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Abstract:



Precipitation is the main water source for vegetation survival in arid and semi-arid areas. However, previous studies always focus on the effects of precipitation in different time scales, but ignore the effects of precipitation in different spatial scales. To further study the effects of precipitation fluctuation in different spatial scales, we used the wavelet analysis method to analyze its temporal and spatial change based on data from eighteen meteorological stations during 1961–2015 in Horqin region. Results showed that: (1) from the overall tendency of precipitation changes, the precipitation inter-annual variations in Horqin region had the tendency of gradually decreasing from the southeast (District IV) to the northwest; (2) the precipitation anomalies of District I–IV between 1960 and 1980 were small and approximate to the normal value; (3) in the time scale of 23–32 years, the cyclical fluctuations were very significant and the annual precipitation underwent two cyclical fluctuations from a period of low precipitation to a period of high precipitation; and (4) as results of analyzing the spatial wavelet variance of sub-region, the main cycle of precipitation in District I, District II and District III was between 10 and 11 years, while the main cycle of precipitation in District IV was 25 years. The main conclusions include the following. (1) This region tended to be arid, and the precipitation gradually decreased from the southeast (District IV) to northwest (District I). (2) The influence of spatial differentiation characteristics on precipitation fluctuation in this region was cyclical fluctuation, which gradually decreased from the southeast to the northwest. The length of the cyclical change period gradually shortened. In the first main cycle, whose annual precipitation changes were most significant, the changing characteristic was District IV and District I decreased from 25 years to 10 years. (3) Predicated from the cyclical changing law that the annual precipitation decreases from high to low, the Horqin region will remain in a period of low precipitation between 2016 and 2020.
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1. Introduction


Precipitation is the main water source for vegetation survival in arid and semi-arid areas. It is also the main driving factor of various ecological processes of different ecological scales [1,2,3,4,5]. For a certain region, the precipitation fluctuation in different time scales usually takes place by pulse. The time for its occurrence, duration period, strength and other characteristic parameters are all greatly differentiated. These characteristics make the soil water content and the vegetation process fluctuate in a short time scale [6,7]. In current research, the abnormal fluctuation of precipitation in the context of global warming also becomes an inevitable phenomenon in arid and semi-arid regions [8]. Therefore, the study of the precipitation fluctuation becomes one of the important scientific problems in the prediction and evaluation of vegetation productivity and ecological system security.



The appearance, structure, distribution and productivity of vegetation significantly changes within a short time, directly caused by precipitation fluctuation [9,10,11,12,13]. In former research, their common characteristics mainly laid in the influences of precipitation in different time scales on the ecological process. The obtained results are also mainly concentrated in the relations between precipitation distribution and productivity of ecological system in the large scale, between the precipitation distribution and plants’ functional types, and the role played by precipitation and evaporation in forming the vegetation distribution [14,15].



In recent years, precipitation fluctuation has gradually received increasing attention because global climatic changes may cause potential environmental effect and the widespread application of the stable isotope tracer technique in vegetable ecology [16]. The research on the precipitation fluctuation involved the influences of the seasonal precipitation pattern, the scale, frequency and time of precipitation events on biological process of water-restricting ecological system [9,11]. These studies jointly pointed out there were different time scales in precipitation fluctuation research: centennial, multi-decadal, annual, inter-seasonal and seasonal variation scales [7]. Among these results, centennial-scale precipitation changes may cause the composition ratio change of C3/C4 vegetation, which changes the vegetation functional types in the ecological system; multi-decadal precipitation variations change the function types of vegetation and the species composition of ecological system; and annual and seasonal precipitation changes can change the phenological period of plants and the productivity of ecological system [17]. The multi-decadal precipitation fluctuation was a crucial cycle that caused the vegetation to have qualitative changes [18,19].



