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Abstract: Evaporation is a key element of the water and energy cycle and is essential in determining
the spatial and temporal variations of meteorological elements. In particular, evaporation is crucial for
thoroughly understanding the climate variations of a region. In this study, we discussed evaporation,
precipitation, and temperature by adopting Linyi City in Shandong Province, China, which is an
important agricultural region, as a research case. Linear regression analysis, the empirical orthogonal
decomposition function, and the Morlet wavelet function were used to reveal the trends, spatiotemporal
modes, and multi-time scale characteristics of the three climate factors and provide a theoretical basis
for the efficient use of climate resources in the future development of regional agriculture. Results
showed that the precipitation (2.09 mm/a) and temperature (0.04 °C/a) in Linyi City exhibited a
synchronous growth trend. Conversely, evaporation (—6.47 mm/a) showed a decreasing trend and the
evaporation paradox because of the considerable decrease in evaporation energy. Regional
development of water-consuming agriculture in consideration of global warming is a key point for
improving water use efficiency in Linyi City. In terms of spatial distribution, precipitation was
dominated by the first mode wherein low precipitation was observed at the early stage, and high
precipitation occurred at the late stage. The first mode was supplemented by the second mode wherein
an inverse phase change occurred in the southeast-northwest direction. Large interannual fluctuations
were observed only in Yinan County. Temperature exhibited a pattern of warming change with high
homogeneity. Evaporation demonstrated obvious heterogeneity and was dominated by two major
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modes, and the difference in evaporation between Junan County and the other regions of Linyi City
was large. Therefore, the local regional climate changes in Yinan and Junan should be given attention.
All three meteorological elements showed interannual and interdecadal variations in the short (5 a),
medium (16 a), and long (25 a) terms, with precipitation, temperature, and evaporation dominated
by 16 a, 24 a, and 31 a, respectively. In the short-term future, the regional precipitation and temperature
in Linyi will experience decrements that are above the multiyear average, and evaporation will increase
to above the multiyear average. Given the changing trends of precipitation, temperature, and
evaporation, urgent requirements for the regional development of efficient water-saving irrigation and
the promotion of digital agriculture should be proposed.

Keywords: precipitation; temperature; evaporation; Linyi; spatiotemporal variation

1. Introduction

Currently, Earth’s climate is undergoing considerable changes characterized by warming. The
Sixth Assessment Report of the Intergovernmental Panel on Climate Change states that from 18501900,
the global average surface temperature increased by about 1 °C, and it is expected to increase even
further by more than 1.5 °C in the next 20 years [1]. Global warming affects the earth’s hydrological
cycle, thus increasing the frequency of abnormal weather patterns [2,3]. The effects of climate change
on agriculture and food security are also expected to be substantial, albeit differing across regions and
crops. Coupled with the burgeoning global population, there exists an imperative for agricultural
adaptation to safeguard forthcoming food security. In China, extreme weather events, such as the
strong sandstorms that swept across most of the northern regions in 2021 and the 7.20 Henan torrential
rain that took place in the same year, frequently occur [4,5]. In addition, prolonged high-temperature
abnormal weather was observed in the upper and middle reaches of the Yangtze River in 2022.
Different regions have different response mechanisms to global warming, and these mechanisms
involve various climate change characteristics [6]. Therefore, climate variations must be determined
at the regional scale.

Linyi is located in the southeast of Shandong Province and has a complex topography. Its northern
part is Yimeng Mountain, and its southern part is a vast plain, which is an important commodity grain
base in Shandong Province. Against the background of global warming, extreme precipitation occurs
frequently in summer in Shandong Province, especially in Linyi City, which is located in southeastern
Shandong [7,8]. Extreme climate variation poses serious challenges to the sustainable development of
agricultural production in this city.

