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Abstract

The spatial and temporal characteristics in the frequencies of four types of high-impact
weathers (HIWs), i.e. snowfall, thunderstorm, foggy and hailstorm weathers were an-
alyzed in China by using daily weather phenomenon data from 604 stations. Results
indicate that snowfall, thunderstorm, foggy and hailstorm days showed significant de-5

creasing trends with rates of 2.5, 2.6, 0.8 and 0.5 days per decade respectively, and
snowfall, thunderstorm, foggy and hailstorm weather processes decreased significantly
at rates of 0.3, 0.4, 0.1 and 0.1 times per decade during 1959–2014. Spatially, snowfall
weathers were more in northeastern and western China, and thunderstorm weathers
were more in southern and southwestern China. Foggy weathers were more in some10

high mountain stations, eastern China and central China, and hailstorm weathers were
concentrated on Qinghai–Tibet Plateau. Over the past 56 years, snowfall days, thun-
derstorm days and thunderstorm weather processes decreased in most parts of China,
with decreasing rates of 1.0–6.0 days, 1.5–8.0 days and 0.2–1.0 times per decade re-
spectively. Hailstorm days decreased in northeastern China and most parts of northern15

and western China at a rate of 0.2–4.5 days per decade. The spatial trends of foggy
days, foggy weather processes and snowfall weather processes were not significant
in most parts of China. With climate change and rapidly economic development, more
policies and strategies of reducing social vulnerabilities and/or exposures to HIWs are
essential for the government and social publics.20

1 Introduction

The globally averaged surface temperature data as calculated by a linear trend, show
a warming of 0.85 (0.65 to 1.06) ◦C over the period 1880 to 2012, and the increase
of global surface temperatures for 2081–2100 relative to 1986–2005 is projected to
likely be in the range of 0.3–4.8 ◦C (IPCC, 2013). High-impact weathers (HIWs) are25

weathers that can result in significant impacts on safety, property and/or socioeconomic
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activity (Sills, 2009). Storm, typhoon, snowfall, fog and haze can often lead to flood,
flash flood, debris flow and low visibility, and bring significant economic, social and
environmental impacts and damages, thus, these kinds of weathers are called HIWs
(Li et al., 2013; Done et al., 2015; Shi et al., 2015). During 2001–2010, our world
suffered unparalleled high-impact climate extremes in history, and over 370 000 people5

died from extreme weather and climate events (WMO, 2013). Analysis of the long-
term climatic characteristics of HIWs, is conducive to improving the weather forecast
capacity, reducing the loss of human life and property and developing climate change
mitigation and adaptation plans (de Vyver, 2012; Li et al., 2013), which further has
great significance for national economic and social development.10

China, a region with complex topography and strongly influenced by Asian monsoon
circulation, is especially vulnerable to frequent weather and climate disasters (Jiang
et al., 2012). The main HIWs in China include typhoon, rainstorm, thunderstorm, gale,
heat wave, fog, haze, hailstorm, tornado and snowstorm (Shi and Cui, 2012). Previ-
ous studies have investigated the variations of some HIWs in China, for example, Yu15

et al. (2012) analyzed the frequency variation of thunderstorm, hailstorm and gale in
eastern China from 1971 to 2000. Fu et al. (2013) examined the variability in the fre-
quency of extreme precipitation events in China during 1961–2009. Zhu et al. (2014)
investigated the spatiotemporal variation patterns of snowfall days in Qinghai province
from 1962 to 2012. Sun et al. (2014) quantified the causes of extreme summer heat of20

2013 and projected its future likelihood in eastern China. Shi et al. (2015) analyzed the
evolution characteristics of eight types of HIWs and the causes in the Yangtze River
Delta during 1959–2010.

However, there are some insufficiencies in the previous studies. First of all, the study
areas of some studies are only parts of China, so the results are incapable of reflecting25

the whole situation of China. Moreover, the findings from previous studies cannot reveal
the latest dynamics of HIWs owing to lack of up-to-date observational data. Meanwhile,
the majorities of existing studies are concerned with the frequency change of HIWs
based on monthly or annual data, there is short of depth analysis of the continuity

6151

http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/3/6149/2015/nhessd-3-6149-2015-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/3/6149/2015/nhessd-3-6149-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


NHESSD
3, 6149–6184, 2015

Patterns and trends
of high-impact

weathers in China
during 1959–2014

J. Shi et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

or process of HIWs with daily data. Finally, most of former studies focus on tempera-
ture and/or precipitation extremes, and few researches consider other types of HIWs,
such as thunderstorm, fog, snowfall or hailstorm (Yu et al., 2012; Zhu et al., 2014; Shi
et al., 2015). The evolution characteristics of these types of HIWs are actually essential
to social production and people’s living under the background of climate change.5

The objectives of this study were to examine the distribution patterns and variation
trends in the number of days and processes of four types of HIWs, i.e. snowfall, thun-
derstorm, foggy and hailstorm weathers based on the daily weather monitoring data of
the whole China during 1959–2014. This will give some insights to the dynamic change
of HIWs, which is necessary to plan the climate change adaptation strategies in China.10

The outline of the paper is as follows. After describing the dataset and the methodol-
ogy in Sect. 2, the spatial and temporal characteristics of HIWs are analyzed in Sect. 3.
This is followed by a discussion of the main findings in Sect. 4, and finally, a summary
of the main conclusions is provided in Sect. 5.