In the research on annual precipitation change, the scale of daily precipitation, the time of precipitation duration and other indexes are always adopted. By carrying out statistical analysis and constructing the relations between water and soil environments and plant species’ water metabolic response relations, many achievements in these aspects have been made [9,11]. In the research on the inter-annual precipitation fluctuations, the annual precipitation and the precipitation in the growing season were crucial indexes, which had been the priorities of the focus, especially after Markhama et al. (1970) proposed the concept of vector precipitation. Because this index not only reflected the annual precipitation dynamics (monthly dynamics), but also had better relevance with the vegetation productivity, it was gradually adopted in many studies [7]. In the perspective of analyzing the long time sequence changing characteristics of annual precipitation, the Mann–Kendall rank correlation method (the M-K method) was gradually accepted and widely used to carry out in the trend test and mutation point detection [20,21]. However, the cycle and randomness included in the long time sequence of researched variables cause difficulties, challenging the application of the M-K method [22]. Comparatively, wavelet analysis can clearly reveal various change cycles hidden in the time sequence and reflect the changing tendency of the system in different time scales. This method is based on the Fourier transform; the window function is introduced (wavelet function), which allows decomposing the time series into time and frequency. This method can be used to analyze the climate change cycle at different time scales, which has the advantage of explaining the multi-structure changes in the climate and examining the main cycle in climate change and mutation characteristics, which has become an effective way to analyze the characteristics of multi time scale precipitation change. Besides, it can also carry out a qualitative estimation of the developmental tendencies in the future. This characteristic provides a basis for analyzing long time sequence precipitation fluctuations.



The spatial differentiation characteristics of the precipitation fluctuation means the changes of precipitation in one time scale (day, month or year) correspond to different analyzing space scale during the researched period. For the annual precipitation, the average precipitation of several years depends on the number of statistical years; for the regional precipitation, the number and the distribution pattern of meteorological stations also exert huge influences. Therefore, the fluctuating characteristic of the precipitation within a region is not only related to the precipitation in each year, but is also closely related to the analyzing time scale and the meteorological station’s spatial position [16,23]. However, previous studies always focused on the effects of precipitation in different time scales, while ignoring the effects of precipitation in different spatial scales. Yao et al. (2014) [24] adopted the M-K method, the wavelet analysis and other methods to research the precipitation changing characteristics of the Naiman Banner between 1970 and 2010, considering only the influence of precipitation in different time scales while neglecting the influence of spatial differences. Li et al. (2011) [25] adopted the Morlet wavelet function to carry out the wavelet analysis of the annual changes time sequence of precipitation of Beijing over the most recent 300 years, which revealed the cyclical changing laws of the precipitation changes in multiple time scales but did not take the spatial differentiation characteristics of precipitation fluctuation into consideration. Therefore, in this study, analyses were carried out not only based on the data of meteorological stations along a time series but also considered the expressions in spatial differences of precipitation fluctuations.



The Horqin region belongs to the transition zone of northeast temperate semi humid climate zone of northeast China and temperate semi-arid climate zone of Inner Mongolia and is the typical agro-pastoral transition zone in north China. Its ecological environment is fragile and easily affected by climate change. Furthermore, it is sensitive to precipitation fluctuation [9,14,26].



Hence, in this study, the annual precipitation fluctuation was analyzed based on its spatial differentiation characteristics in Horqin region, which would provide a new cognition and basis for the responses of vegetation changing process in semi-arid regions to climatic changes. Therefore, the objectives of this study are: (1) to find the spatial differentiation characteristics of precipitation according to the distribution of several meteorological stations in Horqin region; and (2) to find the influence of spatial differentiation characteristics on precipitation fluctuation in this region.




2. Study Area and Method


2.1. Overview of the Study Area


Horqin region is located in the west of Northeast China, including 22 Banners (counties, districts and cities). It includes the Inner Mongolia Autonomous Region, Liaoning Province and Jilin Province. Its overall area is 16.11 × 104 km2. Regarding the climatic belt division, it is a semi-humid and semi-arid transitional zone. Regarding the mode of production, it is the typical agro-pastoral transition zone. Regarding the landform type, it is a region transiting from the Inner Mongolia Plateau and Great Khingan to the Northeast China Plain. In this region, there are 14 Chinese meteorological stations (meteorological data sharing points). With the aim of improving the isoline accuracy of precipitation, four non-meteorological data sharing points are added (Figure 1). With the overall view of 18 meteorological stations between 1961 and 2015, the precipitation fluctuations were within 123.0–775.7 mm, and the average value was 399.2 mm.