Numerous studies have been conducted on meteorological changes, especially climate element
variations. However, most of them were limited to two main elements, namely, precipitation and
temperature. Ren et al. [9] analyzed the characteristics of precipitation and air temperature changes in
Shandong Province. Dong et al. [10] examined the trend, mutation, periodicity, and other
characteristics of precipitation in Shandong Province in the past 50 years. Cheng et al. [11] predicted
future precipitation and temperature through the R/S method by analyzing climate characteristics. Wu
et al. [12] investigated the climate change trend and mutation characteristics of Linyi in the past 44
years. Xu et al. [13] studied the periodic changes in temperature and precipitation at different time
scales in Linyi and predicted future trends. Only a few of the abovementioned studies in Linyi City
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considered the evaporation element. Evaporation is a key element for the water and energy cycle, and
its long-term trends have become an increasingly important topic in modern hydrology. Increased
attention should be devoted to the evaporation element in climate change research.

Various methods of meteorological analysis have been employed in recent studies. For instance,
Zhang et al. [14] used ensemble empirical mode decomposition and empirical orthogonal function
(EOF) decomposition to analyze the spatiotemporal characteristics of meteorological droughts worldwide
from 1901 to 2020. Yetik et al. [15] investigated the precipitation trends in Turkey from 1980 to 2019
using Spearman rank correlation, Mann—Kendall tests, and Sen’s slope. They analyzed spatiotemporal
variations and identified potential change points. Zhao and Luo [16] utilized wavelet analysis to
examine the changes in temperature and precipitation in Dabie Mountain of West Anhui. Compared
with the Mann—Kendall test and Sen’s slope, linear trend analysis is a simpler calculation method but
is equally effective in analyzing trends in meteorological data [17]. EOF analysis can transform a high-
dimensional data set into a set of orthogonal patterns, where each pattern represents a different
variation pattern of the original data [18]. In this way, the dimensions of the data can be greatly
reduced, making it easier to analyze and interpret [19]. Wavelet analysis is relatively flexible in
processing signal boundaries, and does not have the problem of spectrum leakage as the traditional
Fourier transform, it has a strong ability to analyze non-stationary signals, and can effectively capture
the time-varying characteristics of signals, so as to better understand and predict meteorological
phenomena [20]. Meteorological data usually have changes on multiple scales, from meteorological
events on short time scales to climate changes on long time scales [21]. Wavelet analysis can
decompose and analyze data in different time scales, making the analysis results more multi-scale.
With the support of meteorological monitoring data (precipitation and temperature data in 1972-2021,
especially evaporation data in 1972-2013) from 10 meteorological stations in Linyi City, we analyze
the spatiotemporal characteristics of the three major meteorological elements via linear regression
analysis, EOF, and the complex-value Morlet wavelet function. We focus on revealing the trends,
modes, and periodicity characteristics of the three major meteorological elements to effectively guide
regional agricultural production.

2. Study area

Linyi is located in the southeastern part of Shandong Province, China. It borders the Yellow Sea
to the east and is crossed by Yi River. Linyi has an area of 17,191.2 km?, and its geographic coordinates
are 34°22'-36°13' N and 117°24'-119°11" E. It has jurisdiction over three districts, including Lanshan,
and nine counties, such as Tancheng. The distribution of meteorological stations in Linyi City and
other counties is shown in Figure 1. The terrain in Linyi City is complex and diverse, with high
elevations in the northwest and low ones in the southeast. Three major mountain ranges, namely,
Yishan, Mengshan, and Nishan, extend northwest to southeast and control the flow of Yi River, Shu
River, and their major tributaries. With Yi and Shu Rivers as the center, the city is surrounded by
mountains on the west, north, and east, forming a fan-shaped alluvial plain to the south.
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Figure 1. Distribution of meteorological stations in Linyi.
3. Materials and methods
3.1. Data source and process

The Linyi Meteorological Bureau provides access to a long series of meteorological data at a
monthly scale. Given the limitation in the validity of different data, a difference exists in the observed
length of the series. The series length of precipitation and evaporation was up to 49 years from 1972
to 2021, whereas that of evaporation was 41 years from 1972 to 2013. The missing information is the
annual evaporation of Lanling and Linshu Stations from 1994 to 1998, which accounts for 2.38% of
the total evaporation. The moving average interpolation method was used to fill the missing value
caused by individual missing values in this series [17], Missing values were replaced by mean values
of meteorological data for the same period from bordering stations.