2 Data and method15

2.1 Data

The daily weather phenomenon data were used to form the frequencies and processes
of high-impact weathers (HIWs) in China. The data provided by the National Meteoro-
logical Information Center (NMIC) of the China Meteorological Administration (CMA)
have 756 available stations and span from 1951 to 2014, we excluded those data20

before 1959 because there were not enough stations (Fu et al., 2013), and we also
removed those stations with more than 10 % missing values. Finally, 604 stations, with
comparatively complete records of daily snowfall, thunderstorm, foggy and hailstorm
weather phenomena, were selected for this study. The administrative division of China
and the spatial distribution of selected meteorological stations are shown in Fig. 1.25
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The good data quality and high station density are useful for assessing the distri-
bution and change of climatic extremes (Fischer et al., 2012). The selected stations
are maintained according to the criterions of WMO’s Guide to the Global Observing
System and CMA’s Technical Regulations on Weather Observations. The missing val-
ues were filled in by weather phenomenon data of the neighboring stations through the5

simple linear regression method or by the climatological standard normals, 1981–2010
of the station itself, and this gap filling method was considered as having little influence
on the long-term temporal trend (Zhang et al., 2008).

2.2 Method

2.2.1 The definition of high-impact weathers10

In this study, the definition of four types of HIWs is in accordance with Standard of the
Surface Observation about Meteorology (China Meteorological Administration, 2003).
Snowfall is precipitation in the form of flakes of crystalline water ice that falls from
clouds. Thunderstorm is a storm in which there is thunder and lightning and a lot of
heavy rain. Fog is a visible mass consisting of cloud water droplets or ice crystals15

at or near the Earth’s surface, which reduces visibility to less than 1 km. Hailstorm is
a form of solid precipitation that consists of balls or irregular lumps of ice, each of
which is called a hailstone. If above-mentioned weather phenomenon occurred on one
day individually or simultaneously, the day was recorded as the corresponding type of
HIWs.20

2.2.2 The sequence of the days of high-impact weathers

For each type of HIWs, i.e. snowfall, thunderstorm, foggy or hailstorm weathers, the
monthly number of days in each station was counted directly from the daily weather
phenomenon data, and the annual number of days was the sum of monthly values
during that year. To obtain the sequence of annual average days of HIWs in China,25
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annual average days of HIWs in each province of China were calculated firstly with
the station-averaged method according to the number of stations in that province, and
then, based on the provincial values, annual average days of HIWs in China were cal-
culated with the area-weighted average method according to the area of each province.
For the sequence of annual maximum days of HIWs in China, the maximum days of5

snowfall, thunderstorm, foggy and hailstorm weathers were selected directly from the
604 stations in each year respectively.

2.2.3 The sequence of the processes of high-impact weathers

Here, a weather process is defined as the same type of HIWs which lasted for no less
than 3 days, so a process of HIWs may be longer with over 10 consecutive days, or10

it has only 3 consecutive days. Based on the daily weather phenomenon data, the
weather processes were determined and the number of processes for each type of
HIWs, i.e. snowfall weather process, thunderstorm weather process, foggy weather
process or hailstorm weather process, was counted annually in each station. Similarly,
annual average number of processes for each type of HIWs was calculated firstly with15

the station-averaged method in each province, and then the area-weighted average
method was used to obtain the sequence of annual average number of processes in
China. Annual maximum processes of HIWs in China were also selected directly from
the 604 stations to obtain the maximum values in each year for each type of HIWs.

2.2.4 Temporal characteristics in the frequencies of high-impact weathers20

To find out the timing dynamics of the frequency of HIWs in China, the distribution and
trend of annual average number and annual maximum number of days and processes
of HIWs was analyzed respectively. Trend was defined as the linear regression coeffi-
cient (Niu et al., 2004). Based on the annual sequence of the days and processes of
HIWs in China, the linear trend of annual days and annual number of processes was25

calculated with the method of ordinary least squares regression (Kruger and Sekele,
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2013; de Lima et al., 2013), and was tested for statistical significance at the 0.05 con-
fidence level using a two-tailed t test (Wang et al., 2013).

2.2.5 Spatial characteristics in the frequencies of high-impact weathers

Based on the annual sequence of HIWs in each station, the long-time average annual
number of days and processes of each type of HIWs was calculated respectively in5

each station, and the linear trend of annual number of days and processes of HIWs
was also calculated with the method of ordinary least squares regression in each sta-
tion. According to the longitude and latitude of each station, the spatial distribution
and trend in the number of days and processes of HIWs were established using the
IDW (Inverse Distance Weighted) interpolation technique and were drawn with surfer 810

(a professional drawing software). The spatial distribution indicates the general pattern
of HIWs in China, and the spatial trend manifests the linear regression coefficient on
a decade time scale.

3 Results

3.1 Temporal characteristics in the days of high-impact weathers in China15

3.1.1 The variation in annual average days of high-impact weathers

During 1959–2014, annual average number of snowfall weathers decreased at a sig-
nificant rate of 2.5 days per decade in China (Fig. 2a). Snowfall days slightly increased
at first and then decreased continuously. In the 1970s (1971–1980), snowfall weathers
were more, with an annual average of 40.0 days, and during 2001–2014, they were20

less, with an annual average number of 29.1 days (Table 1). The number of thunder-
storm weathers decreased at a rate of 2.6 days per decade, and the trend was also
significant in China (Fig. 2b). Thunderstorm weathers were more during 1959–1970,
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with an annual average of 42.4 days, and they were less during 2001–2014, with an
annual average of 31.5 days (Table 1).

