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Abstract: Sunshine can have a profound impact on the systematic change in climate elements, such
as temperature and wind speed, and in turn affects many aspects of the human society. In recent
years, there has been a substantial interest in the variation of sunshine duration due to the dramatic
global climate change. Hence, there is a need to better understand the variation of sunshine duration
in order to cope with climate change. This study aimed to analyze the variation of sunshine duration
in Haihe River basin, China, and its relationship with temperature, wind speed and low-level
cloudiness. The annual, seasonal and monthly changes of sunshine duration were analyzed based
on the data collected from 33 meteorological stations over the Haihe River basin during 1966–2015.
It is evident that the annual, seasonal and monthly sunshine duration shows a decreasing trend over
time. In addition, the annual sunshine duration is lower with a higher climate tendency rate in the
southern and eastern coastal regions than that in the northwestern regions. It is negatively correlated
with temperature (r = −0.50) and low-level cloudiness (r = −0.29), but positively with wind speed
(r = 0.61). Wind speed may be one of the important causes of the decrease of sunshine duration in
the Haihe River basin during 1966–2015. These changes may have significant implications for the
hydrological cycle in the area.
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1. Introduction

Sunshine is a key factor in most climate processes [1]. In recent years, there has been a substantial
interest in the variation of sunshine duration due to the dramatic global climate change [2,3].
The seasonal and annual duration of sunshine decreased in the Northern and Eastern Austria in
the 30-year period of 1960–1989, but a remarkable increase in sunshine duration was observed in
high mountain regions [4]. In Western Europe, the annual sunshine duration showed an overall
decrease since the 1950s until the early 1980s, followed by a recovery during the next two decades [5].
In Krakow, there was a decrease in the number of sunshine hours in the period from the 1950s to the
1980s, but an increase in the period from the 1980s to 2000s; and the time course of air temperature
showed a statistically significant positive linear trend for the period 1884–2012 [6]. Previous studies
in China have focused primarily on the sunshine duration variability in the densely populated and
economically developed regions. The notable exceptions are the studies on the sunshine duration
variability in river basins, such as the Yellow River [7] and the Yangtze River [8]. Zhang and Feng [9]
found that annual and seasonal sunshine hours showed a declining trend in Puyang City during
1960–2010. Zheng et al. [10] found that the annual sunshine duration was decreased by −11.8% per
decade on the northern Yunnan-Guizhou Plateau during 1961–2005, but increased by +3.5% per decade
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on the southwestern Yunnan-Guizhou Plateau during the same period. Kaiser et al. [11] found a
significant decrease in sunshine duration over the latter half of the 20th century over much of China,
which appeared to be related to the large increase in atmospheric anthropogenic aerosol loading in
China. In addition, aerosol loading decreased the duration and intensity of sunshine in Southeastern
China and thus lowered summertime maximum temperatures.

Haihe River basin is located in northern China, and it is one of the three major grain production
bases in China. The decrease in sunshine duration has been shown to be detrimental to crop
growth [12,13]. The sunshine duration was decreased by 17% and 20% in the growth period of wheat
and maize in the Haihe River basin for the period 1960–2009, resulting in a 6.5% decrease in wheat
yield and a 6.8% decrease in maize yield, respectively [14]. Thus, there is a need to better understand
the variation of sunshine duration in the Haihe River basin over the past decades. To address this
need, the annual, seasonal and monthly change of sunshine duration in the Haihe River basin over a
50-year period from 1966 to 2015 were analyzed in this study. The rest of this paper is structured as
follows. Section 2 introduces the study area and methods used in this study. Section 3 analyses the
temporal and spatial change of sunshine duration and its relationship with temperature and wind
speed. Section 4 discusses the results. Section 5 summarizes the conclusions drawn in this study.

2. Study Area and Methods

Study Area and Data

Haihe River basin is located in Northern China (112–120◦ E and 35–43◦ N), including Beijing City,
Tianjin City, most of Hebei province, northern Shandong province and Henan province, and a small
part of Inner Mongolia and Liaoning province. It is bordered by the Bohai Sea in the east, the Yellow
River in the south, the Shanxi plateau in the west and the Mongolia plateau in the north. It is a typical
sector river basin with an average length of 450 km and an average width of 700 km. It has a total of
110,000 km2 of cultivated land, accounting for about 33% of the total area of the basin. Winter wheat
and summer maize are the major crops in the study area. This area has an East Asian monsoon climate
with hot and humid low-latitude Western Pacific wind in summer; but cold and dry Siberian wind
in winter. It belongs to the semi-humid and semi-arid temperate continental monsoon climate zone,
where there is a high frequency of drought and the ecological environment is very fragile [2,15].

