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Abstract: Based on the observation data of daily temperature and precipitation in summer and
autumn of 68 representative meteorological stations in Fujian Province from 1971 to 2018, using the
climate Tendency Rate, Mann-Kendall trend test, Morlet wavelet analysis and other methods, this
paper analyzes the variation trends of air temperature and annual precipitation and the wavelet
periodic variation characteristics of annual precipitation time series in summer and autumn of Fujian
Province over a period of approximately 48 years. The results show that over the approximately
48 years, the temperature and precipitation in summer and autumn in Fujian showed an obvious
upward trend, which had a mutation around 2000, but the mutation time was different, and the
precipitation was slightly earlier. The annual temperature and precipitation in summer and autumn
experienced three oscillations on the 28a scale. In the 28a time scale of summer autumn seasonal os-
cillation, there are three negative centers and two positive centers. According to the characteristics of
annual average temperature and annual precipitation in the first major cycle, the annual precipitation
in summer and autumn will continue to increase in the future.

Keywords: Fujian; precipitation; temperature; wavelet analysis; Mann-Kendall analysis; abrupt
change point

1. Introduction

Under the background of global warming mainly due to climate change, the pre-
sentation of temperature warming trends, resulting in the heat resources of agricultural
climates increasing, has a major impact on agricultural production [1–3]. According to
some studies, global warming in the last 100 years has been more obvious, especially over
the last approximately 48 years. This warming is obvious on the millennium scale, and
the warming in the last 100 years has been as high as 0.85~0.89 ◦C, given in the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC; 2013) [4,5].
The measurement of the amount of heat resources mainly includes the temperature, the
accumulated temperature, the limit temperature, and the length of the frost-free period.
Domestic scholars have done a lot of research on the characteristics and trends of changes
in temperature, heat, etc., but the rate of change in different regions is different, and the
impact on different crops is also different [6–10].

According to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC), the decreasing trend of precipitation and the increasing trend of evapotran-
spiration leads to drought [5]. Therefore, detecting the trend change of precipitation and
temperature around the world is very important [11–15]. The planning and utilization of
water resources is largely dependent on monsoon rainfall, but the unpredictable and uneven
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distribution of rainfall over time and space can lead to flooding in some parts of the region
and drought in others. For hydrologists, agriculturalists, and meteorologists, the analysis
of spatial and temporal variations of rainfall and temperature is of great significance in the
sustainable utilization of water resources, flood control, and drought resistance [16–18].

Fujian Province is located in the southeast coastal region and belongs to the subtropical
climate. The heat conditions and abundant rainfall in the second half of the year are good,
which is beneficial to the development of agricultural production. Understanding the
climate change laws of thermal resources in Fujian during the summer and autumn seasons
will help to rationally lay out the agricultural planting structure, reduce the impact of
natural disasters, and improve the utilization efficiency of climate resources. To our
knowledge, there are few studies on the coordination of water and heat in summer and
autumn in Fujian. Therefore, in this work we analyzed the trend and periodic characteristics
of water and heat changes in summer and autumn based on the daily meteorological data
of 68 meteorological stations in Fujian Province from 1971 to 2018, with a view to high
yield and quality of agriculture providing a scientific basis.

2. Materials and Methods
2.1. Study Area

Fujian is located in the southeast of China and near the East China Sea (Figure 1). Its
land area is between 23◦33′ and 28◦20′ north latitude, 115◦50′ and 120◦40′ east longitude.
The terrain is dominated by mountains and hills, which account for about eighty-five
percent of the province’s total area and are mainly concentrated in the west and central
regions. The province has a land area of 121,400 square kilometers and more than 3300 km of
coastline, with a resident population of nearly 37 million people. The climate is subtropical
and monsoon, with plenty of rain and light. The climatic region difference is large; the
southeast Fujian coastal area belongs to the south subtropical climate, the northeast, the
north and the west of Fujian belong to the middle subtropical climate.
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2.2. Data Sources and Processing

The meteorological data used in this paper is from the Fujian Meteorological Bu-
reau, and the daily meteorological data (temperature and precipitation) of 1971–2018
(June–November) from 68 meteorological stations in the research area of Fujian province
were selected. Where part of the meteorological station daily value data was missing or
abnormal, linear interpolation of mean or median value methods were used to supplement
the missing data, according to the situation [19,20]. After filling in the missing values, the
correlative tests were carried out with adjacent stations [21,22].

