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Abstract: The spatio-temporal variation of precipitation under global warming had been a research
hotspot. Snowfall is an important part of precipitation, and its variabilities and trends in different
regions have received great attention. In this paper, the Haihe River Basin is used as a case, and
we employ the K-means clustering method to divide the basin into four sub-regions. The double
temperature threshold method in the form of the exponential equation is used in this study to
identify precipitation phase states, based on daily temperature, snowfall, and precipitation data
from 43 meteorological stations in and around the Haihe River Basin from 1960 to 1979. Then, daily
snowfall data from 1960 to 2016 are established, and the spatial and temporal variation of snowfall in
the Haihe River Basin are analyzed according to the snowfall levels as determined by the national
meteorological department. The results evalueted in four different zones show that (1) the snowfall
at each meteorological station can be effectively estimated at an annual scale through the exponential
equation, for which the correlation coefficient of each division is above 0.95, and the relative error is
within 5%. (2) Except for the average snowfall and light snowfall, the snowfall and snowfall days
of moderate snow, heavy snow, and snowstorm in each division are in the order of Zones III > IV >
I > II. (3) The snowfall and the number of snowfall days at different levels both show a decreasing
trend, except for the increasing trend of snowfall in Zone I. (4) The interannual variation trend in
the snowfall at the different levels are not obvious, except for Zone III, which shows a significant
decreasing trend.
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1. Introduction
Snowfall is a solid form of precipitation [1,2], and different snowfall intensities produce
different hydrological effects [3–6]. Snowfall changes the physical characteristics of the
surface over a short period, increases the surface reflectance, reduces the surface absorption
of solar radiation, delays the time for runoff generation and confluence, and changes the
water cycle process of a basin. Snowfall is the main form of precipitation in the winter in
many places globally, such that suitable snowfall can supplement soil moisture, increase
soil fertility, and contribute to crop growth. In addition, snowfall plays an important
role in alleviating water shortages and protecting the ecological environment [7]. In
contrast, heavy snow is prone to cause natural disasters, such as avalanches and snow
damage [8–11], which have a serious impact on transportation, agricultural production, and
even the safety of human life and property [12,13]. With continuous climate warming, the
response of snowfall to climate change is remarkable [14–17], i.e., extreme snowfall events
continue to frequently occur around the world [18], and cause significant losses to human
life and property. Therefore, research on the spatial and temporal variation characteristics
of snowfall at different levels in the context of climate warming has a practical significance
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in the formulation of natural disaster prevention and mitigation policies, the development
of snow disaster prediction abilities, and the reduction of national economic losses [3,19,20].
Previous studies in various fields have conducted extensive investigations on the
spatial and temporal variations of snowfall. By simulating the variation trends in winter
snowfall in western and central Europe, Vries et al. [21] and De et al. [22] found that the
snowfall in their study areas in the context of global warming has a significant increasing
trend, with an increased number of abnormal snowfall events. Bintanja [23] simulated the
variation trend in snowfall in the Arctic using several global climate models, suggesting
that climate warming is the main reason for the increase in snowfall in the Arctic region.
By analyzing the snowfall in Xinjiang, China, Wenxuan et al. [24] found that the total
snowfall, number of snowfall days, and snowfall at each level in Xinjiang all showed an
increasing trend. For snowfall in Southern Xinjiang and the Tianshan Mountains in China,
Toynizhi et al. [25], Junrong and Jiaqi [26], and Xiaoshouet al. [27] showed that the snowfall
in winter had a significant increasing trend. Mishra and Rafiq [28] examined the snowfall
variability over the Pahalgam and Gulmarg regions of India, and found that snowfall
had decreasing trends in both of them. Huntington et al. [29] in New England found
that the annual snowfall to total precipitation (S/P) ratios had significantly decreased
from 1949 to 2000. Irannezhad et al. [30] evaluated variabilities and trends in annual S/P
ratio at Sodankylä, Kajaani, and Kaisaniemi weather stations in northern, central, and
southern Finland during 1909–2008, it found that the annual snowfall to total precipitation
(S/P) ratio declined in Finland in 1909–2008. Raisanen [31] found that winter snowfall
decreased, but snowfall in the coldest region in winter increased slightly by simulating the
snowfall in northern Europe through the twelve regional models. Lute et al. [32], Ning and