Annual average number of foggy weathers decreased at a rate of 0.8 days per
decade in China, and the trend was also significant during 1959–2014 (Fig. 2c). Foggy
days decreased at first and then increased and later decreased continuously. Foggy5

weathers were more in the 1970s and the 1980s (1981–1990), and they were less
during 2001–2014, with an annual average of 11.5 days (Table 1). The number of hail-
storm weathers decreased significantly, and the average decrease rate was 0.5 days
per decade in China (Fig. 2d). Hailstorm days increased initially and decreased after-
wards over the past 56 years. In the 1970s, hailstorm weathers were more, with an10

annual average of 3.5 days per year, and they were less during 2001–2014, with an
annual average of 1.4 days (Table 1).

3.1.2 The variation in annual maximum days of high-impact weathers

Annual maximum number of snowfall weathers decreased significantly at a rate of
8.6 days per decade in China during 1959–2014 (Fig. 3a). The maximum number of15

snowfall days changed little during 1959–1990, but after 1991 it increased rapidly at
a rate of 24.5 days per decade. Snowfall weathers were the most at Tulogart station
of Xinjiang in 1966, which were 239 days. Annual maximum number of thunderstorm
weathers decreased significantly at a rate of 6.3 days per decade in China (Fig. 3b).
The maximum number of thunderstorm days decreased continuously over the past 5620

years. Thunderstorm weathers were the most at Jinghong station of Yunnan in 1964,
which were 149 days.

Annual maximum number of foggy weathers decreased significantly in China, and
the average decrease rate was 3.4 days per decade during 1959–2014 (Fig. 3c). The
maximum number of foggy days decreased continuously. Foggy weathers were the25

most at Mount Emei station of Sichuan, which were 338 days and occurred in 1973 and
1983. Annual maximum number of hailstorm weathers also decreased significantly at
a rate of 2.6 days per decade in China (Fig. 3d). The maximum number of hailstorm
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weathers increased at a rate of 3.7 days per decade during 1959–1980, and after then
it decreased at a rate of 4.7 days per decade. Hailstorm weathers were the most at
Nagchu station of Tibet in 1976, which were 53 days.

3.2 Spatial characteristics in the days of high-impact weathers in China

3.2.1 Spatial distribution in average annual days of high-impact weathers5

During 1959–2014, average annual days of snowfall weathers were more in northeast-
ern and western China, but less in southern China (Fig. 4a). In Heilongjiang, Jilin, east-
ern Liaoning, Gansu, Qinghai, Tibet, western Sichuan and most parts of Inner Mongolia
and Xinjiang, the number of snowfall weathers was over 25 days per year on average,
especially in most parts of Heilongjiang, eastern Jilin, northeastern Inner Mongolia,10

northern Xinjiang, central and southern Qinghai, northeastern Tibet and northwest-
ern Sichuan, the number of snowfall weathers was over 50 days per year. In eastern
Sichuan, Guangdong, Guangxi, Fujian, Hainan, the southern parts of Zhejiang, Hunan
and Guizhou, and most parts of Jiangxi and Yunnan, the number of snowfall weathers
was less than 10 days per year. At Tulogart station of Xinjiang, the number of snow-15

fall weathers was the greatest, with an annual average of 196 days, and at 42 stations
mainly distributed in Hainan, southern Guangdong, southern Guangxi and southwest-
ern Yunnan, there was no snowfall weather during 1959–2014.

Average annual days of thunderstorm weathers were more in southern and south-
western China, but less in northwestern China except for a few stations of western Xin-20

jiang (Fig. 4b). In southwestern Zhejiang, Jiangxi, most parts of Hunan and Guizhou,
western Sichuan, southern Qinghai, central and eastern Tibet, Yunnan, Guangxi,
Guangdong and Hainan, the number of thunderstorm weathers was over 45 days per
year on average, especially in southwestern Fujian, southern Jiangxi, Guangdong,
Guangxi, Hainan, Yunnan, southwestern Sichuan and central Tibet, the number of25

thunderstorm weathers was over 60 days per year. In western Inner Mongolia, west-
ern Gansu, northwestern Qinghai, eastern and southern Xinjiang, the number of thun-
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derstorm weathers was less than 20 days per year. At Mengle station of Yunnan, the
number of thunderstorm weathers was the greatest, with an average of 113 days per
year.

Average annual days of foggy weathers were more at some high mountain stations,
but less in western China and Inner Mongolia during 1959–2014 (Fig. 4c). At Mount Tai,5

Huang, Jvxian and Emei stations, the number of foggy weathers was over 100 days per
year on average. In eastern China, central China and some areas of southwestern and
northeastern China, including southern Hebei, central and eastern Henan, Shandong,
Jiangsu, Anhui, Shanghai, Jiangxi, Zhejiang, Fujian, Hubei, Hunan, southern Shannxi,
eastern Sichuan, Guizhou, southern Yunnan, northern Heilongjiang, eastern Jinli and10

eastern Liaoning, the number of foggy weathers was over 20 days per year. In Tibet,
Qinghai, southern and central Xinjiang, Ningxia, most parts of Gansu and Inner Mon-
golia, the number of foggy weathers was less than 10 days per year. At Mount Emei
station of Sichuan, the number of foggy weathers was the greatest, with an annual av-
erage of 312 days, and at 21 stations mainly distributed in northern Qinghai, western15

Sichuan and eastern Tibet, there was no foggy weather during 1959–2014.
During 1959–2014, average annual days of hailstorm weathers were more in south-

ern Qinghai and central Tibet, with an average of over 8 days per year (Fig. 4d). In
Qinghai, Tibet, southwestern Gansu, western Sichuan, some small parts of western
Xinjiang, mid-eastern Inner Mongolia, northern Hebei and northern Shanxi, the num-20

ber of hailstorm weathers was over 2 days per year. In other regions, the number of
hailstorm weathers was less than 2 days per year. At Nagchu station of Tibet, the num-
ber of hailstorm weathers was the greatest, with an annual average of 32 days, and
at 22 stations mainly distributed in southern Fujian, southern Guangdong, southern
Guangxi and Hainan, there was no hailstorm weather during 1959–2014.25