2.3. Data Processing Method
2.3.1. Climate Tendency Rate

The climate tendency rate reflects the changing trend of climate elements, which can be
calculated using linear regression. The calculation formula of linear regression coefficient
(a) sample (Yi) and time is as follows:

Yi = at + b (1)

where t, b, and 10 × a are time series, empirical coefficient, and climate tendency rate,
respectively. Coefficients a and b are estimated by the least square method. Regression
coefficient b can reflect the change trend of meteorological factors. a > 0 indicates an
increasing trend, while a < 0 suggests a decreasing trend.

2.3.2. Pearson Correlation

Pearson correlation coefficients are often used to detect whether independent and
dependent variables are correlated. Their values range between −1 and 1. The formula is
as follows:

Px, y =
∑ (x− x)∑ (y− y)√
(x− x)2

√
(y− y)2

(2)

where Px,y is correlation coefficient between variable x and variable y, x, and y is respec-
tively the average value. The standard deviation, root mean square error, and Pearson
coefficient of the meteorological factors were calculated [23].

When r > 0, it indicates that two variables are positively correlated, that is, the greater
the value of one variable is, the greater the value of the other variable will be.

When r < 0, it indicates that the two variables are negatively correlated, that is, the
larger the value of one variable is, the smaller the value of the other variable will be.

When r = 0, it indicates that the two variables are not linearly correlated (note that the
correlation is only nonlinear), but may be correlated in other ways (such as in a curvilinear manner).

When r is equal to 1 and negative 1, that means that the two variables X and Y can be
well described by the equation of the line, and all of the sample points fall nicely on a line.

2.3.3. Sen’s Slope Estimator

The Theil-Sen Median method, also known as Sen’s slope estimation, is a robust
non-parametric statistical trend calculation method [24]. This method can significantly
reduce the influence of outliers and has a high computational efficiency. It is often used for
trend analysis of long-term series data. Sen’s slope method is often used in combination
with the Mann-Kendall trend test to determine the significance of a sequence trend [25–28].
Sen’s slope (Tx) of all data pairs is calculated using the following equation:

Tx =
xj − xk

j− k
, for i = 1, 2, 3, . . . , n, (3)
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where xj and xk are data values at time j and k (j > k) separately. The median of these n
values of Tx is represented by Sen’s slope of estimation (true slope) which is calculated
using the following equation:

Si =

{
T(n+1)/2 if n is odd,

1
2

(
T n

2
+ T n+2

2

)
if n is even.

(4)

Sen’s estimator (Si) is calculated using the above equation depending upon the value
of n either odd or even and then Si is computed using 100 (1 − a) % confidence interval
using the nonparametric test depending upon normal distribution. A positive value of Si
indicates increasing (upward) trend while a negative value of Si represents downward or
decreasing trend of time series data [29].

2.3.4. Mann-Kendall Trend Testing

The Mann-Kendall trend test is another non-parametric method for detecting the
significance of the trends of climate variables [30,31]. Compared with parameter tests,
the advantage of the M-K trend test is that its sample does not need to follow certain
distribution requirements nor is it affected by a few outliers, so it is more suitable for type
variables and sequential variables. The trend analysis method has been used widely in
hydrology and meteorology in recent years [32,33].

The M-K test statistic S is calculated as:

S =

n−1

∑
j=1

n

∑
k=j+1

sgn
(
xk − xj

)
(5)

where xj and xk are time series value of the jth and kth years (k > j) and n is the length of
time series. The sgn(xk − xj) is sign function.

sgn
(
xk − xj

)
=


1, xk − xj > 0
0, xk − xj = 0
−1, xk − xj < 0

(6)

The standard normal test statistic ZS is computed as:

Zs =


S−1√
Var(S)

, S > 0

0, S = 0
S+1√
Var(S)

, S < 0
(7)

In this paper, we used a confidence level of α = 0.05 to test the data and find out the
change points through the M-K test and to analyze the trend of meteorological factors.
When the Sen’s trend degree is β > 0, the time series exhibits an upward trend; and when
β < 0, the time series exhibits a downward trend. Moreover, when the statistical quantity
|Zs| > 1.96 in the M-K trend test, the trend passes the 0.05 significant level; otherwise,
the trend does not pass the 0.05 significance level. A sequential Mann-Kendall test that
estimates progressive (UF) and backward (UB) series was used to detect abrupt variation
years in the study series [34–36].