Figure 1. Location of the study area.
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2.2. Selection of Meteorological Stations for Rainfall Distribution


As the average isoline of annual precipitation over 55 years (Figure 1), the Horqin region’s precipitation distribution represents the rule of gradually decreasing from the southeast to the northwest; the precipitation gradually decreases from over 500 mm in the southeast to less than 350 mm; in the central region, there is a region formed by centering on Ongniud and Kailu meteorological stations, whose annual precipitation is less than 350 mm. According to this characteristic, this paper divides Horqin region into four districts, whose average precipitation are, respectively, ≤350 mm, 350–400 mm, 400–450 mm and ≥450 mm. These four districts are, respectively, Districts I–IV. As there are only 2 and 3 stations in District I and District IV, respectively, to disperse the meteorological stations consistently, this paper selects Kailu County and Ongniud Banner in District I; Shuangliao City, Zhangwu County and Fuxin City in District IV; Tongyu County, Horqin District of Tongliao City and Naiman Banner in District II; and Changling County, the Horqin left-wing Rear banner and Baoguotu in District III. To ensure the selected stations are spatially distributed consistently with the precipitation isoline distribution tendency, the station’s average value is adopted for analyzing each subarea.




2.3. The Wavelet Analysis Method


The wavelet analysis [27,28] can clearly reveal various change cycles hidden in the time sequence; it can fully reflect the systems changing tendency in different time scales and carry out qualitative estimation of the system’s future developmental tendency. This paper adopts the plural form wavelet function, the Morlet wavelet, as the Mother Wavelet Function. Because the phase difference of the real and imaginary parts of the complex wavelet was π/2, using the model of complex wavelet transform coefficients as the discriminant of the scale and size of the periodic cycle in the climate data could eliminate false shock that produced with the real wavelet coefficient as a criterion, which would make the results more accurate. Therefore, the Morlet wavelet can be used to analyze the time sequence data [27]. The wavelet function is the key of the wavelet analysis, which refers to one type of functions that is concussive and can fade to zero fast, namely the wavelet function [image: there is no content] meets:
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(1)







In Equation (1), [image: there is no content] is the wavelet base function, which can form a cluster of function systems through the scale’s stretch and the translation on the time axis.
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(2)







For any function [image: there is no content], its continuous wavelet transform (CWT) is:
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(3)




where Wf(a,b) is the wavelet transform coefficient; a is the stretch scale; and b is the translation factor.



The key and difficulty of the wavelet analysis is to select appropriate wavelet bases [28]. This paper selects the Morlet complex wavelet [29] that can faithfully reflect the time sequence various cycles and time domain distribution as the wavelet base. The real part and module of the Morlet complex wavelet exchange are two important variables in the wavelet analysis. The wavelet coefficient’s real part represents the distribution and phase information of different characteristic time scale signals; the module is the wavelet coefficient’s absolute value, which is used to represent the strength of the characteristic time scale signal.



To evaluate the main cycle of each sequence, namely the cycle that plays the main role in the changes of precipitation sequence, the following calculation is adopted to carry out the wavelet variance test:


[image: there is no content]



(4)




where Var(a) is the wavelet variance [24]. In wavelet analysis, using wavelet variance to confirm the main time scale and the main cycle is widely used [24]. The wavelet variance diagram can accurately reflect the precipitation’s cyclical strength as the time scale changes, which reflects the distribution of the fluctuation energy with the scale changing and the main time scale of the precipitation sequence can be determined by the wavelet variance diagram. The scale corresponding to the peak value is called this sequence’s main time scale, and the cycle is the main cycle of the time sequence change.




