020, and the hourly mean
temperature data from 49 automatic weather stations.
These data have undergone a strict quality control
to ensure their reliability and accuracy. The scale of
the basic geographic information, mainly in terms
of administrative (district, township, and subdistrict)
boundaries, is greater than 1:100,000. The locations of
the study area and weather stations are shown in Fig. 1.

Definition of Extreme Cold Event

Based on the QX/T 393-2017 standard of monitoring
indices of cold air processes, whereby an extreme cold
event is judged as cold air above moderate intensity (the
drop of daily minimum temperature in 48 hours >6°C)
at a single meteorological station lasting for two or more
days. The first and last days that satisfy the extreme
cold event conditions are the start and end dates thereof.

Selection and Treatment of Disaster-Causing
Factors

In this study, the disaster-causing factors include
the maximum of the drop of minimum temperature
of the process (MaxAT ), the cumulative of the drop
of minimum temperature of the process (CumAT ),
the minimum temperature of the process (MinT ),
the average minimum temperature of the process
(AveT ), and the duration of the process (D, ).

We normalized and transformed dimensional
disaster-causing factor values into nondimensional
values to eliminate the dimensional difference of each
indicator. For the normalization method, we used linear
function normalization, and the equation is as follows:

where x' is the normalized value, x is the sample data,
x . is the minimum value in the sample data, and x

is the maximum value in the sample data.

X

Risk Assessment of ECEs

The equation for calculating the risk index of
disaster-causing factor is as follows:

H = AxMaxAT ;. + Bx CumAT . +Cx MinT . +D
x Avel , +ExD, ,,+Fx AOF 2)

where H is the risk index of disaster-causing factor,
AOF 1is the annual occurrence frequency of ECEs. A,
B, C, D, E, and F are the weight coefficients. MaxAT _,
CumAT ., MinT ., Avel ., D, ., and AOF are
normalized disaster-causing factor indexes.

In this study, the information entropy weighting
method can be used to determine the weight coefficient
in the risk assessment of ECEs. The higher the degree
of order in a system, the higher the entropy value and
lower the weight; conversely, the higher the degree of
disorder in a system, the lower the entropy value and
higher the weight. Assuming that the evaluation system
is composed of m indicators and n objects, we first
calculate the indicator specific weight P, of indicator
value ry of the jth object under the ith indicator:

i=17ij Q)

The entropy value S, of the ith indicator is calculated
as follows:

20N

@ Wational stations
*  Automatic weather stations
[ Subdistrict (Town) boundary

HPWE 1N70E LFA0E NS0T 1TSE 180

Fig. 1. Locations of weather stations in the Tianjin Binhai New Area (TBNA).



2778

Meng F, et al.

The entropy weight of the ith indicator is calculated
next and the objective weight of the indicator W, is
determined as below:

__ 1= =17 ...
_Zﬁl(l—sz)(l 12 ym) )

Wi

Based on the distribution of the risk index

of disaster-causing factor values, we divided risk into

four levels: extremely high risk (I level), highrisk

(IT level), moderaterisk (IIT level), and low risk

(IV level). We then drew a risk index distribution
map.

Exposure Assessment of Hazard-Bearing
Body

In this study, exposure assessment involved
standardizing the total population density and gross
domestic product (GDP) of each township or subdistrict
in the TBNA as indicators with which to evaluate
exposure to ECEs. For example, we used the ratio
of the population to their total area of each township
or subdistrict in the TBNA as an exposure index
of hazard-bearing body. The method of calculating
the exposure index is as follows:

S ©)

Where E is the exposure index of the hazard-bearing
body (population), S, is the total population of township
or subdistrict, and S is the total area of each township
or subdistrict. Equation (1) is used to normalize
the exposure index to obtain the final exposure index of
the hazard-bearing body.

Vulnerability Assessment of Hazard-Bearing
Body

We only conducted the extreme cold disaster
vulnerability  assessment for the  population.
The proportion of the population under 14 and over
65 years of age in the townships or subdistricts of the
TBNA as an index of vulnerability (population) for
ECEs after standardization. The specific calculation
method is as follows:

S ™)

where V is the vulnerability index of the hazard-bearing
body (population), S  is the population under 14 and
above 65 years of age of township or subdistrict, and
S is the total population of township or subdistrict.
We normalized the population vulnerability index
according to Equation (1) to obtain the final population
vulnerability index.