Bradley [33] studied on snowfall changes in the United States, and found that the snowfall
and number of snowfall days in the United States have decreased significantly. Chunyu
et al. [34] investigated the variation trend in snowfall in northeast China, finding that
snowfall in winter had a decreasing trend. In addition, Skoulikaris et al. [35] investigated
the connection of snowfall with river discharges; it simulated with a snowmelt-runoff
model a mountainous transboundary basin in the northern Mediterranean and concluded
that overestimated river discharges coincided with datasets integrating higher averaged
daily temperatures that affected the snowmelt process. Therefore, the snowfall variation
trends in different regions have notable differences in response to climate change.
Identifying the phase of precipitation is a key issue in current snowfall research. Currently, the method based on temperature is generally used, such as single temperature
threshold methods [36], double temperature threshold methods [37,38], and temperature
combined with other meteorological element methods [39–44]. The single temperature
threshold method refers to the point at which precipitation occurs in the form of snowfall
when the daily average temperature is lower than the critical temperature, whereas precipitation occurs in the form of rainfall when the daily average temperature is higher than the
critical temperature. The double temperature threshold method [45,46] refers to the point at
which all precipitation occurs in the form of snowfall when the daily average temperature
is lower than the critical low temperature, while all precipitation occurs in the form of
rainfall when the daily average temperature is higher than the critical high temperature. If
the daily average temperature is between the critical low and high temperatures, the probability of snowfall under different temperatures is counted to determine the relationship
between the snowfall probability and temperature to determine the occurrence probability
of snowfall events. The method of combining temperature with other meteorological
elements mainly takes temperature as the main influencing factor, and combines dew point
temperature [42], surface wet bulb temperature [44], and surface relative humidity [43] to
predict the precipitation phase. Another method for predicting the precipitation phase is
through atmospheric models with microphysics processes to know the initial hydrometeor
phase, hydrometeor shape, and size, and track the hydrometeor falling from the upper
atmosphere to the land surface [47]. However, the method needs detailed atmospheric
information, often not satisfied in many places.
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The Haihe River Basin is one of the basins where human activities are extremely
intense, and water resources are scarce [48,49]. As an important water supply source in
winter, snowfall plays a positive role in alleviating water shortages in the Haihe River Basin.
However, while there are numerous studies on the variation rules for the total and extreme
precipitation, few have focused on the spatial and temporal variation rules of snowfall.
Therefore, this study identifies and verifies the snowfall using the double temperature
threshold value method by considering the Haihe River Basin as the study area and taking
the daily temperature and precipitation data from 43 meteorological stations in this basin
from 1960 to 2016. We analyze the spatial and temporal variation characteristics of the
snowfall and the number of snowfall days according to the snowfall levels divided by the
national meteorological department. We discuss the response of snowfall to climate change
to understand the response mechanism of snowfall in the context of climate warming
and provide a theoretical basis for water resource planning, management, and disaster
prevention and mitigation in the Haihe River Basin.
2. Overview of the Study Area
The Haihe River Basin is adjacent to the Bohai Sea in the east, Taihang in the west,
the Yellow River in the south, and the Mongolian Plateau in the north [50]. The total area
of the basin is 318,200 km2 , accounting for 3.3% of the total area of China. The basin’s
elevation is high in the northwest and low in the southeast, and can be roughly divided into
three geomorphic types: Plateau, mountain, and plain [51]. Specifically, to the west is the
Loess Plateau and Taihang Mountains, to the north is the Mongolian Plateau and Yanshan
Mountains, and to the east and southeast are plains. The Haihe River Basin covers eight
provinces, including Beijing, Tianjin, Hebei, Shanxi, Shandong, Henan, Inner Mongolia,
and Liaoning [52]. The water system of the Haihe River Basin includes five tributaries:
The Chaobai River, Yongding River, Daqing River, Ziya River, and Nan Canal, as well
as a small tributary, i.e., the North Canal. The average annual temperature in the basin
ranges from 1.5–14 ◦ C, the average annual relative humidity ranges from 50–70%, the
annual average precipitation is 539 mm (a semi-humid and semi-arid zone), the average
annual land surface evaporation is 470 mm, and the water surface evaporation is 1100 mm.
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Figure 1. Geographical location and topographic map of the Haihe River Basin.