3.2.2 Spatial trend in annual days of high-impact weathers

During 1959–2014, snowfall weathers decreased in the whole China except for sev-
eral stations of Xinjiang (Fig. 5a). In southwestern Xinjiang, most parts of Yunnan and
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Jiangxi, Guangxi, Guangdong, Fujian, eastern Sichuan, and some scattered areas of
other provinces, the number of snowfall weathers decreased almost all with a rate of
0–1.0 days per decade, but the trend was not significant. In other regions, snowfall
weathers decreased significantly at a rate of over 1.0 days per decade, especially in
most parts of Qinghai and Tibet, some parts of eastern Inner Mongolia, mid-eastern5

Heilongjiang, eastern Jilin, western Sichuan, southern Gansu and central Shannxi, it
decreased at a rate of over 3.0 days per decade.

Thunderstorm weathers showed a decreasing trend in almost the entire China dur-
ing 1959–2014 (Fig. 5b). In southwestern and southeastern Xinjiang, northwestern
Qinghai, northwestern Gansu, southeastern Tibet and some scattered areas of other10

provinces, the number of thunderstorm weathers decreased at a rate of below 1.5 days
per decade, but the trend was not significant. In other regions, it decreased signifi-
cantly and the decreasing trend was greater in southern China than in northern China.
In northeastern China and northern China, the number of thunderstorm weathers de-
creased mainly at a rate of 1.5–3.0 days per decade, but in regions south of Shan-15

dong, Henan, northern Shannxi, eastern and northern Gansu, northwestern Qinghai
and northwestern Tibet, it decreased mainly at a rate of 3.0–8.0 days per decade.

The trend of foggy weathers was not significant in most of China during 1959–2014
(Fig. 5c). In western China and Inner Mongolia, including Xinjiang, Qinghai, Tibet,
Gansu, western Sichuan and most parts of Inner Mongolia, the number of foggy weath-20

ers decreased at a rate of 0–1.0 days per decade in most areas, though the trend was
not significant. In northeastern China, including Heilongjiang, Jilin and northeastern
Inner Mongolia, and western Yunnan and northern Fujian, the number of foggy weath-
ers decreased significantly at a rate of 1.0–15.0 days per decade. In Huang-Huai-Hai
plain, eastern and central Guangxi, eastern Yunnan and a few scattered areas of other25

provinces, the number of foggy weathers increased mainly at a rate of 0–5.0 days per
decade but the trend was not significant in most areas.

During 1959–2014, hailstorm weathers decreased in most parts of China (Fig. 5d).
In northeastern China, central Inner Mongolia, the northern parts of Shanxi and Hebei,
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southwestern Gansu, southern and eastern Qinghai, western Sichuan, most parts
of Tibet and some scattered areas of Xinjiang, the number of hailstorm weathers
decreased with a significant rate of 0.2–4.5 days per decade. In east-central Xin-
jiang, some small areas of Zhejiang, Jiangsu, Anhui, Jiangxi, Fujian, Guangdong and
Sichuan, the number of hailstorm weathers increased at a rate of 0–0.5 days per5

decade, though the trend was not significant. In other places, it decreased at a rate
of 0–0.2 days per decade and the trend was also not significant.

3.3 Temporal characteristics in the processes of high-impact weathers in
China

3.3.1 The variation in annual average number of processes of high-impact10

weathers

Annual snowfall weather processes decreased at a rate of 0.3 times per decade and
the trend was statistically significant in China during 1959–2014 (Fig. 6a). Snowfall
weather process increased firstly and then decreased continuously. In the 1970s, snow-
fall weather processes were more, with an annual average of 4.46 times, and during15

2001–2014, they were less, with an average of 3.09 times per year (Table 2). Annual
thunderstorm weather processes decreased at a rate of 0.4 times per decade, and the
trend was also significant in China (Fig. 6b). During 1959–1970, thunderstorm weather
processes were more, with an average of 4.66 times per year, and they were less during
2001–2014, with an annual average of 2.91 times (Table 2).20

Annual foggy weather processes decreased significantly at a rate of 0.1 times per
decade in China (Fig. 6c). Foggy weather process decreased at first and then in-
creased and later decreased continuously over the past 56 years. In the 1980s, foggy
weather processes were more, with an annual average of 1.17 times, and during 2001–
2014, they were less, with an average of 0.81 times per year (Table 2). Annual hail-25

storm weather processes decreased significantly at a rate of 0.1 per decade in China
(Fig. 6d). Over the past 56 years, hailstorm weather process increased initially and
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decreased afterwards. In the 1970s, hailstorm weather processes were more, with an
average of 0.14 times per year, and during 2001–2014, they were less, with an annual
average of 0.04 times (Table 2).

3.3.2 The variation in annual maximum number of processes of high-impact
weathers5

Annual maximum number of snowfall weather processes decreased at a rate of
1.0 times per decade and the trend was significant in China during 1959–2014 (Fig. 7a).
Snowfall weather processes were the most at Tulogart station of Xinjiang, which were
33 times and occurred in 1976. Annual maximum number of thunderstorm weather
processes decreased with a rate of 0.9 times per decade and the trend was also sig-10

nificant in China (Fig. 7b). The number of thunderstorm weather processes decreased
continuously over the past 56 years. Thunderstorm weather processes were the most
at Jinghong station of Yunnan, which were 25 times and occurred in 1968.