2.3.5. Morlet Wavelet Analysis

Continuous wavelet transform (CWT) was developed based on Fourier transform.
It adopted variable size and movable change window for spectrum analysis, which can
obtain time-frequency coupling characteristics of data series, and became an effective tool
for analyzing time series.
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Morlet wavelet analysis [37] was used to characterize the periodic variations. Wavelet
transformation can reflect the periodic changes in the temperature and precipitation on
different time scales and their distribution in the time domain. The wavelet variance reflects
the distribution of the temperature and precipitation with the time scale. It can be used to
determine the main oscillation period in the evolution process.

Morlet wavelet was selected as the basic wavelet, and was calculated as follows:

y(t) = eiate − t2/2 (8)

where a is a constant. When a is ≥ 5, the Morlet wavelet satisfies the permissible condition.
It is the time variable.

Data processing uses Excel2013 software and Matlab R2014a for processing and
drawing [38,39].

3. Results
3.1. Temporal Variations

Table 1 presents a summary of the results of the analysis of the of temperature and
precipitation in summer and autumn in Fujian from 1971 to 2018. Thus, it can be seen
that the average annual temperature was 24.7 ◦C, the standard deviation was 0.5 ◦C, and
the coefficient of variation was 2.1. The highest value of annual temperature was 26.0 ◦C
in 2017, the lowest value was 23.6 ◦C in 1997, and the difference was 2.4 ◦C. In terms of
the decadal coefficient of variation, the phase characteristics of temperature changes are
obvious. The fluctuations were large in the 1990s and 2000s, declined in the 1980s, and
then continued to rise with a clear upward trend (Figure 2). The Z-value of the Mann-
Kendall trend test is 3.92, and the reliability value of 99% is 2.32, showing an extremely
significant upward trend (p < 0.01), and the Sen’s slope is 0.21 ◦C/decade. The unary linear
fitting equation of the annual average temperature is y = 0.0225x + 24.184, and the climate
tendency rate is 0.225 ◦C/decade, which is close to the Sen’s slope result; the variance is
0.6, which also passes the test of the significance level of 0.01.

In order to further analyze the inter-decadal variation of the annual average temper-
ature characteristics, the Mann-Kendall mutation test was performed on each sequence,
and the results are shown in Figure 3. It can be seen from the Mann-Kendall mutation test
result UF (Figure 3) that the average annual temperature in summer and autumn showed
a minimum value in the early 1970s and the early 1990s, and fluctuated between 0 and 2.
After 2000, it entered a relatively stable growth trend. The UF and UB curves intersect at a
point in 2001; the intersection point is between the 5% significant level critical line, and
the UF curve exceeds the 0.05 significant level critical line after 2010, indicating that the
annual average temperature in the summer and autumn in Fujian has changed from lower
significant mutations to high, and the mutations occurred in 2001. In the 21st century, the
temperature began to increase and remained at a level representing a positive anomaly for
many years. This is very consistent with the above-mentioned analysis of inter-decadal
changes in the time domain of annual average temperature.

Table 1. Summary of the results of the analysis of the of temperature and precipitation (Ave: average
of values for the 48years, Std: standard deviation of the values, CV: coefficient of variation, Hv:
highest value, Lv: lowest value).

Factors Std Ave CV/% Hv Lv

Temperature/◦C 0.5 24.7 2.1 26.0 23.6

Precipitation/mm 8.6 339.3 2.5 359.3 309.4
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Figure 2. Trends of annual average temperature changes during the summer and autumn seasons in
Fujian from 1971 to 2018.
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Figure 3. M-K test of the trends of annual average temperature changes during the summer and
autumn seasons in Fujian from 1971 to 2018.