3.2. Research methods
3.2.1. Linear trend analysis

The annual variation of each meteorological element can be expressed by a 1D linear regression
model as follows [17]:

x = a+ bt, (1)

where x is the meteorological variable, ¢ represents time, a is the regression constant, and b is the
regression coefficient used to evaluate the trend of each meteorological variable, namely, the
tendency rate.
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3.2.2. EOF

EOF is a commonly used method in meteorological diagnosis that separates temporal and spatial
variations. It decomposes the variable field, which changes over time, into a sum of spatial and temporal
functions; the former varies with time, and the latter shows the opposite. The main purpose of EOF is
to project the normally high-dimensional physical variables x(t) onto a few dominant EOF patterns [18].

Continuous meteorological observation data at various gauges are regarded as an m-dimensional
random vector X, where x;; is the observation data of the i th gauge station in year j. Meteorological
data field X can be decomposed into the linear combination of feature vector matrix V' and
corresponding time coeftficient matrix 7 as follows [19]:

Vir 0 Vin[tin o tin
” ] )

Umi " VUmn

X=VT =

tm1 " tmn

A random test is required to verify the random property of the spatial mode in the observation
data because any random number or false data will be decomposed into a suite of spatial eigenvectors
and principal components. The error range of characteristic roots, A4 is used to measure the
significance. At the 95% confidence level, the error range of a characteristic root can be expressed as

follows [20]:
2
a=2]2, 3)

where A is the characteristic root and N* is the freedom degree of the data. Each characteristic root
A is inputted to Eq (3) to obtain error range AA. If the AA caused by two characteristic roots shows
some type of overlap before and after, then it fails the significance test.

The time coefficient represents the time variation characteristic of the distribution, which is
represented by the feature vector. If the time coefficient is positive, then the same variation direction
as that in the spatial mode will be obtained and vice versa. The larger the absolute value of the time
coefficient is, the more significant this type of distribution is.

3.2.3. Wavelet analysis

Wavelets can characterize the local features of time series in time and frequency domains, and
they have been widely used in meteorological and hydrological studies in recent years [21-24].
Wavelet transform has been studied for many years and used to achieve a good fit to meteorological
time-scale data. In terms of 1D time series, which can be delineated as f(t) € L?(R), the wavelet
transform function Wr(a, b) is the shifted ¥ (t) with b displacement, and the inner product between
the shifted Y (t) and the function f{?) is calculated at different scales of a, as expressed in Eq (4). A
n/2 bit-phase difference exists between the real and imaginary parts of the complex Morlet wavelet,
and it can eliminate the oscillation of the wavelet transform coefficients in real form and separate the
mode and phase of the wavelet transform coefficients [25]. The expression of the complex Morlet
wavelet is given as:

Wy(ab) = lal ™2 [*7 () P(D)dt, )
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where P(t) —(t) is the complex conjugate function and Wj(a,b) denotes the wavelet
transform coefficients.

—t2

P(t) = eez, ©)

where c is a constant and i is the imaginary part.

In this study, complex Morlet wavelet transform was utilized to explore the periodic variations of
three main meteorological elements in Linyi City. According to wavelet transform theory, the positive
or negative magnitudes of the real part of the wavelet coefficients indicate the fluctuations of each
meteorological element around the multiyear averages in the wavelet variation domain, which in turn
can reflect the energy strength of temporal variation. In the contour map of the mode square, that is,
the energy map, the energy of the fluctuating strength of each climate element in the wavelet change
domain is described to reveal the fluctuating changes in the energy aggregation center in the time domain.