During 1959–2014, annual maximum number of foggy weather processes changed
little and the trend was not significant in China (Fig. 7c). Foggy weather processes15

were the most at Mount Emei station of Sichuan, which were 35 times and occurred in
2009. Annual maximum number of hailstorm weather processes decreased at a rate
of 0.5 times per decade and the trend was also significant in China (Fig. 7d). The
number of hailstorm weather processes increased during 1959–1976, and after then it
decreased. Hailstorm weather processes were the most at at Nagchu station of Tibet,20

which were 8 times and occurred in 1976.
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3.4 Spatial characteristics in the processes of high-impact weathers in China

3.4.1 Spatial distribution in average annual number of processes of
high-impact weathers

During 1959–2014, snowfall weather processes were more in northeastern China,
northwestern Xinjiang and Qinghai–Tibetan Plateau, but less in southern China5

(Fig. 8a). In northeastern Inner Mongolia, most parts of Heilongjiang and Tibet, east-
ern Jilin, northwestern Xinjiang, eastern and southern Qinghai, western Sichuan and
southwestern Gansu, snowfall weather processes were over 4 times per year on aver-
age, especially in some parts of southern Qinghai and north-central Tibet, they were
over 10 times per year. In central and southern Jiangsu, the southern parts of Zhejiang,10

Hunan and Guizhou, eastern and southern Jiangxi, Fujian, Guangdong, Guangxi,
Hainan, most parts of Yunnan, and some parts of eastern Sichuan and western Liaon-
ing, snowfall weather processes were less than once a year. At Tulogart station of
Xinjiang, snowfall weather processes were the most, with an average of 25.7 times
per year, and at 58 stations mainly distributed in Hainan, southern Guangxi, southern15

Guangdong and southwestern Yunnan, there was no snowfall weather process during
1959–2014.

Thunderstorm weather processes were more in southern and southwestern China,
but less in most areas of northwestern China (Fig. 8b). In most parts of Zhejiang and
Hunan, southern Anhui, western Sichuan, southern Qinghai, central and eastern Ti-20

bet, Yunnan, Guizhou, Guangxi, Guangdong, Hainan, Jiangxi, Fujian and several sta-
tions of western Xinjiang, thunderstorm weather processes were over 4 times per year
on average, especially in southeastern Guangxi, western and southern Guangdong,
southern Yunnan and Hainan, they were over 9 times per year. In western Inner Mon-
golia, northwestern and eastern Gansu, Ningxia, northwestern Qinghai, eastern and25

southern Xinjiang, thunderstorm weather processes were less than 2 times per year.
At Mengle station of Yunnan, thunderstorm weather processes was the most, with an
average of 16.0 times per year.
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Foggy weather processes were more at some high mountain stations, but less in
western China and eastern and central Inner Mongolia during 1959–2014 (Fig. 8c). At
Mount Wutai, Tai, Hua, Huang, Jvxian, Lu, Emei, Heng and Huajialing stations, foggy
weather processes were over 15 times per year. In eastern China, central China, south-
ern Hebei, eastern and southern Shanxi, central and southern Shannxi, southeastern5

Gansu, central and eastern Sichuan, southern Yunnan, Guizhou, and some parts of
Heilongjiang, Inner Mongolia, Jilin, Liaoning and Xinjiang, foggy weather processes
were over once a year in most areas. In other regions, foggy weather processes were
less than once a year. At Mount Lu station of Jiangxi, foggy weather processes were
the most, with an annual average of 26.9 times, and at 99 stations mainly distributed10

in Tibet, Qinghai, western Sichuan, Gansu and southeastern Xinjiang, there was no
foggy process during 1959–2014.

Hailstorm weather processes were more in southwestern Qinghai and north-central
Tibet, with an annual average of over 0.5 times during 1959–2014 (Fig. 8d). In most
areas of China, including northeastern China, northern China, eastern China, central15

China, southern China, and Xinjiang, Gansu, central and eastern Sichuan, Yunnan and
Guizhou, there was no hailstorm weather process over the past 56 years. At Nagchu
station of Tibet, hailstorm weather processes were the most, with an average of 2.6
times per year.

3.4.2 Spatial trend in annual number of processes of high-impact weathers20

Except for several stations in western Xinjiang, central Tibet, western Gansu and north-
eastern China, snowfall weather processes decreased in the whole China during 1959–
2014 (Fig. 9a). In eastern and southern Qinghai, eastern Tibet, northwestern Sichuan,
eastern and central Inner Mongolia, mid-eastern Heilongjiang, eastern Jilin, southeast-
ern Gansu and some parts of central Shannxi and northern Shanxi, snowfall weather25

processes decreased at a rate of over 0.5 times per decade, and the trend was statis-
tically significant. In southern China, Yunnan, eastern Sichuan, most parts of Guizhou,
southern Hubei and Shandong, eastern Henan, Jiangsu, Anhui, southwestern Xinjiang,
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western Liaoning, western Jilin, and some scattered areas of Gansu, Inner Mongo-
lia, Hebei and Shanxi, snowfall weather processes decreased at a rate of less than
0.2 times per decade, but the trend was not significant.