Figure 1. Geographical location and topographic map of the Haihe River Basin.

3. Data Sources and Methods
3.1. Data Sources
The data used in this study included daily precipitation and temperature data from
the Haihe River Basin and surrounding 43 meteorological stations from 1960 to 2016 reported in the “Daily Data Set of China Surface Climatic Data,” as provided by the Na-
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Figure 1. Geographical location and topographic map of the Haihe River Basin.
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The K-means clustering method, selecting four representative indicators, i.e., the
geodetic coordinates, elevation, average annual snowfall, and average annual temperature,
was adopted for cluster analysis in the Haihe River Basin. The cluster spatial distribution
was shown in Figure 2a. According to the clustering results, the Haihe River Basin was
divided into four zones, as shown in Figure 2b. Table 1 presents the detailed analysis
results.
Table 1. Basic information for the zone partitioning analysis.
Zone

Climate Type

Elevation
(m)

Average Annual
Snowfall
(mm)

Average Annual
Temperature
(◦ C)

Number of
Meteorological
Stations

Proportion of
Meteorological
Stations (%)

I

Temperate
continental
monsoon climate

375.2–1245.4

18.6

7.3

8

19

II

Temperate
monsoon climate

1.8–227.2

14.5

11.9

13

30

III

Temperate
continental
monsoon climate

748.8–2895.8

36.9

6.0

12

28

IV

Temperate
monsoon climate

27.4–659.5

22.7

13.9

10

23
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3.3. Research Methods
3.3.1. Snowfall Identification Method
As the different phase states of precipitation, i.e., rainfall, snowfall, and sleet, among
others, was only recorded before 1979, the daily snowfall and rainfall corresponding to the
average temperature of a given day were counted according to the daily precipitation and
temperature data in the Haihe River Basin from 1960 to 1979. The ratio of the snowfall to
the sum of the snowfall and rainfall was calculated (regardless of the probability of snowfall
as sleet) to obtain the distribution of the ratio of the snowfall to the total snowfall and
rainfall at different daily average temperatures, as well as to reveal the relationship between
different temperatures and snowfall proportions [46,53], as shown in Figure 3. It indicates
that all phase states of precipitation are snowfall when the average daily temperature is
less than the critical low temperature, tmin = −13.1 °C. All phase states of precipitation are
rainfall when the average daily temperature is higher than the critical high temperature,
tmax = 14 °C. The relationship between the temperature and snowfall proportion conforms
to an exponential equation when the average daily temperature is between tmin and tmax ,
calculated as follows:
1
p =
(1)
1 + exp(a + bt)
where p indicates the ratio of the snowfall to the sum of the rainfall and snowfall, t
of 19
the daily average temperature, and a and b are the empirical parameters of6 the
exponential equation.
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Figure 3. Diagram of the relationship between the snowfall ratio and average daily temperature.
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(2)
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it is suitable for the analysis of hydrological and meteorological time series data, such as
rainfall and runoff [57–59].
For n independent and random samples, x1 , x2 . . . . . . xn , the constructed variable S
was calculated as follows:
n −1

S=

n

∑ ∑

Sgn( x j − xk )

(2)

k =1 j = k +1

where


 +1
0
Sgn( x j − xk ) =

−1

( x j − xk ) > 0
( x j − xk ) = 0
( x j − xk ) < 0

(3)

The constructed statistics, Zc , of the Mann–Kendall trend test was calculated as follows:
 S −1
√
S>0


Vαr (S)

Zc =
(4)
0
S=0


 √S−1
S<0
Vαr (S)

where Var (S) = n(n − 1)(2n + 15)/18.
If | Zc | ≥ Z1− α , the original hypothesis is rejected, i.e., that there is a notable increasing
2
or decreasing trend in the time series data at the confidence level, α; specifically, when Zc
is more than 0, it is an increasing trend, whereas when Zc is less than 0, it is a decreasing
trend. In addition, when | Zc | is greater than 1.96, the trend conforms to the significant
inspection of 0.05 [60].
3.4. Snowfall Index
In this study, the daily snowfall (>0.1 mm) was considered as an effective snowfall
event. According to the snowfall level divided by the national meteorological department,
light snow refers to a snowfall amount of 0.1–2.5 mm within 24 h, moderate snowfall refers
to a snowfall amount of 2.5–5 mm within 24 h, heavy snowfall refers to a snowfall amount
of 5–10 mm within 24 h, and a snowstorm refers to a snowfall amount of ≥ 10 mm within
24 h. Table 2 lists the definitions of the snowfall index.
Table 2. Definition of the snowfall index.
Indicator