The daily sunshine duration, temperature, wind speed and low-level cloudiness data at
33 meteorological stations (of which 30 meteorological stations in the basin) (Figure 1) were provided
by the China Meteorological Data Sharing Service System (http://cdc.cma.gov.cn). These stations
are China national observation stations, sunshine duration is recorded by Campbell-Stokes, and
the observation instruments and methods have not changed since 1950s. The observation data of
these stations have good temporal and spatial continuity. Data quality control was developed and
maintained by Fengling Zou, Yanjun Zhu and Yan Xu at the China Meteorological Information Center.
Documentation is available online for downloading (http://data.cma.cn/site/index.html). After
data quality control and a homogeneity assessment, the accuracy of data is very high. In this study,
seasons are defined as winter (December–February), spring (March–May), summer (June–August),
and autumn (September–November).

The temporal trend was analyzed using linear trend analysis, slide average method, significance
test, and so forth; and the spatial trend was analyzed using ArcGIS software. Linear trend analysis
is the most commonly used method for climate change analysis because of its simple calculation.
The significance test includes parametric t-test and Mann-Kendall (M-K) test, the former of which is
used to test the significance of the long-term linear trend, while the latter of which is used to analyze the
change trend of different periods in the analyzed time series that does not require certain distribution
data. Obviously, M-K test is suitable for sequential variables.

http://cdc.cma.gov.cn
http://data.cma.cn/site/index.html
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Figure 1. The distribution of meteorological stations in the Haihe River basin 2.2. Methodology. 

Data were analyzed by the following four steps (Figure 2): (1) data pre-processing: daily 
sunshine duration, temperature and wind speed data were checked for errors, missing values and 
outliers; (2) analysis of the long time series by the linear trend; (3) analysis of the trend strength by 
the M-K test; and (4) analysis of the spatial variation at each meteorological station based on the 
climate tendency rate. 
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Figure 1. The distribution of meteorological stations in the Haihe River basin 2.2. Methodology.

Data were analyzed by the following four steps (Figure 2): (1) data pre-processing: daily sunshine
duration, temperature and wind speed data were checked for errors, missing values and outliers;
(2) analysis of the long time series by the linear trend; (3) analysis of the trend strength by the M-K
test; and (4) analysis of the spatial variation at each meteorological station based on the climate
tendency rate.
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The M-K test [16,17] is a nonparametric method commonly used to assess the significance of
monotonic trends in hydro-meteorological time series. It is based on the correlation between the ranks
of a time series and their time order. For a time series x with a sample size n, the test statistic Sk is:

Sk = ∑
i<j

rij (1)

where

rij = sign
(

xj − xi
)
=


1 xi < xj
0 xi = xj
−1 xi > xj

(2)

Under the null hypothesis of no trend, Sk is normally distributed, whose expected value E(Sk)
and variance Var(Sk) are as follows:

E(Sk) =
n(n− 1)

4
(3)

Var(Sk) =
n(n− 1)(2n + 5)

72
(4)

Under the above assumption, the statistic index UFk is defined as:

UFk =
[Sk − E(Sk)]√

Var(Sk)
(5)

UFk follows a standard normal distribution. In a two-sided trend test, the null hypothesis should
be rejected at a significance level α if |UF| > UF(1−α/2), where UF(1−α/2) is the critical value of
the standard normal distribution with a probability exceeding α/2. A positive UF value indicates a
positive trend, while a negative one indicates a negative trend.

In this paper, the significance level is set to α = 5%, thus UF(1−α/2) = ±1.96. UFk and UFb are the
UF values calculated with progressive and retrograde series, respectively. The intersection point of the
UFk and UFb curves indicates the beginning of the trend within the time series. The null hypothesis
(the sample is not affected by a trend) must be rejected if the intersection point is significant at a 5%
significant level [18,19].

The change trend of climate elements is expressed by a linear equation, X(t) = a0 + a1t,
t = 1, 2, . . . , n, a1 = dX(t)/dt, and a1·10 is the climate tendency rate over a 10-year period (h/10a). It
can better reflect the changing trend of climate factors, and directly shows the spatial distribution of
change rate of sunshine duration in Haihe River basin.