The annual precipitation in summer and autumn in Fujian from 1971 to 2018 was
339.3mm, the standard deviation was 8.6mm, and the coefficient of variation was 2.5.
The highest value of annual precipitation was 359.3mm in 2017, and the lowest value
was 309.4mm in 2015, with a difference of 49.9mm. In terms of the decadal coefficient
of variation, the phase characteristics of t precipitation changes are obvious, with large
fluctuations in the 1990s and 2000s, decreased in the 1980s, and then continued to rise with
an obvious upward trend (Figure 4). The Z-value of Mann-Kendall trend test is 3.6, the
reliability value of 99% is 2.32, showing an extremely significant upward trend (p < 0.01),
and the Sen’s slope is 3.0mm/decade. The equation of the one-variable linear fitting is:
y = 0.2599x + 332.91, and the climate tendency rate is 2.6mm/decade, which is close to the
Sen’s slope result; the variance is 0.42, which only passes the significance level 0.1 test, and
it is different to the Mann-Kendall trend test.
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It can be seen in the Mann-Kendall mutation test results (Figure 5) that the UF and UB
curves intersect at one point in 1999, and the UF curve exceeds the 0.05 significant level critical
line after 2008, indicating that the annual precipitation in summer and autumn of Fujian
has undergone a significant mutation from low to high, and the mutation occurred in 1999.
It can be seen in UF curve that the variation trend of annual precipitation in the whole of
summer and autumn is basically the same as that of temperature, and it shows a relatively
stable growth trend after 2000, but the abrupt change point is different. However, in the
21st century, the amount of rainfall began to increase and remained at a level representing
a positive anomaly for many years. This is very consistent with the above analysis of the
decadal variation of annual precipitation in the time domain (Figure 6a,b).
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Figure 4. Trends of annual precipitation changes during the summer and autumn seasons in Fujian
from 1971 to 2018.
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Figure 5. M-K test of the trends of annual precipitation changes during the summer and autumn
seasons in Fujian from 1971 to 2018.
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Figure 6. Anomaly changes of annual average temperature (a) and precipitation (b) during the
summer and autumn seasons in Fujian from 1971 to 2018.

3.2. Temporal Scales Variations

Figure 7 presents the real part of the Morlet wavelet analysis of temperature and
precipitation in summer and autumn in Fujian from 1971 to 2018. Positive areas indicate
high (excessive) average annual temperature (precipitation), while negative areas indicate
the contrary. It shows that in summer and autumn in Fujian the annual air temperature and
precipitation series of wavelet coefficients in the time–frequency domain characteristics,
for a particular climate signal, a time scale of positive (negative) wavelet coefficient area on
time scales should be warm (cold) change warm (cold) phase, the greater the absolute value
of wavelet coefficient, show that the time scale of warm (cold) changes more significant.

As can be seen in Figure 7a, the average annual temperature changed sharply during
1971–1981 and 2008–2018, while the other periods were relatively gentle. The average
annual temperature in summer and autumn displays obvious periodic fluctuations on two
scales. On the inter annual scale below 10a, there is a small-scale signal with a period of 5a,
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and the signal has a whole region. The oscillation center gradually shifted from the initial
5a to 15a, and then returned to about 5a, presenting a parabola shape. At the large scale,
there are 28a periodic changes, which are region wide. There are alternately positive and
negative centers, and there are 3 negative centers and 2 positive centers.
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As can be seen in Figure 7b, the contour lines are relatively dense during 1971−1981
and 2008–2018, indicating that precipitation changes sharply and fluctuates in a large range.
On the time scale below 10a, there is a 5a cycle change, which covers the whole region.
Before 2000, there were obvious mesoscale signals with a 20a period. On the scale of 10a
periodic fluctuation, the oscillation center gradually shifted from 10a to 15a in 2000, and
the signal covers a whole region, forming a tail − upward shape. On a large timescale,
there are 28a cycle changes, which are regional and stable. Similar to the average annual
temperature, there are alternating positive and negative centers with the same number.

3.3. Time Period Determination

Figure 8 shows the characteristics of the wavelet variances of the annual temperature
and annual precipitation in the summer and autumn seasons in Fujian from 1971 to 2018.
It can be seen that the variance of the wavelet coefficients of temperature and precipitation
gradually increased, with basically the same trend, reaching the peak in 28a and then
falling back. There are several small platforms in the middle, representing different periods
of oscillation. The oscillation period mainly includes quasi-oscillation period of 5, 11, 21,
and 28a, and the wavelet coefficient value of 28a has the largest variance (Figure 7). Because
the maximum value of wavelet coefficient variance determines the maximum period of
periodic oscillation of climate factors, that is, the main period or the first period, the main
period of air temperature and precipitation in summer and autumn in Fujian is the same,
both of which are 28a.
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Figure 8. The characteristics of the wavelet variances of the annual temperature (a) and annual precipitation (b) in the
summer and autumn seasons in Fujian from 1971 to 2018.