Wavelet variance is the integrated square of all wavelet coefficients at different scales in the
time domain, and it is used to determine the main time scales that exist in a certain time series as
follows [25]:

var(a) = [~ |Wi(a, b)|?db. (6)

4. Results
4.1. Trend analysis of the three major meteorological elements

The average annual precipitation in Linyi is 809.04 mm, with the south and the north having
high and low spatial distributions, respectively (Figure 2). The average annual temperature is 13.65 °C
and exhibits a general decrease from the southwest to the northeast. The average annual evaporation
is 1638.91 mm, which increases with latitude. Linyi City has a temperate monsoon climate with four
distinct seasons and sufficient rainfall. Under these climate conditions, the three major elements have
undergone considerable spatiotemporal changes because of global warming.
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Figure 2. Multiyear average of each meteorological element.
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4.1.1.  Overall trend property of the three major meteorological elements

Figure 3 displays the temporal variation curves of the overall annual average of the three major
meteorological elements from 10 meteorological stations in Linyi City. The average annual precipitation
in Linyi is 809.04 mm. The maximum precipitation (1178.64 mm) occurred in 1974, and it was 2.29
times greater than the minimum precipitation in 2002 (514.92 mm), indicating a large interannual
difference in precipitation. A weak upward trend with an annual variation rate of 2.09 mm/a (R*>=10.03)
was observed in the precipitation series. The multiyear average annual temperature was 13.65 °C; the
highest temperature of 14.83 °C was recorded in 2017, and the lowest temperature of 12.39 °C was
recorded in 1980. Temperature exhibited a similar upward trend as precipitation, but its trend was more
significant than that of precipitation, with an R? value of 0.67 and an annual variation rate of 0.04 °C.
By contrast, evaporation showed a downward trend of —6.47 mm/a (R? = 0.32), which was the
complete opposite of the trend of precipitation. The highest evaporation value of 2007.01 mm occurred
in 1978, and the lowest value of 1313.99 mm was found in 2003.
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Figure 3. Changes and trends of each climate element.

4.1.2. Spatial heterogeneity of the trends of the three major meteorological elements

The analysis above revealed that precipitation and temperature showed an increasing trend,
whereas evaporation presented a decreasing trend. Table 1 shows considerable differences in the
magnitude of the trends among stations, indicating a lack of spatial homogeneity. Temperature
exhibited the strongest spatial homogeneity among the three meteorological elements, and the spatial
heterogeneity in the evaporation series was the highest. Precipitation showed moderate spatial
heterogeneity, and the largest decrease was observed in Mengyin County, where the annual variation
rate was 1.76 times that of the regional trend. Pingyi, Linshu, and Feixian had the lowest
precipitation trend among the counties. The minimum value was 1.14 mm/a, and the maximum value
was only 1.16 mm/a, accounting for only 55.50% of the annual change rate of the regional trend.
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Table 1. Tendency rates of the meteorological elements in different regions.

Areas Precipitation variation Temperature variation Evaporation variation
rate (mm/a) rate (°C/a) rate (mm/a)

Mengyin 3.67 0.04 —8.04
Pingyi 1.14 0.04 —11.89
Feixian 1.16 0.04 —8.41
Yishui 2.26 0.04 —7.80
Yinan 2.22 0.03 —8.48
Linyi 2.83 0.04 -3.14
Junan 1.37 0.05 —6.19
Lanling 2.62 0.04 —9.71
Linshu 1.14 0.04 —-0.75
Tancheng 2.53 0.04 —-0.32

4.2. Spatiotemporal modal analysis of the three major meteorological elements on the basis of EOF
4.2.1. Spatiotemporal modal analysis of the precipitation element

As shown in Figure 4 and Table 2, the cumulative contribution rate of the first two modes in the
annual precipitation field in Linyi City is about 84%. Thus, the first and second modes are suitable for
expressing the spatial distribution characteristics of precipitation in Linyi City. The first mode had a
variance contribution rate of 75% (Table 1), which was considerably higher than the variance
contribution rates of the other modes. It was the main distribution form of precipitation in this region
(Figure 4(a)). The first mode’s characteristic vectors were all positive, indicating consistent
precipitation changes in Linyi City. The increasing trend of the first-mode eigenvalues from southwest
to northeast revealed a considerable precipitation fluctuation in northeastern Linyi City, with the
highest value (indicating the greatest annual precipitation variation) being found in Yinan County.