Comprehensive Risk Assessment and Zoning
of Extreme Cold Disaster

Generally, the risk of extreme cold disasters depends
on a combination of three factors: the risk of disaster-
causing factors, exposure of the hazard-bearing body,
and vulnerability of hazard-bearing body. Extreme cold
disaster risk zoning is comprehensive consideration
of division of spatial units based on the results of risk
assessment for different hazard-bearing body and
administrative divisions.

The method of calculating the risk assessment index
of extreme cold disaster for disaster-bearing body is as
follows:

R=HxExV ®)

where R is the risk assessment index of extreme cold
disaster for disaster-bearing body, H is the risk index of
disaster-causing factor, E is the exposure index of the
hazard-bearing body, V is the vulnerability index of the
hazard-bearing body.

In this study, standard deviation method was used to
divide the comprehensive risk of extreme cold disaster
into five levels (Table 1).

Results

Spatio-Temporal Characteristics of Related
Disaster-Causing Factors

Extreme Minimum Temperature

Between 1978 and 2020, the annual extreme
minimum temperature showed increased trend at 3
national meteorological stations, and the upward trend
at Dagang station was the most notable. The extreme
minimum temperature at Hangu station was the lowest
in 2010 (-22.5°C) and highest in 2015 (-10.6°C).
At Tanggu station, it was lowest in 2010 (-18.4°C)
and highest in 1989 (-8.5°C). At Dagang station, the
extreme minimum temperature was lowest in 1990
(-19.4°C) and highest in 2017 (-8.6°C) (Fig. 2).

Table 1. The classification standard of comprehensive risk
assessment of extreme cold disaster.

levels The classification standard
Highest R>ave + ¢

Higher ave + 0.50<R<ave + ¢
Moderate ave — 0.50<R<ave + 0.5¢

Lower ave — 6<R<ave — 0.5¢
Lowest R<ave-o

Note: ave is the mean value of non-zero risk assessment value,
o is the standard deviation of non-zero risk assessment value.
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The lowest monthly extreme minimum temperatures
at Tanggu, Hangu, and Dagang stations all occurred in
January: —22.5°C at Hangu station on January 6, 2010;
—18.4°C at Tanggu station on January 6, 2010; and
—19.4°C at Dagang station on January 31, 1990 (Fig. 3).

The spatial distribution of extreme minimum
temperatures of ECEs in the TBNA could be
characterized as high in the central part (—15 to —19°C,
in Tanggu station) and low in the northern and southern
parts (=19 to —23°C in Hangu station) in the north and
Dagang station in the south) of the TBNA (Fig. 4).

The Drop of Minimum Temperature of ECEs

Of the decreases in the maximum of the drop of
minimum temperature of the process (MaxAT )

min

between 1978 and 2020, the largest decrease at Hangu
station was 11.1°C, where the annual average was 5.0°C;
the largest at Tanggu station was 13.0°C, with an annual
average of 5.2°C; and the largest at Dagang station was
12.2°C, with an annual average of 5.1°C (Fig. 5).

In terms of the cumulative of the drop of minimum
temperature of the process (CumAT ), the overall
spatial distribution in the TBNA could be characterized
as higher in the west and lower in the east. The
CumAT decreases in western Beitang subdistrict in
the central part of the TBNA and western New town
were approximately 14°C; in the Hangu and Chadian
subdistricts and Yangjiabo town in the northern part of
the TBNA, approximately 10°C; and in most other parts
of the TBNA, they were 11-13°C (Fig. 6).

y=0.09157x-198.5 R"2=7.627

| —¢— Tanggu

—— Dagang

Extreme minimum temperature (°C)

y=0.1324x-278.2 R"2=7.489

1978 1982 1986 1990 1994

1998 2002 2006 2010 2014 2018
Year

Fig. 2. Changes in annual extreme minimum temperatures atthe three stations of the TBNA during 1978-2020.

Monthly extreme minimum temperatures (°C)

7 8 9 10 11 12

Month

Fig. 3. Monthly extreme minimum temperatures at the three stations of the TBNA during 1978-2020.
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Fig. 4. Spatial distribution of extreme minimum temperature of the TBNA during 1978-2020.