Definition

Light snow

0.1 mm < daily snowfall < 2.5 mm

Moderate snow

2.5 mm ≤ daily snowfall < 5 mm

Heavy snow

5 mm ≤ daily snowfall < 10 mm

Snowstorm

daily snowfall ≥ 10 mm

4. Results
4.1. Snowfall Identification and Verification
The relationship between the temperature and snowfall ratio was analyzed by using
the temperature and precipitation data before 1979 for the 43 meteorological stations in
the Haihe River Basin; these data were fitted using the exponential equation by taking
the critical temperature (−13.1 ◦ C to 14 ◦ C) as the mixing interval for the phase state of
precipitation. The exponential equation was calibrated from 1960 to 1969 with the least
squares method, and then validated from 1970 to 1979. The value of a is −2.1, and the
value of b is 1.36.
Based on Figure 4 and Table 3, the correlation coefficient of each zone is above 0.95,
and the relative error is within 5% for each zone in calibration and validation period,
respectively, which indicates that the accuracy of the exponential equation for snowfall
identification is relatively high, and the fitting between the curve of the measured total
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critical temperature (–13.1 °C to 14 °C) as the mixing interval for the phase state of precipitation. The exponential equation was calibrated from 1960 to 1969 with the least
squares method, and then validated from 1970 to 1979. The value of a is –2.1, and the
value of b is 1.36.
of 18
Based on Figure 4 and Table 3, the correlation coefficient of each zone is above70.95,
and the relative error is within 5% for each zone in calibration and validation period,
respectively, which indicates that the accuracy of the exponential equation for snowfall
identification is relatively high, and the fitting between the curve of the measured total
snowfall and the curve of the estimated total snowfall is good. Therefore, we suggest that
snowfall and the curve of the estimated total snowfall is good. Therefore, we suggest that
the exponential equation can be used as the identification basis for different phase states of
the exponential equation can be used as the identification basis for different phase states
precipitation from 1980 to 2016.
of precipitation from 1980 to 2016.

Water 2021, 13, x FOR PEER REVIEW

8 of 19

(a)

(b)
500

800

450
400
350

600

snowfall（mm）

snowfall（mm）

700

500
400

300
250
200
150
100

300
200
1955

50
0
1955

1960

1965

1970

1975

1980

1960

1965

1970

1975

1980

year

year

(c)

(d)
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Figure 4. The measured total snowfall and estimated total snowfall in different zones of the Haihe
River Basin. (a) Zone I, (b) ZoneⅡ, (c) Zone Ⅲ, (d) Zone Ⅳ.
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Zone
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I
II
I
III
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IV

Table 3. The results of correlation coefficient and relative error in calibration and validation period.
Table 3. The results of correlation coefficient and relative error in calibration and validation period.
Calibration Period (1960–1969)
Validation Period (1970–1979)
Calibration Period Relative
(1960–1969)
Correlation Coefficient
Error (%)
Correlation Validation
CoefficientPeriod (1970–1979)
Relative Error (%)
0.99 Coefficient
−2.99Error (%)
0.98 Coefficient
−3.39Error (%)
Correlation
Relative
Correlation
Relative
0.97
0.14
0.99
4.82
0.99
−2.99
0.98
−3.39
0.93
−1.52
0.95
0.99
0.97
0.14
0.99
4.82
0.98
−3.53
0.98
−1.83
0.93
−1.52
0.95
0.99

of Snowfall and0.98
the Number of Snowfall Days
at Different
0.98 4.2. Spatial Distribution−Characteristics
3.53
−1.83
Levels