2.4. The Mann–Kendall (M-K) Rank Correlation Method


This paper adopts the Mann–Kendall [20,21] (M-K) rank correlation method to analyze the changing tendency of Horqin region’s annual precipitation fluctuations. The M-K method is usually adopted to test the tendency’s significance. Compared with the traditional method, the Mann–Kendall trend test has obvious advantages. It is a nonparametric statistical test method, which is also called the non-distributed test. Its advantage is that it does not require the sample to follow certain distribution, and is not interfered with by a few outliers, so the calculation is simple, and has been widely used in trend analysis [21]. Therefore, it is widely used in the research on the hydrology analysis, temperature and precipitation. Its definition is: X1, X2, …, Xn are time sequence variables; and n is the length of the time sequence (n > 8). In Equations (6) and (7), the M-K method defines the statistical amount S and variance V(S). It also assumes that it follows the normal distribution [19,30]:
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(5)
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(6)
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(7)




where Zc is a normal distribution statistical amount within a given time range. At the given α confidence level, if |Zc| ≥ Z1−α/2, the original hypothesis is rejected, namely the time sequence’s data X1, X2, …, Xn has a significantly rising or decreasing tendency. There are three main significance levels, α = 0.1 (Zc = 1.28), α = 0.05 (Zc = 1.96), α = 0.01 (Zc = 2.32), representing the reliability test of 90%, 95% and 99%, respectively. According to statistical rules, the 95% confidence level is the most widely used [20,21]. Therefore, in this paper, the significance level α = 0.05 is adopted, thus the relevant testing critical value is Zc = 1.96. In Equation (6), when Xk − Xt > 0, Xk − Xt = 0, or Xk − Xt < 0, sgn (Xk − Xt), respectively, equals 1, 0 and −1.



The time sequence’s date changing tendency is represented by β. The calculation is as follows:


[image: there is no content]



(8)




where Xj and Xi are, respectively, the measurement values of Year j and Year i, and j > i. If β > 0, it means the time sequence has a rising tendency; if β < 0, it means the time sequence has a decreasing tendency [30].





3. Results


3.1. The Characteristic of Precipitation Fluctuation Year by Year


For the changing characteristics of District I, there was a decreasing tendency between 1961 and 2015 in total (Figure 2(a1)). In the period, the peak values of the annual precipitation had occurred three times, respectively, in 1964, 1991 and 2015. The precipitation was, respectively, 421.7 mm (±119.9), 530.2 mm (±84.1) and 468.6 mm (±9.2). The time difference between peak values are, respectively, 27 and 24 years; the low peak value occurred twice, in the year 1972 and 2007; the annual precipitation were 284.4 mm (±13.1) and 249.6 mm (±7.2), respectively. The time interval between peak values is 35 years. The difference between the maximum precipitation and the minimum precipitation is 280.6 mm. The precipitation sequence changing tendency showed that (Figure 2(a2)) there was a main rising tendency in the time period 1985–1994 (β > 0). After the year 1994, the changing tendency was alternate appearance between raising and decreasing. In these years, the changes in 2008 and 2005 reached a significant level (Zc values were above 95% of the confidence line).


Figure 2. Annual variations and M-K analysis of precipitation in different sub-areas ((a1,a2), (b1,b2), (c1,c2), (d1,d2) represent Districts I, II, III and IV , respectively).
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The changing tendency of District II was consistent with that of District I (Figure 2(b1)). Three average peak values occurred in 1962, 1990 and 2012; the precipitation was, respectively, 458.1 mm (±57.1), 514.9 mm (±84.8) and 497.5 mm (±11.7). The time interval between peak values were 28 and 22 years; the time when two low-peak values occur was consistent with that of District I. The average precipitation was, respectively, 263.6 mm (±39.1) and 240.5 mm (±79.3). The difference between the maximum precipitation and the minimum precipitation was 274.4 mm. The precipitation sequence changing tendency showed that (Figure 2(b2)) there was a main rising tendency in the time period 1985–1991 (β > 0). There was a main decreasing tendency during 1992–2015, except in 2005 (β < 0). In these years, the changes from 1999 to 2002 reached a significant level (Zc values were above 95% of the confidence line).