Frequency of ECEs

At Hangu station, 219 ECEs occurred between 1978
and 2020, averaging 5.1 events per year. The most
frequent of ECEs (9 times) occurred in 1981 and 2007
and least frequent (1 times) in 2001 and 2006. A total
of 191 ECEs occurred at Tanggu station, averaging
4.4 per year. The ECEs were the most frequent in 1999
and 2018 (8 times) and least frequent in 2001 and 2014
(1 times). A total of 161 ECEs occurred at Dagang
station, averaging 4.6 per year. They were most frequent

in 1988 (8 times) and least frequent in 2013 and 2014
(1 times; Fig. 7).

In terms of the monthly distribution of the ECEs
(Fig. 8), the ECEs were most frequent in autumn
(September to November), with an average of 97 at
the three stations in the TBNA; followed by winter
(December to February), with an average of 47
occurrences, and then summer (June to August) with an
average of 14 occurrences. The months with the most
ECEs throughout the year were October and November,
and the month with the fewest was July.
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Fig. 5. The MaxAT  of ECEs at the three stations of the TBNA during 1978-2020.
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Fig. 6. Spatial distributionof theCumAT,  of ECEs of the TBNA during 1978-2020.
Duration of ECEs Risk Assessment of ECEs

The duration of ECEs in the TBNA could be
spatially characterized as longer in the southern
and shorter in the central and northern regions. The
duration of ECEs in places such as Haibin subdistrict
and Taiping town in the south and Xiaowangzhuang
town in the southwest of the TBNA was approximately
15 days. In most other areas of the TBNA, the average
duration was approximately 7-10 days (Fig. 9).

Considering the spatial distribution of risk
classification of ECEs in the TBNA, areas at extremely
high risk (I level) include Gulin subdistrict in the
central region; high risk areas (II level) include
Dagu subdistrict, Chadian subdistrict, and Haibin
subdistrict in the central, northern, and southern
regions, respectively; moderate risk areas (III level)
include Dagang subdistrict in the south and Hujiayuan
subdistrict in the north; and low risk areas (IV level)

Annual frequency of ECEs (Times)

—&— Hangu —e— Tanggu

—a— Dagang

0 T T T T
1978 1982 1986 1990 1994

2002 2006 2010 2014 2018

Year

Fig. 7. Time series of the annual frequency of ECEs at the three stations of the TBNA during 1978-2020.
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Fig. 8. Monthly frequency of ECEs at the three stations of the TBNA during 1978-2020.

include Zhongtang town in the south and Zhaishang
subdistrict in the north (Fig. 10).

Risk Zoning of ECEs for Different Hazard-Bearing
Body (Population and GDP)

In terms of risk zoning of ECEs for population of the
TBNA during 1978-2020, the areas at moderate risk are
Hangzhou and Xinbei subdistricts and Xincheng town
in the central part of the TBNA; Xiaowangzhuang and

Taiping town and Haibin subdistrict in the south; and
Hangu subdistrict in the north. Most of the remaining
areas are at lower risk level (Fig. 11 a). In terms of risk
zoning of ECEs for GDP, the areas at moderate risk are
the Hujiayuan, Xinhe, Xinbei, Hangzhoudao, Taida, and
Tanggu subdistricts in the central of TBNA, as well as
Hangu subdistrict in the north and Dagang subdistrict
in the south. Most of the remaining areas are at lower
risk level (Fig. 11 b).
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Fig. 9. Spatial distribution of the duration of ECEs of the TBNA during 1978-2020.
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Fig. 10. Spatial distribution of risk classification of ECEs of the TBNA during 1978-2020.
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Fig. 11. Risk zoning of ECEs for population and GDP of the TBNA during 1978-2020.

Discussion and Conclusions

In recent decades, climate change and variability
caused change in extreme temperature events frequency
and intensity, which have been a significant issue
around the world [25]. A study on extreme temperature
change of the last 110 years in Northeast China
suggested that the frequency of cold surge events
increased significantly, occurring from the mid-1950s
to late-1980s [26]. The extreme low temperatures are