Thunderstorm weather processes decreased in the entire China during 1959–2014
(Fig. 9b), and the decreasing trend was greater in southern China than in northern5

China. In eastern and southern Xinjiang, northwestern Qinghai, northwestern Tibet,
the western parts of Gangsu and Inner Mongolia, thunderstorm weather processes
decreased at a rate of less than 0.2 times per decade in most areas, but the trend was
not significant. In northeastern China, central Inner Mongolia, the western parts of Xin-
jiang, Tibet and Shannxi, eastern Gansu, Ningxia and northern Shanxi, thunderstorm10

weather processes decreased significantly at a rate of 0.2–0.4 times per decade, and
in most parts of Jiangxi, Guangdong, Guizhou and Yunnan, western Fujian, southern
Hunan, Guangxi, Hainan, western Sichuan and southeastern Qinghai, they decreased
significantly at a rate of over 0.7 times per decade.

Foggy weather processes varied mainly with a rate of −0.2 to 0.3 times per decade15

(Fig. 9c), but the trend was not significant in most areas of China. In eastern Xinjiang,
the northwestern parts of Gansu and Qinghai, western and east-central Inner Mon-
golia, western and southern Liaoning, northeastern and southern Hebei, most parts
of Shandong, Jiangsu and Henan, southeastern Shanxi, central and northern Anhui,
southern Yunnan and some scattered areas of other provinces, foggy weather pro-20

cesses increased but the trend was not significant. In eastern Jilin, most parts of Fu-
jian, eastern Hainan, southwestern Yunnan, and some scattered areas of Heilongjiang,
Inner Mongolia, Shannxi, Sichuan, Guizhou, Hunan, Jiangxi and Guangdong, foggy
weather processes decreased with a rate of over 0.2 times per decade, and the trend
was significant.25

Since annual number of hailstorm weather processes was lower in most areas of
China, the variation of hailstorm weather processes was also less in China as a whole
(Fig. 9d), and the trend was significant only in north-central Tibet and southwest-
ern Qinghai. In southern Qinghai and central Tibet, hailstorm weather processes de-
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creased at a rate of over 0.05 times per decade. In other regions of China, hailstorm
weather processes varied mainly with a rate of −0.05 to 0.04 times per decade, and
the trend was also not significant.

4 Discussion

High-impact weathers (HIWs) refer to the weather events or climatic phenomena5

or their abnormities that may cause serious disasters and have impacts on social
economies, natural environment and human activities (Shi et al., 2015). HIWs can dis-
rupt transportation and communication, damage homes and property, claim the lives
of people, and etc. In China, HIWs are frequent due to the various climate regimes,
complex topography and the strong influence of East Asian monsoon system (Fu10

et al., 2013). Every year there are many Chinese people suffer from typhoons, storms,
floods, hail, drought, wind and other meteorological disasters. Meteorological disasters
are estimated to cause an economic loss of 3 to 6 % of GDP each year since 1990
(Jiang et al., 2012). More accurate information on HIWs is thus a critical need of soci-
ety (Done et al., 2015). The temporal patterns and spatial trends of catastrophic floods,15

droughts, storms, and heat waves or cold spells have been receiving much attention in
recent years as a result of the tremendous losses from meteorological disasters (Zhai
and Liu, 2012; Wu et al., 2014). A deep understanding of HIWs is also essential for en-
hancing forecast capability, strengthening risk management and planning adaptation
measures (Fischer et al., 2012).20

A significant decreasing trend in the frequency of snowfall days was observed be-
tween 1959 and 2014 in almost the whole of China (Fig. 5a), and this trend was
also found by other studies from different parts of the China. For example, Wang
et al. (2011) analyzed the changing characteristics of snowfall and snowfall days in
Liaoning Province during 1961–2007, and the results showed that there was no signifi-25

cant long-term changing trend of snowfall, but there was a significant decreasing trend
of snowfall days, with the mean rate of 1.6 days per decade. The remarkable reduc-
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tion of snowfall days was mainly due to the reduction of days of light snow and trace
snow, especially the trace snow. Zhu et al. (2014) analyzed the spatiotemporal varia-
tion patterns of snowfall days in Qinghai Province during 1962 to 2012 and the results
also showed a decreasing trend of snowfall days at rates of 1–3 days per decade. The
climate characteristics in the frequency of snowfall days in Ningxia during the period5

of 1961 to 2010 were also analyzed and the results showed that the total numbers of
snowfall days had decreased, with the reduction of light snow, heavy snow and snow-
storms days, and the opposite trend of moderate snow days (Ding et al., 2012).

With global warming, it is very important to consider the potential effects of climate
change on thunderstorms (Brooks, 2013). Thunderstorm is frequently accompanied by10

gale, rainstorm and sometimes hail, and it can cause many people killed or seriously
injured in each year despite the advance warning. During 1959–2014, a significant de-
creasing trend was detected in the frequency of thunderstorm days in China (Fig. 2b),
and the thunderstorm days decreased more in southern China than in northern China
(Fig. 5b). Chen et al. (2009) examined the occurring days of thunderstorm at 743 sta-15

tions in China based on the observations from 1951 to 2005, and the results showed
that except slight increase in Qinghai–Tibet Plateau, the thunderstorm days had a de-
creasing tendency in the other areas of China. Yu et al. (2012) analyzed the frequency
variation of thunderstorm in eastern China from 1971 to 2000 and the results indicated
that the frequency of thunderstorm had a decreasing trend, especially in the south of20

the Yangtze River, the frequency of thunderstorm showed a more significant decreas-
ing trend. However, the research on the relationship between thunderstorm and global
climate has been more limited. Marsh et al. (2009) indicated that in Europe, climate
models were able to produce reasonable distributions of severe thunderstorms, though
the interpretation of the magnitudes is unconfident. Global models have the horizontal25

resolution of tens or larger kilometers, so it is also difficult to deal with the thunderstorm
with small horizontal scale (Brooks, 2013).