Given the dominance of the first mode of the precipitation field, excessive precipitation appeared
in the entire region in 16 years, and it was concentrated in the latter half of the study period, especially
after 2002. In the period between 2002 and 2021, excessive precipitation was observed for about nine
years, accounting for 45% of the total for this period. Additionally, insufficient precipitation was
observed in 20 years. The precipitation was concentrated mostly in the first half of the study period
(13 years) in the years 19762001, resulting in a frequency of 46%. Between 2002 and 2021, this mode
occurred only seven times. Under the dominance of the first mode, the precipitation in Linyi City was
mainly characterized by insufficient precipitation at the early stages and excessive precipitation at the
late stages, which resulted in an increasing tendency in regional precipitation over time. This
conclusion can be verified by the upward trend of the first-mode time coefficient, which was consistent
with the overall upward trend of regional precipitation obtained by the linear trend analysis.

The variance contribution of the second mode was 9%, which represents a secondary
spatiotemporal distribution pattern of precipitation in Linyi City, as shown in Figure 4(b). A southeast-
northwest variation was observed, with the characteristic vectors showing positive and negative values
that are contrary to the dominant variation direction of the first mode. The northern region of Feixian
and Yinan Counties had positive values, whereas the south region of Lanling and Linyi Counties had
negative ones. This distribution mode indicated a heterogeneous precipitation pattern in Linyi City,
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with minimal precipitation in the southeast and abundant precipitation in the northwest or abundant
precipitation in the southeast and minimal precipitation in the northwest. The mode of minimal
precipitation in the southeast and abundant precipitation in the northwest occurred seven times; five
occurred before 2000, and only 2 happened in 2009 and 2011. The distribution pattern of abundant
precipitation in the southeast and minimal precipitation in the northwest was mainly observed in
seven years, four of which were before 2000 (1972, 1979, 1982, and 1987) and three of which were
after 2000 (2000, 2013, and 2018). We found that the jumping characteristic had little influence on the
overall increasing trend of precipitation in the region regardless of the mode.
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Figure 4. Spatial modalities of the meteorological elements.

Table 2. Contribution rates of the modal variance of climate factors.

Model Precipitation Temperature Evaporation
1 75% 96% 70%

2 9% 1% 12%

3 4% 1% 7%

4 3% 0.6% 3%

4.2.2. Spatiotemporal modal analysis of the temperature element

The variance contribution of the first mode in the temperature field was as high as 96%, which
showed the dominant temperature distribution form in Linyi City (Figure 4(c)). The characteristic
vectors of the first mode were all positive, indicating a strong consistency in the temperature variation
trends. This result is consistent with the previous conclusion on the highest spatial homogeneity of
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temperature variation. The lowest value of the characteristic vector of the first mode, namely, 0.26,
was found in Yinan County, and the highest value of 0.38 was in Junan County. The difference between
the two regions was only about 0.12, which confirms the spatiotemporal consistency in the temperature
variation of Linyi City. A remarkably increasing trend was found in the time coefficients of the first
mode (Figure 5), and it was consistent with the interannual variation trend of annual mean temperature.
During the early study period, 75.86% of the years before 2000 exhibited low temperatures across the
region. However, after 2000, 85.71% of the years showed high temperatures throughout the period.
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Figure 5. Time coefficients of meteorological elements.

4.2.3. Spatiotemporal modal analysis of the evaporation element

The first two modes of the evaporation field passed the north test, and the cumulative variance
contribution rate reached 82%, which could characterize the spatial distribution of evaporation in most
areas of Linyi City. The variance contribution of the first mode was 69.73%, and the characteristic
vectors had both positive and negative values (Figure 4(d)). The evaporation trends in all the regions,
except for Junan, showed positive values. The relatively low values in the central region showed a
slight fluctuation in evaporation. Dominated by the first mode, 16 years experienced a spatial
distribution of abundant evaporation in Junan County and minimal evaporation in the other regions.
This phenomenon was observed before 2002, indicating an occurrence frequency of about 51.61%.
The opposite spatial distribution only appeared 15 times, with a frequency that was less than that of
the former mode. This characteristic was concentrated in the late study period and considerably
influenced the overall trend of regional evaporation.