In order to extract the relationship between sunshine duration and wind speed/temperature/
low-level cloudiness, correlation coefficients between each pair of variables are calculated using the
formula in Equation (6). The DPS software was used to remove the trend prior to the correlation
calculation. The correlation coefficient formula is:

r =
Σ(x− x)(y− y)√

Σ(x− x)2Σ(y− y)2
(6)

The value of r varies between +1 and −1. When r lies around ±1, then it is said to be a perfect
degree of association between the two variables [20].

Spatial interpolation method has been used to obtain spatially-continuous estimations from
ground point measurements. Universal Kriging is a type of linear unbiased optimal SI algorithm,
which can be seen as a point interpolation. In contrast to other commonly-used SI algorithms, such as
Voronoi and the inverse distance weighting method, it considers the spatial correlation between the
points that need to be interpolated and their neighboring points, as well as giving the estimation error.
It relies on the semivariogram model and regionalized variable, and exists an underlying trend, this
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trend can be modeled as a function of the spatial coordinates. In this paper, the universal kriging
algorithm provides more accurate interpolation results than other spatial interpolation method, and it
is applied widely in the geological interpolation area and climate variables [21–23].

3. Results

3.1. Temporal Change of Sunshine Duration

3.1.1. Annual Sunshine Duration

Figure 3 shows that the mean annual sunshine duration is 2570.5 h in the Haihe River basin for the
period 1966–2015, with a maximum of 2879.1 h in 1968 and a minimum of 2227.7 h in 2003. From the
trend line and 10-year running average line, the annual sunshine duration in the Haihe River basin
has a decreasing trend in the last 50 years, with a tendency rate of −9.39 h/a. Since the beginning of
the 20th century, the decreasing trend slows down. The annual sunshine duration during 1966–1985 is
higher than the long-term mean, whereas that during 1996–2005 is lower than the mean with only a
few exceptions. Notably, a lower sunshine duration is observed in 1976 and 1985 and a higher sunshine
duration is observed in 1997. In addition, it is important to note that the annual sunshine duration
changes dramatically during 1986–1995, and the difference between the maximum and the minimum
is 295.5 h.
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The M-K test shows that the sunshine duration decreases continuously since 1981 (Figure 4).
The average M-K value is −2.41, which exceeds the significance level of α = 5%. Importantly, the trend
value exceeds the critical value of α = 5% since 1989 and the critical value of α = 1% since the 1990s,
indicating a significant decrease in the annual sunshine duration in the Haihe River basin.
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3.1.2. Seasonal Sunshine Duration

Figure 5 shows the change of seasonal sunshine duration in Haihe River basin during 1966–2015.
The seasonal sunshine duration is decreased by 1.30–3.09 h per year for the period 1966–2015.
The maximum decrease is observed in summer with a tendency rate of −3.09 h/a, followed by
that in autumn, winter and spring, with a tendency rate of −2.91, −2.08 and −1.30 h/a, respectively.
The mean seasonal sunshine duration follows an order of spring (736.80 h) > summer (682.40 h) >
autumn (611.81 h) > winter (539.47 h). The long sunshine duration in spring can be attributed to the
less clouds and relatively longer daytime in spring. In summer where there is the longest daytime,
the rainy days increase in the Haihe River basin, resulting in a slightly lower sunshine duration. The
lowest sunshine duration in winter can be attributed to the shortest daytime during this period of time.
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Figure 5. Variability of seasonal average sunshine duration(blue line) with the average (red line) and
linear trend (black line) in the Haihe River basin during 1966–2015: (a) Winter; (b) Spring; (c) Summer;
(d) Autumn.

3.1.3. Monthly Sunshine Duration

Figure 6 shows that the monthly sunshine duration also shows a declining trend in the Haihe
River basin during 1966–2015, with a maximum tendency rate of −1.56 h/a in June and a minimum
tendency rate of −0.27 h/a in March. The mean monthly sunshine duration reaches a maximum
of 270.3 in May where there is a long daytime, and a minimum of 173.4 h in December (Table 1).
Beginning in July, the Haihe River basin is in the rainy season, resulting in a remarkable decrease in
monthly sunshine duration.
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Table 1. Mean monthly sunshine duration in the Haihe River basin during 1966–2015.

Month Jan. Feb. Mar. Apr. May Jun.