The changing tendency of District III was consistent with that of District I and District II. The precipitation fluctuation’s changes between 1961 and 1990 were not huge. From the year 1991, a significantly downward fluctuating period occurred (Figure 2(c1)). The minimum value occurred in 2007, and the precipitation was 308.6 mm (±19.0). After that, the precipitation gradually increased and reached the peak value in 2012 of 590.1 mm (±86.4). The difference between the maximum precipitation and the minimum precipitation was 281.5 mm. The precipitation sequence changing tendency showed that (Figure 2(c2)) there was a main rising tendency in the time period 2004–2015 (β > 0). Before 2004, the changing tendency was mainly decreasing during 1986–2003 (β < 0), except in the years 1990 and 1991. In these years, the changes from 1999 to 2003 reached a significant level (Zc values were above 95% of the confidence line).



The changing tendency of District IV was similar to that of District III. Its changes were steady and slow before the year 1991. After that, there was a significantly downward fluctuating period (Figure 2(d1)). The minimum value occurred in the year 2006, and the precipitation was 373.2 mm (±80.9); after that, the precipitation gradually increased and reached the maximum value of 714.1 mm (±53.2) in 2012. The difference between the maximum precipitation and the minimum precipitation was 340.9 mm. The precipitation sequence changing tendency showed that (Figure 2(d2)) there were two main rising trends, in the time periods 1985–1994 and 1995–2013 (β > 0). The changing tendency of the remaining years was alternating rising and decreasing periods. In these years, the changes in 2002 and 2003 reached a significant level (Zc values were above 95% of the confidence line).




3.2. The Interdecadal Change of Precipitation Fluctuation


According to the meteorological station’s actual measured data, the inter-annual variations of the Horqin region’s precipitation were huge. Horqin region’s average annual precipitation anomaly between 1961 and 2015 is shown in Table 1. The precipitation anomalies of District I were positive in the 1960s, 1980s, 1990s and 2010s (Table 1), which meant the precipitation in this period was high; the precipitation in the 1990s was the maximum, 381.9 mm (±83.8). Its anomaly percentage was 12.95%. The precipitation anomalies in the 1970s and the 2000s were negative, meaning the precipitation in these two periods are low. Among them, the precipitation in the 2000s was the lowest (273.2 mm (±48.3)). The average precipitation anomaly reached −65 mm, and the anomaly percentage was −19.26%. Compared with other periods, its average deviation was large. The precipitation anomalies in the 1970s and the 1980s were approximate to normal values.



Table 1. Annual precipitation decadal anomalies during 1961–2015.







	
Items

	
District I (mm)

	
District II (mm)

	
District III (mm)

	
District IV (mm)




	
Average

	
Anomaly

	
Average

	
Anomaly

	
Average

	
Anomaly

	
Average

	
Anomaly






	
1960s

	
357.2

	
19

	
401.5

	
33.7

	
439.3

	
16.5

	
475.5

	
−11.4




	
1970s

	
337.6

	
−0.6

	
355.2

	
−12.6

	
441.0

	
18.2

	
515.2

	
28.3




	
1980s

	
338.3

	
0.1

	
373.0

	
5.2

	
416.2

	
−6.6

	
478.2

	
−8.7




	
1990s

	
381.9

	
43.7

	
409.2

	
41.4

	
458.7

	
35.9

	
508.0

	
21.1




	
2000s

	
273.2

	
−65

	
301.2

	
−66.6

	
349.4

	
−73.4

	
417.9

	
−69




	
2010s 1

	
341.2

	
11.6

	
385

	
6

	
437.4

	
28

	
518.8

	
97




	
1960–2015

	
337.4

	
0

	
369.2

	
0

	
422.6

	
0

	
483.4

	
0








1 Note: 2010s means the year 2010–2015.








The changing tendency of District II was similar to that of District I. In the 1960s, 1980s, 1990s and 2010s, the precipitation anomalies were positive, meaning the precipitation in these periods were high; the precipitation in the 1990s was the maximum, 409.2 mm (±87.1). Its anomaly percentage was 11.21%. The precipitation anomalies in the 1970s and the 2000s were negative, meaning the precipitation in this period were low. Precipitation in the 2000s was minimum and was 301.2 mm (±49.5). Its anomaly percentage reached −18.04%.