The second mode of evaporation had a variance contribution rate of 12% (Figure 4(e)). The
characteristic vector in the time coefficient of this mode had positive and negative values. The positive
values were mainly observed in the central and western regions, and the negative values were found
in the northeastern and southeastern regions. The mode of minimal evaporation in central and western
Linyi occurred in seven years. However, the opposite was mainly observed after 2000, specifically
in 2004, 2005, 2006, and 2009. Therefore, according to the two models, an overall increasing trend of

evaporation occurred in Linyi City.
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4.3. Multitimescale characterization of the three major meteorological elements
4.3.1. Multitimescale characterization of precipitation variation

Linyi City had a 10-20-year-scale interdecadal oscillation and a 3-7 year scale interannual
oscillation in precipitation. It also had a relatively weak oscillation center on the 27-year scale that was
limited to local time scales (Figures 6 and 7(a)). The 10-20-year-scale interdecadal oscillation was
strong (the peak value of wavelet variance reached 42), with the scale center being at 16 years and the
modular square of the wavelet transformation coefficient reaching a peak value of 2.0. However, its
influence could only be seen in the limited 30 years from 1992 to 2021. Influenced by such periodic
variation at this scale, Linyi City showed a season of wet, dry, wet, dry, and wet again. After a short-
term increase in the last wet season, the precipitation in Linyi City exhibited a decreasing variation,
which was above the multiyear average. The 3—7 year scale of the interannual period showed a center
of 5 years and a relatively low level of oscillation energy, with the maximum value of the wavelet
coefficient modular square being only 0.8 (Figure 7(a)). The periodic variation of precipitation at this
scale was observed in the whole study period, which could be indirectly proven by the wavelet
variance’s peak value of 24. However, a weakening oscillation trend was observed over time. The
abundance and depletion of precipitation variation in Linyi City at this scale is shown in Figure 7(a),(d).
The synthetic analysis of the periodic variation of precipitation in Linyi City showed an increasing
trend at the decadal scale, which could be soon replaced by a period of decreasing precipitation at the
medium and short time scales. Although the amount of precipitation is higher than the multiyear
average, the severe reduction trend poses a major challenge to the economic development of Linyi
City. The reason is that water consumption in agriculture accounts for more than 70% of the total water
consumption of this major agricultural city. This situation is expected to worsen under the current
agricultural planting structure involving the sustained growth of water-intensive crops, such as
vegetables and fruits. Promoting regional water-saving irrigation development can effectively address
this challenge.
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Figure 6. Variation curves of the wavelet coefficients of precipitation at different scales in
the real part.
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4.3.2. Multitimescale characterization of temperature variation

From 1972 to 2021, the temperature in Linyi City exhibited a decadal oscillation, with a 24-year
scale as the dominant center; this oscillation in temperature weakened compared with that in
precipitation, and the peak value of wavelet variance decreased from 42 to 3 (Figure 8). Two weak
cyclic oscillations were also observed at the scales of 3—7 and 10-20 years. The modulus square of the
wavelet coefficient with a 24-year scale as the decadal cyclic center reached 1.2. Determined by the
periodic variation at the 24-year scale, the temperature in Linyi City showed a periodic variation of
high, low, high, low, and high over time, and a strengthened trend was observed at this scale of periodic
variation (Figure 8). In 2021, one-quarter of a cycle was completed at this scale, and the temperature
gradually decreased from a value above the long-term average to one below it. The 3—7 years cyclic
oscillation with 5 years as the scale center showed not only weak oscillation energy but also a
decreasing tendency with time. The maximum energy center of this scale was only 0.64, which was
mainly concentrated in the period from 1972 to 2009. The 10-20 years cyclic oscillation had a scale
center of 16 years and mainly appeared at the early stage of the study period (1972—1987). The
maximum energy center at this scale was only 0.46, which was only 37.10% of that at the 24-year
scale (1.24; Figure 7(b),(e)). Therefore, the short-term temperature could, to a certain degree, alleviate
the water consumption stress of agricultural production caused by short-term precipitation reduction;
however, it could not invert the global warming-related heat stress exerted on agricultural production.
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Figure 8. Wavelet coefficient’s real-part variation curves of temperature at different scales.
4.3.3. Multitimescale characterization of evaporation variation