The annual average snowfall in the different zones in the Haihe River Basin had the
4.2.
Spatial Distribution
Characteristics
of Snowfall
and36.9
the mm,
Number
Snowfall
Daysand
at 14.5
following
order: III > IV
> I > II. The snowfall
were
22.7ofmm,
18.6 mm,
Different Levels
mm, respectively. The annual average number of snowfall days had the following order:
average
insnowfall
the different
in the
Haihe
Basinand
had7.9
the
III >The
I > annual
IV > II, with
the snowfall
number of
days zones
18.9 days,
11.6
days,River
9.5 days,
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III
>
IV
>
I
>
II.
The
snowfall
were
36.9
mm,
22.7
mm,
18.6
mm,
and
days, respectively.
14.5 mm,
Thesnowfall
annual and
average
number
snowfall
days
had4. the
The respectively.
annual average
snowfall
daysofare
given in
Table
Thefollowing
annual
order:
III >snowfall
I > IV > and
II, with
the number
snowfalldays
daysin18.9
days,
9.5 days,
and
average
number
of lightofsnowfall
the days,
Haihe11.6
River
Basin
had the
7.9
days, respectively.
following
order: III > I > IV > II. The snowfall and the number of snowfall days were 11.3
average
snowfall
andmm,
snowfall
days
given
in Table
4. The annual
mm,The
14.6annual
days; 6.9
mm, 9.5
days; 5.4
6.7 days;
4.8are
mm,
6.2 days,
respectively.
The
average
snowfall
and
number
of
light
snowfall
days
in
the
Haihe
River
Basin had
the
annual average snowfall and number of moderate snowfall days had the following
order:
III > IV > I > II. The snowfall and the number of snowfall days were 8.7 mm, 2.5 days; 5.3
mm, 1.5 days; 4.5 mm, 1.3 days; 3.8 mm, 1.1 days, respectively. The annual average
snowfall and number of heavy snow snowfall days had the following order: III > IV > I >
II. The snowfall and the number of snowfall days were 8.7 mm, 1.3 days; 6.5 mm, 0.9
days; 3.9 mm, 0.6 days; 3.6 mm, 0.5 days, respectively. The annual average snowfall and
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following order: III > I > IV > II. The snowfall and the number of snowfall days were
11.3 mm, 14.6 days; 6.9 mm, 9.5 days; 5.4 mm, 6.7 days; 4.8 mm, 6.2 days, respectively. The
annual average snowfall and number of moderate snowfall days had the following order:
III > IV > I > II. The snowfall and the number of snowfall days were 8.7 mm, 2.5 days;
5.3 mm, 1.5 days; 4.5 mm, 1.3 days; 3.8 mm, 1.1 days, respectively. The annual average
snowfall and number of heavy snow snowfall days had the following order: III > IV > I >
II. The snowfall and the number of snowfall days were 8.7 mm, 1.3 days; 6.5 mm, 0.9 days;
3.9 mm, 0.6 days; 3.6 mm, 0.5 days, respectively. The annual average snowfall and number
of snowstorm days had the following order: III > IV > I > II. The snowfall and the number
of snowfall days were 8.3 mm, 0.6 days; 5.5 mm, 0.4 days; 3.4 mm, 0.2 days; 2.4 mm,
0.2 days, respectively. It could be known that in terms of the annual average snowfall and
number of snowfall days of moderate snow, heavy snow, and snowstorm, it all had the
following order: III > IV > I > II. As the III zone is all in Taihang Mountains, the relationship
of the snowfall is directly proportional to the terrain can be preliminarily obtained in the
Haihe River Basin.
Table 4. Statistic of different levels of annual average snowfall and snowfall days in each zone.
Zone

Indicator

Light Snow

Moderate Snow

Heavy Snow

Snowstorm

I

Snowfall (mm)
Proportion of snowfall (%)
Snowfall days (d)
Proportion of number of snowfall
days (%)

6.9
36.90
9.5

4.5
23.92
1.3

3.9
21.05
0.6

3.4
18.13
0.2

81.98

11.10

4.98

1.93

4.8
33.05
6.2

3.8
25.94
1.1

3.6
24.41
0.5

2.4
16.60
0.2

77.64

13.77

6.50

2.09

11.3
30.65
14.6

8.7
23.55
2.5

8.7
23.41
1.3

8.3
22.39
0.6

77.27

13.10

6.72

2.90

5.4
23.75
6.7

5.3
23.50
1.5

6.5
28.68
0.9

5.5
24.07
0.4

70.51

15.86

9.77

3.85

II

III

IV

Snowfall (mm)
Proportion of snowfall (%)
Snowfall days (d)
Proportion of number of snowfall
days (%)
Snowfall (mm)
Proportion of snowfall (%)
Snowfall days (d)
Proportion of number of snowfall
days (%)
Snowfall (mm)
Proportion of snowfall (%)
Snowfall days (d)
Proportion of number of snowfall
days (%)

Table 4 also lists the proportions of snowfall and the number of snowfall days at
different levels for the total snowfall. The contribution rate of light snow to the total
snowfall in Zone I is 36.9%, and the probability of occurrence is 81.98%. The contribution
rate of moderate snow to the total snowfall is 23.93%, and the probability of occurrence
is 11.1%. The contribution rate of heavy snow to the total snowfall is 21.05%, and the
probability of occurrence is 4.98%. The contribution rate of snowstorms to the total snowfall
is 18.13%, and the probability of occurrence is 1.93%. The proportions of snowfall and
the number of snowfall days for the total snowfall in Zones II and III are similar to those
of Zone I. In Zone IV, the contribution rate of snowstorms to the total snowfall is 24.07%,
which is higher than that of light and moderate snow, but the probability of snowstorm
occurrence is the smallest. It could be seen that, except for Zone IV, the contribution rate of
the snowfall at the different levels in the other zones to the total snowfall had the following
order: light snow > moderate snow > heavy snow > snowstorm. In Zone IV, although
the probability of a snowstorm is the smallest, the contribution to the total snowfall is
the largest.
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4.3. Interannual Variation Trends in Snowfall and Number of Snowfall Days at Different Levels
The annual snowfall and number of snowfall days at different levels in all zones of
the Haihe River Basin were counted, and the interannual variation trends in the snowfall
and number of snowfall days at different levels were analyzed, which were represented
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Table
5. Interannual variation trends in the snowfall at different levels in the Haihe River Basin.
Level
Light
Snow
Light
Snow
Moderate Snow