The changing tendency of District III was similar to that of District I and District II (Figure 1). The precipitation anomalies in the 1960s, 1970s, 1990s and 2010s were positive. The precipitation in the 1990s was maximum, 458.7 mm (±70.4). Its anomaly percentage was 8.50%, which was significantly lower than that of District I and District II. The precipitation anomalies in the 1980s and 2000s were negative. The precipitation in the 2000s was minimum, 349.4 mm (±59.1). Its anomaly percentage reached −17.37%.



The changing tendency of District IV had large fluctuations, and the precipitation anomaly alternated with positive and negative values. The precipitation anomalies in the 1970s, 1990s and 2010s were positive. The precipitation in the 2010s was maximum, 583.9 mm (±163.5). Its anomaly percentage was 20.07%. The precipitation anomalies in the 1960s and 2000s were negative, meaning the precipitation in these periods were low. The precipitation in the 2000s was minimum, 417.9 mm (±78.8). Its anomaly percentage reached −14.27%.




3.3. The Inter-Annual Fluctuation of Precipitation


3.3.1. Analysis of the Isoline of Wavelet Coefficient Real Part of Precipitation Sequence Change


The distribution characteristics of the wavelet coefficient real part reflect the variable changing cyclical scope in the sequence. Morlet complex wavelet exchange was used to analyze Horqin region’s precipitation time sequences, as shown in Figure 3. The solid line means the real part coefficient was positive and the precipitation was high. The spotted line means the real part coefficient was negative and the precipitation was low. The real part coefficient of bold spotted line is 0, meaning anomalies occurred at this spot. As the maximum sequence was 32, this research mainly considered cyclical changes that did not exceed 32 years. In Figure 3a, the precipitation of District I between 1961 and 2015 mainly had the multi-time scale characteristics, which were, respectively, two change cycles of 5–14 years and 23–32 years. In the time scale of 24–32 years, the cyclical fluctuations were very significant, and the annual precipitation experienced two standard cyclical fluctuations from low to high precipitation. The periods of low precipitation were: 1961–1972, 1983–1992 and 2002–2015. The periods with high precipitation were: 1973–1982 and 1993–2001. In the time scale of 5–14 years, there were many cycles, of alternating between high precipitation periods and low precipitation periods, as well as many precipitation change-points. Meanwhile, it can be seen that the cyclical changes of the above two scales were also very stable during the entire analyzed period.


Figure 3. Morlet wavelet real part contour plot of annual precipitation during 1961–2015 ((a–d) represent Districts I, II, III and IV, respectively).
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The time scale cyclical changes of District II were consistent with those of District I (Figure 3b). There were also two changing periods of 5–14 years and 23–32 years. In the time scale of 23–32 years, the cyclical fluctuations were very significant and the annual precipitation experienced two cyclical fluctuations of low to high precipitation. The periods with low and high precipitation were the same as those in District I. In the time scale of 5–14 years, there were cycles of alternating periods of high low precipitation. Its cyclical fluctuations were fewer than those of District I; before 1976, cyclical changes were unstable, while, after 1976, cyclical changes appear to be very stable.



Compared with the changes of District I and District II, the changing tendency of District III had significant differences (Figure 3c). There were mainly three changing periods: 5–11 years, 12–22 years and 23–32 years. In the time scale of 23–32 years, the cyclical fluctuations were very significant, and the annual precipitation experienced two cyclical fluctuations from low to high precipitation, which was consistent with the period of low and high precipitation in District I and District II. In the time scale of 12–22 years, there were four cyclical fluctuations. In the time scale of 5–11 years, there were many cycles of alternating between periods of high and the low precipitation. In the time scale of 5–11 years, there were many cycles of alternating between periods of low and high precipitation.



The changing tendency of District IV was similar to that of District III (Figure 3d), which mainly had three change cycles: 5–11 years, 12–22 years and 21–32 years. In the time scale of 21–32 years, cyclical fluctuations were very significant. The annual precipitation experienced two cyclical fluctuations of low to high precipitation, which was consistent with the periods of low and high precipitation in District I and District II. In the time scale of 12–20 years, there were five cyclical fluctuations. In the time scale of 5–11 years, there were many cycles between periods of high and low precipitation. The precipitation change-points increased.