The three dominant periodic oscillations in evaporation in Linyi had scales of 6, 16, and 31 years.
Although the 42-year scale also showed high wavelet variance, due to the limitation in the length of
the study period, the periodic variation at this scale has some uncertainty (Figure 9). A remarkable 31-
year-scale decadal oscillation was observed throughout the entire region and had a wavelet variance
of 37, which was only 6 lower than the maximum value for precipitation. The periodic oscillations of
evaporation in Linyi City at the scale of 31 years are shown in Figure 9, which predicts that the evaporation
in Linyi City will continue to increase in the next 15 years. The oscillating energy of the 16-year scale
was higher than that of the 6-year scale, but both were far lower than that of the 31-year scale. In
addition, the periodic oscillation of the 16-year scale showed a strengthening tendency over the whole
study period, whereas that of the 6-year scale only manifested from 1972 to 2010 and exhibited a
weakening tendency over time (Figure 7(c),(f)). In the short term, the evaporation in Linyi City will
continue to increase, accompanied with a decreasing tendency in precipitation in the coming period,
which can result in poor soil moisture. Thus, agricultural production will be affected in terms of
survival, income, and ecology. The promotion of water-saving irrigation strategies and the
development of digital agriculture are urgently needed.

Complex Morlet wavelet transform revealed that the main time scales of the periodic oscillations
in precipitation, temperature, and evaporation in most stations were consistent with those of the
regional overall characteristics and will not be explained any more. Only the difference is discussed
here. Specifically, Pingyi Station showed a decadal periodic oscillation in precipitation centered at
a 35-year scale, whereas Mengyin and Yinan Stations exhibited a decadal periodic oscillation in
temperature at a 10-year scale. Remarkable 42-year periodic oscillations in evaporation were also
observed in the multiple stations.
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5. Discussion
5.1. Meteorological trends

The trend of annual precipitation and temperature changes is consistent with the findings of Yan
et al. [26], and other researchers [27,28]. Temperature variability is more stable than precipitation
variability, which is in line with Sun’s research on this basin [29]. High temperatures can cause rapid
surface and water evaporation, resulting in increased evaporation. In contrast to the research in Linyi
City, we found a different phenomenon involving a decreasing trend in evaporation, namely, the
evaporation paradox [30]. This phenomenon exists in most regions of Linyi City. The decrease in
evaporation is mainly due to a considerable decrease in the energy available for evaporation [31]. This
reduction is caused by the increase in vapor pressure, decrease in wind speed, and decrease in solar
radiation, which compensate for the increase in evaporation caused by rising temperatures [32].

5.2. Interpretation of the spatial modes

The spatial distributions of the first modes of precipitation and temperature in Linyi City were
consistent because of the influence of large-scale weather systems. Linyi City is situated in a warm
temperate monsoon climate zone, which is influenced by the subtropical high in summer and the
prevailing westerly winds in winter [33]. In addition to the dominant mode of precipitation, a second
mode with a southeast—northwest phase difference distribution was presented, and it was mainly
influenced by terrain. Warm and humid airflow from the ocean enters the central and southern low
hills of Shandong Province and then moves northward, leading to differences in precipitation in
different terrain areas of Linyi City. The heterogeneity of the evaporation of different modes is due to
various local factors, including wind speed, radiation, sunshine duration, relative humidity,
temperature, and precipitation [31,34], and the complex topography and vegetation cover of Linyi City
exacerbate this variability [31]. The spatiotemporal analysis of EOF revealed that Yinan County
experiences considerable interannual fluctuations in precipitation, and Junan County differs greatly
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from other areas in terms of evaporation. Therefore, further attention should be given to the small-
scale climate changes in these areas to ensure stable crop yields and increased income in practical
agricultural production.