Sunshine duration 183.99 182.09 224.74 241.77 270.30 246.50

Month Jul. Aug. Sep. Oct. Nov. Dec.
Sunshine duration 216.69 219.20 217.52 213.62 180.67 173.39

3.2. Spatial Change of Sunshine Duration

Figure 7 shows the spatial variability of annual sunshine duration in the Haihe River basin during
1966–2015. It is evident that the annual sunshine duration is much longer in the northwest Yanshan
and Taihang mountainous regions with a low population density than in the southeast regions with
a high population density. The maximum annual sunshine duration is observed at Duolun station
(2999.75 h); while the minimum one is observed at Anyang station (2147.97 h). However, despite the
significant spatial variability, the annual sunshine duration at all stations shows a decreasing trend,
with the most significant decrease occurring at those stations in the southern regions.
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Figure 7. Spatial variability of annual sunshine duration in the Haihe River basin during 1966–2015.

Figure 8 shows the spatial distribution of climate tendency rate in the Haihe River basin during
1966–2015. Similarly, almost all the stations show a decreasing trend in winter, with the most
significant decrease observed at Yuanping station in the southern region with a climate tendency
rate of −53.57 h/10a. However, it is important to note that an increasing trend is observed at Fengning
station located in the northwestern Yanshan and Taihang mountainous regions with a low population
density. In spring, 93% stations show a decreasing trend, with the most significant decrease observed
in lower-altitude regions, especially in southern and eastern coastal regions; whereas stations in
higher-altitude regions show no significant change. In addition, the decreasing trend is more obvious
in summer than in autumn. Overall, the sunshine duration decreases in the lower-altitude regions,
but increases in the higher-altitude regions.
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3.3. Relationship of Sunshine Duration with Temperature and Wind Speed

The mean annual temperature of the Haihe River basin during 1966–2015 is 10.35 ◦C,
with a maximum of 11.67 ◦C in 1998 and a minimum of 8.68 ◦C in 1969. The annual temperature is
increased by 0.04 ◦C/a. The intersection point of UF and UB curves is observed in 1988, which lies
within the two critical lines at a significance level α of 5%, indicating a significant change in annual
average temperature in 1988. Since the 1990s, the increasing trend in annual average temperature
becomes more pronounced. The seasonal temperature in winter, spring, summer and autumn is
increased by 0.026–0.056 ◦C/a. The maximum increase is observed in winter, with a tendency rate of
0.056 ◦C/a, followed by that in spring, autumn and summer, with a tendency rate of 0.041, 0.031 and
0.026 ◦C/a, respectively.

The mean annual wind speed of the Haihe River basin during 1966–2015 is 2.504 m/s, with a
maximum of 3.227 m/s in 1969 and a minimum of 2.043 m/s in 2003. Also, it shows a declining
trend with a tendency rate of 0.17 m/s per decade. However, the annual wind speed in 2006–2015
is 0.029 m/s higher than that in 1996–2005. The mean M-K value is −3.95. Since 1972, the annual
mean wind speed decreases continuously. In 1980, the trend value exceeds the critical value of α = 5%,
indicating a significant decline in the annual wind speed. The maximum decrease is observed in
winter, with a tendency rate of −0.0214 h/a, followed by that in spring, autumn and summer, with a
tendency rate of −0.0205, −0.0149 and −0.0095, respectively. The wind speed in winter (2.53 m/s) and
spring (3.10 m/s) is higher than the mean, whereas in autumn (2.22 m/s) and summer (2.18 m/s) it is
lower than the mean.

Table 2 shows that the annual sunshine duration is negatively correlated with the annual
temperature, but positively correlated with the annual wind speed. Figure 9 shows that the annual
sunshine duration decreases as the annual temperature increases or as the annual wind speed decreases.
However, there is no significant correlation between seasonal sunshine duration and temperature; but
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a significant negative correlation exists between seasonal sunshine duration and wind speed, especially
in autumn.

Table 2. Correlation coefficients of sunshine duration with temperature, wind speed and low-level
cloudiness in the Haihe River basin.

Period Annual Winter Spring Summer Autumn

Temperature 1966–2015 −0.50 b −0.31 a −0.04 0.004 −0.37 a

Wind speed 1966–2015 0.61 b 0.61 b 0.38 b 0.51 b 0.61 b

Low-level cloudiness 1966–2010 −0.29 −0.81 b −0.17 −0.72 b −0.60 b

Notes: a means the correlation exceeds the critical value of α = 5%, b means the correlation exceeds the critical value
of α = 1%.
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4. Discussion