3.3.2. Analysis of the Isoline of Wavelet Module Change of Precipitation Sequence


The distribution characteristics of the wavelet module reflect the strength of researched variables in the sequence. The bigger the Morlet wavelet module value is, the stronger the periodicity of its response time period (scale), namely the bigger the image gray level is, the smaller the module value is. In District I (Figure 4a), there were two time sections whose periodicity was stronger. Between 1980 and 2015, the time scale of 7–11 had the minimum gray level and the strongest periodicity; before 1980, the time scale of 26–32 had a bigger module value and stronger periodicity. Compared to the real part, the cyclical rhythm between them corresponded to each other. However, the module value’s cycle decreased by 2–3 years. The module value of other time scales was smaller, and the cyclical change was smaller.


Figure 4. The isoline of Morlet wavelet module of annual precipitation during 1961–2015 ((a–d) represent Districts I, II, III and IV, respectively).
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The wavelet coefficient module isoline diagram of District II was different from that of District I (Figure 4b). It had four stronger cycles, and two of them overlap with the real part’s cycles. Before 2010, the gray level of the time scale of 10–14 was smaller, yet its periodicity was stronger; before 1980, the module value of the time scale of 25–32 in the real part cycle of 23–32 was bigger, and the periodicity was stronger. Compared with the real part’s periodicity, the module value’s cycle decreased by 2–5 years.



In District III, there were two regions with stronger periodicity (Figure 4c). After 2000, the cyclical changes were bigger in the time period of 5–10 years; before 1980, the module value of the time scale of 26–32 years was maximum, and this time scale’s cyclical changes were the most significant. Compared with the real part’s cycles, the module value’s cycle decreased by 1–3 years.



In District IV, there were three intervals with stronger periods that overlap with the real part’s cycles (Figure 4d). Between 1988 and 2002, the gray level of the time scale of 7–11 years was smaller, yet the periodicity was stronger. After 2000, the gray level of the time scale of 12–15 years was smaller, yet the periodicity was stronger; before 1990, the module value of the time scale of 24–32 was maximum in the real part’s cycle of 21–32 years, and the periodicity was strongest. Compared with the real part’s cycles, the module value’s cycle decreased by 2–7 years.




3.3.3. Wavelet Variance Analysis of the Precipitation Sequence


The wavelet variance was used to test the peak values in the cycles of researched variables. It adopted the wavelet variance to test the change cycles of the precipitation between 1961 and 2015 (Figure 5a). It was found that there are three cycles in the precipitation sequence wavelet variance diagram in District I, two of which were significant and correspond to the time scales of six and 10 years. Among them, the maximum peak value corresponds to the time scale of 10 years, meaning the cyclical fluctuation of 10 years was strongest and was the first main cycle of the annual precipitation changes. The cyclical fluctuation of six years was the second main cycle of the annual precipitation changes.


Figure 5. Wavelet variance of precipitation sequence at different sub-areas ((a–d) represent Districts I, II, III and IV, respectively).
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There were four cycles in the annual precipitation changes of District II, among which two were significant (Figure 5b), corresponding to the time scales of six years and 11 years. Among them, the maximum peak value corresponded to the time scale of 11 years, meaning the cyclical fluctuation of 11 years was strongest and was the first main cycle of the annual precipitation changes. The cyclical fluctuation of six years was the second main cycle of the annual precipitation changes.



There were two cycles in the annual precipitation changes of District III, and one cycle was significant (Figure 5c). The maximum value corresponded to the time scales of 10 years, meaning the cyclical fluctuation of 10 years was strongest and was the first main cycle of precipitation changes.



There were four cycles in the precipitation changes of District IV, and three cycles were significant (Figure 5d), corresponding to the time scales of 11, 17 and 25 years. Among them, the maximum peak value corresponds to the time scale of 25 years, meaning the cyclical fluctuation of District IV was strongest in the time scale of 25 years and was the first main cycle of precipitation changes. The cyclical fluctuations of 11 years and 17 years were, respectively, the second and third main cycles.