Moderate
HeavySnow
Snow
Snowstorm

Heavy Snow
Average

I
Level
Snowfall (mm/10 a)
0.080
Snowfall (mm/10 a)
Number
of Snowfall
Number
of Snowfall Days (d/10
a)
–0.279
Days (d/10 a)
Snowfall (mm/10 a)
Snowfall
(mm/10
a)
0.206a)
Number
of Snowfall
Days (d/10
Number of Snowfall
Snowfall(mm/10 a)
0.061
Days
(d/10
Number
of a)
Snowfall Days (d/10 a)
Snowfall (mm/10
a) (mm/10 a) 0.341
Snowfall
Number
of Snowfall Days (d/10 a)
Number
of Snowfall
0.047
Days (d/10
a) (mm/10 a)
Snowfall
Number
of Snowfall
Days (d/10
Snowfall
(mm/10
a)
0.327a)

I

II

–0.158
0.080
−0.279
–0.296
0.206
0.085
0.061

II

III
–0.436

III

IV
–0.014

IV

−0.158
−0.296 –0.948

−0.436
−0.948

–0.039

−0.014
−0.039

0.085
0.017 –0.927

−0.927
−0.262

–0.067

−0.067
−0.020

−0.995
−0.154

–0.020

−0.045
−0.002

−0.944
−0.058

–0.045

0.038
−0.018

0.954
−0.156
–0.072

−0.200 –0.262
−0.030
−0.072 –0.995
−0.030
–0.154
−0.354
−0.319 –0.944

0.341
0.017
0.047

–0.200
0.327
0.016
–0.030

−3.300
−1.420

–0.002
0.038

Snowstorm

Number of Snowfall
Days (d/10 a)

0.016

–0.030

–0.058

–0.018

Average

Snowfall (mm/10 a)

0.954

–0.354

–3.300

–0.088

−0.088
−0.080
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As shown in Figure 5 and Table 5, the average snowfall in Zone I in the Haihe
River Basin from 1960 to 2016 had a slowly increasing trend, with a rate of change of
0.954 mm/10 a. The average number of snowfall days was characterized by a slowly
decreasing trend with a rate of change of −0.156 days/10 a; none reached a significant level
(p > 0.05). The variation trends in light snow, moderate snow, heavy snow, and snowstorm
were similar to the average snowfall, i.e., a slowly increasing trend, with rates of change
of 0.080, 0.206, 0.341, and 0.327 mm/10 a, respectively; none reached the significant level
(p > 0.05). The variation trend in the number of light snowfall days was consistent with
that of the average number of snowfall days, i.e., a slowly decreasing trend with a rate
of change of −0.279 days/10 a. In addition, the number of snowfall days with moderate
snow, heavy snow, and snowstorm had a slowly increasing trend with rates of change of
0.061, 0.047, and 0.016 days/10 a, respectively; none reached a significant level (p > 0.05).
Therefore, the snowfall and number of snowfall days at other levels in Zone I tended to
increase, except for the average number of snowfall days and number of light snowfall
days, which had a decreasing trend.
In Zone II, the average snowfall and average number of snowfall days showed
a consistent slowing decreasing trend with rates of change of −0.354 mm/10 a and
−0.319 days/10 a; none reached a significant level (p > 0.05). The variation trends for light
snow, heavy snow, and snowstorm were similar to the average snowfall, i.e., a slowly
increasing trend with rates of change of −0.158, −0.200, and −0.072 mm/10a, respectively.
The variation trends in the number of snowfall days of light snow, heavy snow, and snowstorm were similar to the average number of snowfall days, i.e., a slowly decreasing trend
with rates of change of −0.296, −0.030, and −0.030 days/10 a, respectively; none reached a
significant level (p > 0.05). In addition, the variation trend in moderate snowfall was the
same as that for the number of moderate snowfall days, i.e., a slowly increasing trend with
rates of change of 0.085 mm/10 a and 0.017 days/10 a; none reached a significant level
(p > 0.05). Therefore, the snowfall and number of snowfall days at other levels in Zone II
show had a decreasing trend, except for the snowfall and number of moderate snowfall
days, which had an increasing trend.
In Zone III, the average snowfall and average number of snowfall days had a consistent,
significantly decreasing trend with rates of change of −3.300 mm/10 a and −1.420 days/10 a,
respectively; both reached a significant level (p < 0.05). The variation trends in the snowfall
of moderate snow, heavy snow, and snowstorm were similar to the average snowfall, i.e., a
significantly decreasing trend with rates of change of −0.927, −0.995, and −0.944 mm/10 a,
respectively. The variation trends in the number of snowfall days of light snow, moderate
snow, heavy snow, and snowstorm were similar to the average number of snowfall days,
i.e., a significantly decreasing trend with rates of change of −0.948, −0.206, −0.154, and
−0.058 days/10 a, respectively; all of these parameters reached a significant level (p < 0.05).
In addition, light snowfall showed a decreasing trend with a rate of change of −0.436
mm/10 a, which did not reach a significant level (p > 0.05). Therefore, the snowfall and
number of snowfall days at different levels in Zone III showed a decreasing trend.
In Zone IV, the average snowfall and average number of snowfall days showed a consistent, slowly decreasing trend with rates of change of −0.088 mm/10 a and −0.080 days/10 a;
none reached a significant level (p > 0.05). The variation trends in the snowfall of light
snow, moderate snow, and heavy snow were similar to the average snowfall, i.e., a slowly
decreasing trend with rates of change of −0.014, −0.067, and −0.045 mm/10 a, respectively.
The variation trends in the number of snowfall days of light snow, moderate snow, heavy
snow, and snowstorm were similar to the average number of snowfall days, i.e., a slowly
decreasing trend with rates of change of −0.039, −0.020, −0.002, and −0.018 day/10 a,
respectively; none reached a significant level (p > 0.05). In addition, a snowstorm had
a slowly increasing trend with a rate of change of 0.038 mm/10a, which did not reach
a significant level (p > 0.05). Therefore, the snowfall and number of snowfall days at
other levels in Zone IV showed a decreasing trend, except for snowstorms, which had an
increasing trend.