closely related to regional warming [27], has exerted
a considerable impact on the global ecosystem and
economic society [28-29]. Coastal regions are also
affected by extreme low temperatures. To understand
the variation characteristics of the ECEs and its social
impact in coastal regions, we conducted a study in the
TBNA, China. In this study, we analyzed the spatio
-temporal characteristics of ECEs during a 43-year
period (1978-2020) and evaluated the impact of ECEs
on population and GDP in this region.
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In terms of intensity of ECEs, we found that the
annual extreme minimum temperature at 3 national
meteorological stations in the TBNA trended upward
between 1978 and 2020. The lowest extreme minimum
temperature, —22.5°C, was observed at Hangu station
in 2010. Extreme minimum temperatures could be
characterized as higher in the central part of the
TBNA and lower in the southern and northern parts.
The extreme minimum temperature at Tanggu, in
the central part of the TBNA, was —15 to —19°C; at
Hangu in the north and Dagang in the south, it was
—19 to —23°C. A study on cold-air events in Xinjiang,
China, by Duan et al. [30] showed that the cumulative
decreases in temperature during cold-air processes
decreased significantly in the Yili Valley over the
past 56 years. Here, we found that the cumulative
of the drop of minimum temperature of the process
(CumAT ) in the TBNA were higher in the west and
lower in the east. The CumAT . in the central and
western regions was approximately 14°C, and in the
north it was approximately 10°C. During the 43 years of
the study period, the maximum of the drop of minimum
temperature of the process (MaxAT . 13.0°C, was the
largest value observed at Tanggu station.

In terms of the frequency and duration of ECEs,
we found that ECEs were most frequent in autumn,
with an average of 97 occurrences at the three stations
in the TBNA, followed by winter; they were the least
frequent in summer. The October-November period
had the most ECEs throughout the year. Wang et al.
[17] found that autumn had the most frequent cold
waves. In northern China, cold wave events occurred
most active in March and from October to November
[15]. Studies of the Circum-Bohai-Sea region show
that cold waves occurred most frequently in November,
followed by December and January; cold waves
occurred less frequently, in September and April [19].
Ma et al. [20] reported similar findings, indicating that
in the Beijing-Tianjin—Hebei region, cold-air processes
occurred with greatest frequency and intensity in
November. Moreover, we also found that in the past
43 years, Hangu station recorded the most cold-air
processes, with 219 times, averaging 5.1 times per year.
In 1981 and 2007, the cold air activity was the most
frequent (9 times each) at Hangu station. Furthermore,
the duration of ECEs lasted longer in the southern
part of the TBNA and were shorter in the central
and northern parts in this study. Duration of ECEs,
on average, approximately 15 days in the south
and 7-10 days in most other areas.

Extreme low temperature has an important impact
on population and social economy. A study indicated
that cold waves can increase the all-cause or non-
accidental mortality by 10% in general [31]. Due to
cold wave and frost damage, the affected area of crops
accounted for about 5% of the total affected area in
Henan Province, China [21]. Clarifying the spatial and
temporal characteristics of ECEs can provide guidance
for government to prepare and response to disasters.

The disaster risk assessment is the first step in national
emergency management. Therefore, we evaluated the
impact of ECEs on population and GDP in this study.

The results of the risk assessment of ECEs in
this study indicated that areas at extremely high risk
(I level) include Gulin subdistrict in the central
part of the TBNA; high risk areas (II level) include
Dagu subdistrict in the central region and Haibin
subdistrict in the south; areas at moderate risk areas
(IIT level) include Dagang subdistrict in the south
and Xinhe subdistrict in the north; and low risk areas
(IV level) include Zhongtang town in the south. From
the perspective of risk zoning of ECEs for population,
the Hangzhoudao, Xinbei subdistrict in the central
part of the TBNA, and Xiaowangzhuang and Taiping
town and Haibin subdistrict in the south are moderate
risk areas while most others are lower risk areas.
The results of risk zoning of ECEs for GDP showed that
the Hujiayuan, Xinhe, Xinbei subdistricts in the central
of TBNA, as well as Hangu subdistrict in the north and
Dagang subdistrict in the south are moderate-risk areas,
while most of the other areas in the TBNA are lower
risk level.

Notably, we only analyzed the spatio-temporal
characteristics of ECEs and assess its impacts on
population and GDP. However, the mechanisms
influencing the occurrence and change of ECEs remains
to be further explored to deepen understanding of
extreme cold climate event. Moreover, due to insufficient
data on the disaster-bearing bodies at the present stage,
future studies are required to quantitatively assess the
impact of ECEs for other disaster-bearing bodies.
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