As one of the major HIWs in China, fog has serious impacts on traffic safety, power
supply and human health. During 1959–2014, a significant decreasing trend was de-
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tected in the frequency of foggy days in terms of the whole of China, and foggy days
decreased at first and then increased and later decreased continuously (Fig. 2c). Shi
et al. (2010) studied the change characteristics and causes of foggy days in eastern
China and the results also indicated that the number of foggy days increased firstly
and then decreased during 1961–2007. The significant decrease of foggy days had5

also been observed in the Gansu and Shanxi Province of China (Wang et al., 2005).
Spatially, the change trend of foggy days was not statistically significant in most parts of
China (Fig. 5g). Akimoto and Kusaka (2015) studied the climatological characteristics
of fog in Japan and the results indicated that the numbers of foggy days decrease at
many of the observation sites during a 40 year period from 1966 to 2005. Temperature10

increase or vapor reduction due to urbanization, global warming followed by synoptic-
scale climate change, and variation in aerosol concentration, may affect the formation
of fog (Shi et al., 2010; Akimoto and Kusaka, 2015). The decrease of fog in urban areas
has also been reported in some cities in the US, where it is said to reflect an intensifi-
cation of the heat island phenomenon caused by urbanization (LaDochy, 2005).15

Due to their local-scale extent and large spatial and temporal variability (Baldi
et al., 2014), and a lack of appropriate monitoring systems, hailstorms are not cap-
tured reliably and comprehensively over long periods by current observation systems
(Mohr and Kunz, 2013). However, in China, there are many stations with daily obser-
vation of the occurrence or non-occurrence of hailstorm, and recordation of the size20

of the largest hailstone (Brooks, 2013). A significant decreasing trend in the frequency
of hailstorm days was detected in China during 1959–2014 (Fig. 2d). Xie et al. (2008)
analyzed the variation and trend in hailstorm frequency during 1960–2005 in China
and the results showed no trend in the mean annual hailstorm days from 1960 to early
1980s but a significant decreasing trend afterwards. Hailstorm damage is usually pro-25

portional to the hailstone size and density (number of hailstones per unit area), and to
the strength of the winds associated with the storms (Baldi et al., 2014). In China, Xie
et al. (2010) reported that the long-term trend of hailstorm size in four regions of China
was statistically insignificant for the period of 1980–2005. But in central-eastern Italian
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Alps, Eccel et al. (2012) found that the size of hailstorm had increased, though the
frequency or cumulative hit surface had no significant change over a number of years.
From hail pad data over France between 1989 and 2009, Berthet et al. (2011) also
found that the frequency of hailstorm did not change significantly during 1989–2009,
while the intensity increased by 70 % during April and May.5

Climate variability and change are key driving forces influencing the vulnerability,
and therefore sustainability, of socioecological systems (IPCC, 2012). In recent years,
society has faced a steep rise in economic and insured losses from weather and cli-
mate related hazards, largely due to significant increase in exposure (Kunreuther and
Michel-Kerjan, 2009). Globally, the annual average population exposed to flooding in-10

creased by 114 % during 1970–2010, while the world’s total population increased from
3.7 to 6.9 billion, with an increasing rate of 87 % (WMO, 2013). Various social changes,
including an increasing number of people lived in high-risk coastal areas and major
cities, a growing property and wealth exposed to meteorological or hydrological dis-
asters, and the lifestyle changes, lead to the increase of social vulnerability and the15

increasing losses from HIWs and natural hazards. In China, an increasing popula-
tion lives in areas vulnerable to HIWs such as floods, rainstorms, thunderstorms and
fogs, which becomes more important variables in hampering sustainable development,
and increases the damage potentials of ecosystems and socio-economic sphere (Feng
et al., 2007; Fischer et al., 2012).20

Identifying and understanding the trend of societal vulnerability have great impor-
tance for guiding governmental decisions and actions. Generally speaking, it is difficult
to change the frequency and intensity of HIWs, so for the majority of natural hazards,
we can only minimize the risk through reducing the societal exposure and/or vulner-
ability (Shi and Cui, 2012). Improved weather forecasts and multi-hazard early warn-25

ing systems, combined with more disaster preparedness and community resilience,
are better ways of mitigating the effects of disastrous outcomes. According to WMO
(2013), although the increase of population in disaster-prone areas, the number of
deaths due to storms dropped by 16 %, and the deaths from floods declined by 43 %
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in the world during 2001–2010, thanks to powerful early warning systems, increased
disaster preparedness and mitigation efforts, as well as multiple training for disaster re-
sponse. For China, guidelines and policies for reducing social vulnerabilities, including
but not limited to, the improvement of monitoring and warning capability of HIWs, the
redesign and arrangement of infrastructure and socio-ecological systems to decrease5

the risk of natural disasters, the enhancement of engineering design standards and/or
defense measures according to the projections of future HIWs changes, the promo-
tion of environmentally friendly methods and systems of energy production, and the
encouragement of scientific research and technological development to make certain
the nature and change of HIWs and to understand the vulnerability of human societies10

and natural ecosystems (Zhai and Liu, 2012; Ly et al., 2013).

5 Conclusions

The spatial and temporal characteristics of four types of high-impact weathers (HIWs)
were analyzed and the results show that during 1959–2014, significant decreasing
trends were detected in the number of days and processes of snowfall, thunderstorm,15

foggy and hailstorm weathers in China. The number of thunderstorm days and thunder-
storm weather processes decreased continuously, and that of snowfall days, snowfall
weather processes, hailstorm days and hailstorm weather processes slightly increased
at first and then decreased continuously. The number of foggy days and foggy weather
processes decreased firstly, then increased rapidly, and later decreased continuously20

over the past 56 years.
Spatially, snowfall days and snowfall weather processes were more in northeastern

and western China, but less in southern China, and thunderstorm days and thunder-
storm weather processes were more in southern and southwestern China, but less
in northwestern China. The number of foggy days and foggy weather processes was25

greater in some high mountain stations, eastern China and central China, but lower
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in western China and Inner Mongolia, and hailstorm days and hailstorm weather pro-
cesses were mainly concentrated on Qinghai–Tibet Plateau.