According to the contour map of the real part of the Morlet wavelet coefficients of
annual temperature (a) and annual precipitation (b) in Fujian from 1971 to 2018 (Figure 7),
the oscillation period with the most dense and the most significant contour value center
is about 28a. Combining the results of the wavelet variance test of the two, it can be
determined that the 28a time scale is the first major period. Therefore, a wavelet coefficient
variation characteristic map of the main period of annual average temperature and annual
precipitation in Fujian was createdto analyze the period variation characteristics of different
time scales in summer and autumn.

3.4. Correlation Analysis

Here we examine the relationship between temperature and precipitation in a given
region, and how that relationship can be determined. According to the main oscillation
period of annual temperature and precipitation in summer and autumn, the relationship
between them is analyzed using the Pearson correlation coefficient. The Pearson correlation
coefficient is 0.99 that of the first major cycle variation of the annual temperature and annual
precipitation in the summer and autumn seasons in Fujian from 1971 to 2018, which passes
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the significance level 0.01 test. Therefore, on a large scale, the trend of temperature and
precipitation in Fujian is consistent.

As can be seen in Figure 9, the annual temperature and precipitation in summer and
autumn from 1971 to 2018 experienced three quasi-oscillations with alternating rises and
falls on the 28a scale of the main period. The three top climate abrupt changes in the
average temperature and annual precipitation during the summer and autumn seasons in
Fujian were in 1971, 1987, and 2005, respectively, and the three low-climate abrupt changes
were in 1977, 1996, and 2014.
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Figure 9. The characteristics of the first major cycle variations of the annual temperature (a) and annual precipitation (b) in
the summer and autumn seasons in Fujian from 1971 to 2018.

It can be seen that the periods of low temperature and low precipitation in the long
summer and autumn seasons in the past 48 years were in 1971–1977, 1987–1996, and
2005–2014. The periods of high temperature and more rain in summer and autumn were in
1977–1987, 1996–2005, and 2014–2018.

According to the characteristics of the first main cycle change of annual temperature in
summer and autumn in Fujian from 1971 to 2018, the annual temperature in summer and
autumn will continue to increase in the future, and the annual precipitation will also be in the
process of increasing. The high temperature and rainy period are predicted to continue.

4. Discussion

The changing trend of temperature and precipitation is restricted by the length of
historical data, the regional characteristics, and the time period of selected historical
data, so the results are varied; some are obvious and some are not. But periodicity is a
common feature. Both seasonal precipitation and annual precipitation have multi-time
scale characteristics. The trend of temperature warming is basically the same all over the
country, and the climate tendency rate is slightly different in different regions [40].

Through the analysis of China’s meteorological data from the 1950s to the 2010s, we
found an overall warming trend of China’s climate [41]. In the past approximately 48 years,
the annual average temperature in China has increased significantly [42]. Climate change
has a significant impact on agricultural production [43]. For example, in northeast China,
the annual mean minimum temperature, mean temperature, and maximum temperature
increased by about 2.11 ◦C, 1.59 ◦C, and 1.13 ◦C respectively [44]. Since the 1960s, the
average annual precipitation in the Wei River basin had been decreasing, with an average
decrease of about 2 mm in 10 years. The frequency and intensity in the lower reaches of
Songhua River River, Mudanjiang River Basin, and upper reaches of Xiliao River increased
or strengthened [45,46]. Sulikowska’s study underlines that the trend towards extreme
temperatures is accelerating and that the rate of change over the past 40 years has been
more than three times that of the entire study period. Summer has changed most in central
and eastern Europe in the last 40 years [47].
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There is no clear or convincing scientific conclusion to explain the precipitation
changes in the eastern part of China. In general, the formation of Fujian’s climate (e.g.,
temperature, precipitation, and tropical cyclones) is influenced by many factors, among
which are the Asia-Pacific Oscillation (APO), sea surface temperature (SST) [48–51], the
Pacific Decadal Oscillation (PDO), and the El Nino-Southern Oscillation (ENSO) [52–57].
Some oscillation modes can play a crucial role in the modulation of autumn precipitation
at the regional scale in China, and their anomalies can influence atmospheric circulation
and thus drought in southern China.