5.3. Meteorological element cycle

The annual precipitation in Linyi exhibited a dominant cycle of 16 years. This finding is similar
to the conclusion of Ding et al. [35], that is, the annual average precipitation in Linyi City oscillates
violently around a 15-year period. The 27-year variation in the annual average temperature is
consistent with the conclusions of Xu et al. [13]. Under the dominant short-term variation of the three
meteorological elements, precipitation and temperature are expected to decline in the next five years,
with their values being above their long-term averages, whereas evaporation is expected to increase to
a value that is higher than the long-term average of Linyi City. Therefore, water-saving irrigation
strategies need to be developed, and digital agriculture must be actively promoted for the short-term
development of regional agriculture [36].

5.4. Application of research results

Our findings can serve as a foundation for guiding local agricultural practices in Linyi and similar
areas. Additionally, the results indicate that Linyi will experience a relatively dry situation in near
future. In order to mitigate the effects of drought, agriculturalists should select more drought-tolerant
varieties during the early stages of planting. Relevant organizations can also investigate more suitable
varieties for the current climate change situation. The government can implement effective water
resource management measures, including the construction of reservoirs, waterways, and irrigation
systems, to ensure the supply of water for agricultural use and mitigate the adverse effects of drought
on agricultural production. Additionally, proactive efforts can be made to promote digital agriculture,
facilitating precise monitoring and regulation, thereby enhancing agricultural efficiency and quality,
and improving resilience to climate change and drought.

6. Conclusions

We investigated the spatiotemporal variations of three meteorological variables (precipitation,
temperature, and evaporation) in Linyi City, one of the largest agricultural cities in China, over the
past 50 years. The trends, spatiotemporal modes, and multitime scale characteristics of the three
elements were determined using the methods of linear regression analysis, EOF, and Morlet wavelet
transformation. Our results of this study can provide a theoretical reference for the efficient utilization
of climate resources in the future development of regional agricultural production. The major
conclusions are as follows:

1) The annual averages of precipitation and temperature in Linyi City increased at the rates
of 2.09 mm/a and 0.04 °C/a, respectively. Conversely, evaporation decreased (—6.47 mm/a) because
of a considerable reduction in the energy available for evaporation, which is known as the evaporation
paradox. Given the irreversible trends of global warming and the development of water-consuming
agriculture, improving the efficient use of climate and water resources is essential for future
agricultural production of this region.
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2) Precipitation exhibited two main modes. The first mode was dominated by a consistent
increasing trend in the early period and a consistent decreasing trend in the late period. The second
mode was characterized by a southeast—northwest phase difference. The interannual variability of
precipitation was highly significant in Yinan County. Temperature showed a consistent warming trend
across the region. Evaporation also exhibited two major modes. The first one was dominated by a
spatial distribution pattern that was different from the spatial distribution patterns of the other regions,
especially in Junan County, and exhibited a trend of increasing evaporation in Junan County in the late
period and decreasing evaporation in the other regions. The second mode showed an east—west
difference. Therefore, attention should be given to local climate changes in Yinan and Junan Counties
to ensure stable and increased agricultural production in the two areas.

3) The three meteorological variables exhibited interannual and interdecadal variations over
short-term (5 years), medium-term (16 years), and long-term (25 years) periods. Precipitation showed
a dominant period of 16 years, temperature of 24 years, and evaporation of 31 years. In the short term,
precipitation and temperature in Linyi City are expected to fall below the multiyear average, while
evaporation is expected to rise above the multiyear average. The projections showed a reversal of the
historical trend, with a decrease in sources and an increase in sinks of atmospheric water. The
continuous growth of water-intensive crops in Linyi City, a large agricultural city where agriculture
consumes more than 70% of water, poses serious challenges to its agriculture development. The
demand for water resources is increasing. Therefore, promoting efficient water-saving irrigation and
advancing digital agriculture are essential for the future development of Linyi City.

7. Future prospect

Many questions related to this study require further in-depth research. For example, how can the
conclusions of our study guide local agricultural practices, and how can the evaporation paradox
phenomenon be used to manage local water resources for agricultural development? Further research
will be conducted in the future.
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