storm had a slowly increasing trend with a rate of change of 0.038 mm/10a, which did not
reach a significant level (p > 0.05). Therefore, the snowfall and number of snowfall days at
other levels in Zone IV showed a decreasing trend, except for snowstorms, which had an
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while
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snowfall
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at
other
levels
temperatures in all of the zones had the following order: IV > II > III > I, with are
temperatures
concentrated between –8.4 and 2.0 °C. Based on the point of spatial analysis, the average
snowstorm temperatures in all of the zones had the following order: IV > II > III > I, with
temperatures of 0.73, –1.60, –1.89, and –2.47 °C, respectively. In addition, the average
temperatures of other snowfall events had the following order: IV > II > I > III, with
temperatures of 1.88, –1.76, –4.50, and –4.75 °C, respectively. Thus, the average snowfall
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temperature in Zone IV had a positive value, while the average snowfall temperature in
other zones had a negative value.
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◦ C, respectively. Thus, the average snowfall temperature
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5. Discussion
Snowfall identification and verification were carried out in this study based on precipitation data from the Haihe River Basin from 1960 to 1979 using the double temperature
threshold method; furthermore, we established the daily snowfall data series from 1960 to
2016. The results show that the correlation coefficient between the estimated total snowfall
and measured total snowfall in each zone in the Haihe River Basin was 0.95 and above in
calibration and validation period, respectively, which are consistent with the correlation
coefficients (0.90 and above) obtained by Shaohua et al. [46] and Fei et al. [53] through
snowfall identification based on applying the exponential equation to the upstream basin
in the Nujiang River and Xilin River basins.
According to the spatial distribution of snowfall at the different levels, the distribution
characteristics of the average snowfall are consistent with that of moderate snow, heavy
snow, and snowstorm, but different from that of light snow. The main reason for this is that
the total amount of snowfall of moderate snow, heavy snow, and snowstorm was more
than that of light snow. However, the distribution characteristics for the average number
of snowfall days were the same as that of light snow, but different from that of moderate
snow, heavy snow, and snowstorm. The main reason for this is that the number of days of
light snow was much larger than that of the snowfall days at other levels. From snowfall
contribution and the ratio of the number of snowfall days to total snowfall perspectives,
the light snowfall and number of light snowfall days in other zones (except for Zone IV) to
the total snowfall was the largest, which is consistent with the conclusions of Zhifu et al. [6]
and Yulian et al. [62]. In addition, the number of light snowfall days in Zone IV accounted
for ≥70%, but light snowfall only accounted for 23%. The number of snowstorm days
was relatively few, but the amount of snowfall accounted for 24% of the total snowfall.
This may be associated with the snowfall temperatures in Zone IV. The probability of
extreme snowfall tended to increase against the background of climate warming, which is
consistent with the conclusions drawn by Yan and Jianli [3] in their research on snowfall in
the Tianshan Mountains.
In the Haihe River Basin, the snowfall at different levels in Zones II, III, and IV showed
a decreasing trend, while Zone I had an increasing trend. The main reason may be that
the geographical location of Zone I is the Yanshan Mountains and the Mongolian plateau,
where snowfall tends to increase, due to cold air and warm wet air, which is consistent with
the conclusions drawn by Yan and Jianli [3] based on snowfall in the Tianshan Mountains.
In the Tianshan Mountains, the snowfall and snowfall intensity have an increasing trend as
functions of climate warming. This, however, is different from the conclusions reported in
Xiuzhong et al. [63] based on variations in the snowfall in China, where that the snowfall
in North China shows a decreasing trend. Moreover, snowfall in Zones II, III, and IV