In addition, the intensity and frequency of extreme precipitation in different stages of
urbanization have different distribution patterns, and urbanization has different effects
on extreme precipitation in different regions of the city; the intensity and frequency of the
extreme precipitation in the downwind direction of the city and its suburbs are increas-
ing [58]. The annual precipitation, the intensity of precipitation, the number of moderate
rain events, and the number of rainstorm days all increased in the core metropolitan area
of Chongqing, showing the obvious characteristic of “urban rain island” [59].

From the relationship between temperature and precipitation, there are studies which
show that the top 10% bin of precipitation intensity increases by about 95% for each degree
Kelvin (K) increase in global mean temperature, while 30%–60% bins decrease by about 20%
K-1. The global average precipitation intensity increases by about 23% K−1, substantially
greater than the increase of about 7% K−1 in atmospheric water-holding capacity estimated
by the Clausius-Clapeyron equation [60].

Ocurtsov concluded that there is a link between solar activity in South Fenos Candia
and changes in climate over a decade and two years [61]. The impact of global warming
can be seen on rainfall in Madagascar, with annual rainfall increasing as temperatures
and altitudes rise, according to the TANTELLINIAINA study. However, if the annual
temperature increases by more than 0.03 ◦C, the annual rainfall will increase regardless
of the altitude [62]. The combination of drought and extreme heat in Europe has been
investigated, and the trend is mainly driven by the decreasing trend of total precipitation
and is not directly affected by the rising trend of temperature [63]. Drought disasters
are significantly affected by rising temperatures and have a significant impact on the
availability and consumption of water resources and agricultural production.

The increase in precipitation is beneficial to both rain-fed and irrigated agriculture,
but may be harmful to the humid areas in southeast China [64]. Climate change is having a
significant negative impact on agricultural output in low-latitude areas of China [65–68].
Rising temperature will shorten the growing period of crops and decrease the yield per
unit area [69], while high temperature is not conducive to the growth and development of
crops, increasing soil evaporation, reducing the relative humidity in the environment, and
increasing drought.

The climate in Fujian will be warm and humid in the future, which accords with the
finding of [70]. According to the authors of [70], significant warming and humidification
began in the late 1990s and is expected to continue until the end of the 21st century. The
dry-to-wet climate transition in eastern Northwest China could be related to a synergistic
enhancement of the East Asian summer monsoon and the westerly circulation.

Our study provides a scientific understanding of the changing patterns of temperature
and precipitation in Fujian Province by using data from historical stations, and the results
provide preliminary and important information on the changing trends and time scales of
temperature and precipitation. We found that evidence of periodic changes in temperature
and precipitation may affect water resources and agricultural sectors throughout the study
region, and this information could improve agricultural management. Based on our
analysis, we strongly recommend that further studies be conducted to identify the causes
of temperature and precipitation variations in Fujian, and to explore the reliability of the
predictors to provide accurate data for disaster reduction and prevention.
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5. Conclusions

This study used the M-K and Morlet wavelet analysis to analyze the periodic changes
of the time series of annual average temperature and annual precipitation in summer and
autumn seasons in Fujian from 1971 to 2018, and the main results of this study are as follows:

(1) In the summer and autumn of Fujian from 1971 to 2018, the average annual tempera-
ture and precipitation showed an obvious upward trend, but the climate tendency
rate was different.

(2) There are three negative centers and two positive centers in the 28a time scale of
summer autumn oscillation.

(3) In the 28a scale of the first major cycle, there are three top abrupt climate change points
of Fujian summer and autumn average annual temperature and annual precipitation,
which are in 1971, 1987, and 2005, and three valley abrupt climate change points are
in 1977, 1996, and 2014. There are three quasi oscillations of fluctuation alternation.

(4) From the change characteristics of the first major cycle of annual average temperature
and annual precipitation in summer and autumn in Fujian from 1971 to 2018, the
annual average temperature and precipitation in summer and autumn will continue
to increase in the future.
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