Over the past 56 years, snowfall days, thunderstorm days and thunderstorm weather
processes decreased in most parts of China, and the decreasing trend of thunderstorm
weathers was more in southern China than in northern China. The number of hailstorm5

days decreased in northeastern China, most parts of northern China and western
China, and that of hailstorm weather processes decreased only in north-central Tibet
and southwestern Qinghai. The spatial trend of foggy days, foggy weather processes
and snowfall weather processes was not significant in most parts of China.

The variation characteristics of snowfall days, thunderstorm days and foggy days in10

China are mainly consistent with other existing results, but the characteristics of hail-
storm days has some differences with the results from other countries or regions. With
climate change and rapidly economic and social development, more population and
wealth are exposed to HIWs and subsequent hazards in China, which undoubtedly
increases the vulnerabilities of social economy systems, so more mitigation and adap-15

tation strategies for HIWs are essential and urgent for local government and the social
publics.
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Table 1. Annual average days of high-impact weathers in China for different periods.

High-impact weathers Periods of time

1959–1970 1971–1980 1981–1990 1991–2000 2001–2014

Snowfall days 39.00 39.98 38.13 33.85 29.07
Thunderstorm days 42.43 40.48 38.01 35.83 31.51
Foggy days 14.54 15.66 15.74 13.86 11.54
Hailstorm days 3.11 3.45 3.04 2.13 1.40
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Table 2. Average annual number of high-impact weather processes in China for different peri-
ods.

High-impact weather process Periods of time

1959–1970 1971–1980 1981–1990 1991–2000 2001–2014

Snowfall 4.35 4.46 4.30 3.69 3.09
Thunderstorm 4.66 4.38 3.95 3.51 2.91
Fog 1.02 1.12 1.17 1.02 0.81
Hailstorm 0.12 0.14 0.11 0.07 0.04
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Figure 1. The administrative division (a) and the locations of 604 meteorological stations (b) in
this study.
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Figure 2. Annual average days of high-impact weathers in China during 1959–2014 (the blue
lines are the annual value and the red lines are the linear trend. (a) snowfall days; (b) thunder-
storm days; (c) foggy days; (d) hailstorm days).
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Figure 3. Annual maximum days of high-impact weathers in China during 1959–2014 (the blue
lines are the annual value and the red lines are the linear trend. (a) snowfall days; (b) thunder-
storm days; (c) foggy days; (d) hailstorm days).
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Figure 4. Spatial distribution of annual days of high-impact weathers in China during 1959–
2014 (unit: daysyr−1; (a) snowfall days; (b) thunderstorm days; (c) foggy days; (d) hailstorm
days).
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Figure 5. Spatial trend of annual days of high-impact weathers in China during 1959–2014
(unit: daysdecade−1; (a) snowfall days; (b) thunderstorm days; (c) foggy days; (d) hailstorm
days).
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Figure 6. Annual average number of high-impact weather processes in China during 1959–
2014 (the blue lines are the annual value and the red lines are the linear trend. (a) snowfall
weather process; (b) thunderstorm weather process; (c) foggy weather process; (d) hailstorm
weather process).

6181

http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/3/6149/2015/nhessd-3-6149-2015-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/3/6149/2015/nhessd-3-6149-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


NHESSD
3, 6149–6184, 2015

Patterns and trends
of high-impact

weathers in China
during 1959–2014

J. Shi et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

y = -0.10 x + 233.17

R2 = 0.28

15

20

25

30

35

1959 1964 1969 1974 1979 1984 1989 1994 1999 2004 2009 2014

M
ax

 s
no

w
fa

ll 
pr

oc
es

s 
 

 

y = -0.09 x + 202.69

R2 = 0.40

13

17

21

25

1959 1964 1969 1974 1979 1984 1989 1994 1999 2004 2009 2014M
ax

 th
nd

er
st

or
m

 p
ro

ce
ss

 

y = 0.00 x + 20.27

R2 = 0.00

24

28

32

36

1959 1964 1969 1974 1979 1984 1989 1994 1999 2004 2009 2014

M
ax

 f
og

gy
 p

ro
ce

ss
  y = -0.05 x + 109.81

R2 = 0.31

0

3

6

9

1959 1964 1969 1974 1979 1984 1989 1994 1999 2004 2009 2014
M

ax
 h

ai
ls

to
rm

 p
ro

ce
ss

  

(a) (b) 

(c) (d) 

Figure 7. Annual maximum number of high-impact weather processes in China during 1959–
2014 (the blue lines are the annual value and the red lines are the linear trend. (a) snowfall
weather process; (b) thunderstorm weather process; (c) foggy weather process; (d) hailstorm
weather process).
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Figure 8. Spatial distribution of annual number of high-impact weather processes in China
during 1959–2014 (unit: timesyr−1; (a) snowfall weather process; (b) thunderstorm weather
process; (c) foggy weather process; (d) hailstorm weather process).
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Figure 9. Spatial trend of annual number of high-impact weather processes in China during
1959–2014 (unit: timesdecade−1; (a) snowfall weather process; (b) thunderstorm weather pro-
cess; (c) foggy weather process; (d) hailstorm weather process).
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