had a decreasing trend with climate warming, which is consistent with the conclusions
of Xiuzhong et al. [63], Peiji [64], Shuai et al. [65], and Xingkui [66], who all investigated
variations in the snowfall in China. As the average altitude of Zone III in the Haihe
River Basin is more than 1200 m (the altitude of Wutai Mountain is 2895 m), the perennial
average temperature is −1.19 ◦ C, the snowfall as a function of climate warming had a
decreasing trend. The reason for this may be that, with economic development, a large
number of particles emitted into the atmosphere have caused an increase in the aerosol
concentration, therefore inhibiting the formation of precipitation. This is consistent with
the conclusions drawn in Hui et al. [67] and Hanbo et al. [68] based on analyses of the
variations in precipitation at Wutai Mountain.
In the context of climate warming, not all snowfall indicators are positively correlated with temperature, i.e., the factors affecting snowfall are highly complex. Specifically,
relative humidity, atmospheric circulation, aerosols, and other factors may influence snowfall [69]. Therefore, a comprehensive consideration of the various influencing factors is
necessary, as well as further research on the spatial and temporal variations in snowfall.
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6. Conclusions
With the Haihe River Basin as the research object using surface meteorological observation data on the daily precipitation in this basin and 43 surrounding meteorological
stations from 1960 to 2016, we identified the precipitation types within different phase
states through snowfall identification methods. We further analyzed the spatial and temporal variation in the snowfall at different levels, as well as a discussion on the response of
snowfall to climate change. The main conclusions of this study are as follows.
(1) Based on the exponential equation for the snowfall proportion and average daily
temperature, the snowfall at each meteorological station in the Haihe River Basin can
be effectively estimated well at an annual scale. The correlation coefficients between the
estimated total snowfall and measured total snowfall at the stations in each zone were
≥0.95, and the relative error was ≤5%, in the calibration and validation period, respectively.
(2) In the Haihe River Basin, Except for the average snowfall and light snowfall, the
snowfall and snowfall days of moderate snow, heavy snow, and snowstorm in each division
are in the order of Zones III > IV > I > II. The snowfall and the number of light snowfall
days had the following order: III > I > IV > II. The average snowfall had the following
order: III > IV > I > II. The average number of snowfall days had the following order: III >
I > IV > II. Except for Zone IV, the contribution rate of the snowfall at the different levels in
the other zones to the total snowfall had the following order: light snow > moderate snow
> heavy snow > snowstorm.
(3) In terms of time, the average snowfall, light snow, and heavy snow in the zones
(except for Zone I) had a decreasing trend. The snowfall and number of moderate snowfall
days in Zones I and II showed an increasing trend, while Zones III and IV had a decreasing
trend. In addition, snowstorms in Zones I and IV had an increasing trend, while Zones
II and IIII showed a decreasing trend. The number of snowstorm days in the other zones
(except for Zone I with an increasing trend) showed a decreasing trend. In spatial terms, the
interannual variation trends for snowfall at the different levels in Zone III were significant
when compared with that of the other zones.
(4) In the Haihe River Basin, the snowstorm temperature was higher than that for
other snowfall conditions when the average snowfall temperature was below 0 ◦ C, while
the snowstorm temperature was lower than that for other snowfall conditions when the
average temperature was above 0 ◦ C. When the temperature was less than 0 ◦ C, the average
snowfall intensity increased with an increase in the temperature; if the temperature was
more than 0 ◦ C, the average snowfall intensity decreased with an increasing temperature.
(5) In the Haihe River Basin, it is found that the temperature during the snowstorm is
higher than that of other levels of snowfall, which indirectly indicates that the increase of
temperature may promote the probability of extreme snowfall. This conclusion is local and
not generic—it needs to be further investigated.
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