The decline trend of sunshine duration in the Haihe River basin is similar to that observed in
China [24,25] and many other regions [26–28]. Since the beginning of the 20th century, the decreasing
slows down. It is in accordance with the recent solar brightening. The analysis of seasonal variation led
to the same conclusion, and the maximum sunshine duration decrease mainly happened in summer.
The spatial distribution of wind speed (Figure 10) is very consistent with the declining trend in
sunshine duration (Figure 8). Seasonally, the minimum decrease of wind speed in summer tallies well
with the maximum decrease in sunshine duration. Also, the correlation coefficient suggests that the
wind speed is an influencing factor of sunshine duration. Figure 9 depicts a significant decline in wind
speed over the 50 years. This trend is quite similar to that observed by Yang [2] and Xu [29]. Low
wind speed is hardly strong enough to naturally blow away clouds, aerosols and other air pollutants,
and stronger winds lead to longer sunshine duration, further validating that wind speed influences
sunshine duration. Similar studies like Satheesh and Moorthy [30] showed that wind speed could
significantly affect global radiative forces by affecting natural aerosol concentration. Many studies also
have observed a correlation between aerosol and wind speed [31–33]. The interactions between wind
speed and aerosol loading may be the enabling forces behind the influence of wind speed on changes
in sunshine duration [34].
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duration. However, with the rise in temperature, more moisture is evaporated from the ocean, therefore
increasing the amount of atmospheric water vapor—greenhouse gas. In this way, the greenhouse effect
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becomes stronger, resulting in a further increase in temperature. Additionally, urbanization processes
in this area enhance the rise in temperatures [35,36]. Thus, though the annual mean temperature in the
Haihe River basin is on the rise, the sunshine duration is decreasing.

According to the latest IPCC (Intergovernmental Panel on Climate Change) report, human activity
is likely to be the main cause of global warming since the middle of the 20th century, and continued
emission of greenhouse gases would cause further warming and aerosols [37]. Aerosols can absorb
solar radiation, resulting in a reduction in the solar radiation reaching the ground and, consequently, a
reduction in the sunshine duration [11,38]. In the Haihe River basin, there is a significant correlation
between the aerosol index and sunshine duration, indicating that change in aerosols has an impact
on the decrease in sunshine duration. It is found that the aerosol index increases sharply since 1989,
which is consistent with the trend in sunshine duration. Spatially, the most obvious increase in aerosol
index is observed in the eastern and southern regions of the basin where there is a decrease in solar
radiation [39].

Low-level cloudiness and sunshine duration has apparent correlation [40]. In general, the clouds
can absorb and hinder the sunshine, and the decrease of sunshine duration is closely related to the
increase of cloud cover. However, in this study, the variation of low-level cloudiness was insignificant
and even decreasing accompanying the fall in sunshine duration for 1966–1997. The mean annual
low-level cloudiness of the Haihe River basin during 1966–2010 is 46.10%, with a maximum of 52.49%
in 2006 and a minimum of 38.94% in 1997 (Figure 9). During 1980–1990, the trend value exceeds the
critical value of α = 5%, indicating a significant decline in the annual low-level cloudiness. In the
late 1990s, however, the trend is increasing, and annual low-level cloudiness is increased by 0.083.
The maximum increase is observed in winter, and in spring, the low-level cloudiness is decreased.
The correlation between annual sunshine duration and annual low cloud cover is not significant
(Table 2), but seasonal correlation exceeds the critical value of α = 1%. In winter, the correlation
coefficient of sunshine duration with low-level cloudiness is −0.81, which is the highest.

The decrease in sunshine hours is not driven by cloud cover change in the study area. Beginning
in the 20th century the low-level cloudiness was increasing. Similarly, Kaiser [41] found a decreasing
trend for most of the stations in China during 1951–1994, and Qian [42] found the decrease trend
in 1955–2000. Albrecht [43] explained that increases in aerosol concentrations over the oceans may
increase the amount of low-level cloudiness. The increase of low-level cloudiness in winter may be
caused by burning fossil fuels for winter heating.

5. Conclusions

In this study, the temporal and spatial variability of sunshine radiation and its relationship with
temperature and wind speed were analyzed based on the data from 33 meteorological stations in the
Haihe River basin during 1966–2015. The results show that the annual, seasonal and monthly sunshine
duration in the Haihe River basin shows a decreasing trend. The annual sunshine duration is much
longer in the northwest Yanshan and Taihang mountainous regions with a low population density than
that in the southeast regions with a high population density. Annual sunshine duration is correlated
negatively with temperature, but positively with wind speed. However, seasonal sunshine duration is
positively correlated only with wind speed, and negatively correlated with low-level cloudiness. Thus,
wind speed may be one of the important causes of the decrease of sunshine duration in the Haihe
River basin. These changes may have significant implications for the hydrological cycle in the area.
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