According to the results of the wavelet variance analysis, a peak value of the cycles was found, which was regarded as the first main cycle in this time scale. Then, the wavelet coefficient real part curve of the precipitation in the first main cycle’s time scale of each district was drawn, which showed the times of the main cyclical changes in each District (Figure 6). In Figure 6, the cyclical changes of annul precipitation was about seven years in the characteristic time scale of 10 years in District I. The annual precipitation’s cyclical changes were about seven years, which have mainly experienced eight changes from high precipitation to low precipitation (Figure 6a). In the characteristic time scale of 11 years, District II’s cyclical change of annual precipitation was about eight years and it experienced approximately seven cyclical changes from high precipitation to low precipitation (Figure 6b); in the characteristic time scale of 10 years, District III’s annual precipitation cycle was about seven years and it experienced approximately eight cyclical changes from high precipitation to low precipitation (Figure 6c); in the characteristic time scale of 25 years, District IV’s annual precipitation cyclical change was about 17 years and it experienced approximately three cyclical changes from high precipitation to low precipitation (Figure 6d).


Figure 6. Wavelet coefficient process of precipitation at different sub-areas ((a–d) represent Districts I, II, III and IV, respectively).
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4. Discussion


Horqin region is a typical agro-pastoral transition zone in north China, which belongs to the transition zone of northeast temperate semi humid climate zone of northeast China and temperate semi-arid climate zone of Inner Mongolia. Its ecological environment is fragile and it is regarded as a climatic zone that is divided into semi-humid and semi-arid areas. Besides, it is sensitive to precipitation fluctuations [9,14].



From the overall tendency of precipitation changes, the precipitation inter-annual variations in Horqin region were different in different districts between 1961 and 2015 (Figure 2(a2–d2)), but had the tendency of gradually decreasing in different sub-regions. The decreasing tendency of precipitation had spatial variations (Figure 2(a1–d1)). The annual precipitation of District I, District II, District III and District IV were, respectively, 337.4 mm, 369.2 mm, 422.6 mm and 483.4 mm; and as the spatial distribution characteristics showed, the precipitation has a tendency of decreasing from the southeast to the northwest. The degree of the decreasing tendency is increasing. These results are consistent with the conclusions of the research carried out by Liu et al. (2011) [31], in the sand land Naiman Banner station in Horqin (this station is located in District II). This is because Horqin region is located in the transitional zone between semi-humid and semi-arid areas. The regional distribution of the average precipitation over several years is greatly influenced by the land–sea factor. This area is affected by the temperate monsoon climate. The characteristics of temperate monsoon climate is alternatingly controlled by the winter and summer monsoons. There is a tendency of weakening summer monsoon in some studies [32,33,34]. Thus, the land–sea distribution has significantly influenced the annual precipitation’s changes. Therefore, the distance from the sea, the landform, the climate and other factors jointly cause this precipitation distribution pattern. Hence, the annual precipitation variation of this region is tending toward being arid.



From this region’s precipitation inter-annual variation characteristics, the precipitation anomalies of District I, District II, District III and District IV between 1960 and 1980 were small and approximate to the normal value. In the 1990s, the precipitation anomaly increased and the precipitation was high. The precipitation anomaly in the 2000s decreased, and the precipitation was low. Besides, the decreasing tendencies were huge. Among them, the anomaly percentage in District I was maximum when the precipitation anomaly increased and was 12.95%; when the anomaly precipitation decreased, the average deviation value was maximum and was −19.26%. This was consistent with the multi-time scale analysis of the Horqin sand Naiman Banner’s precipitation carried out by Yao (2014) [24] between 1970 and 2010, who showed that the precipitation increased in 1990 and decreased after 1995.



The precipitation inter-annual fluctuation had a complex periodicity, while the wavelet analysis method had an extremely advantage in explaining the multiple-scale periodicity [35,36]. As seen from the results of analyzing the time scale, the common aspects of precipitation change in different regions of Horqin region are as follows. In the time scale of 23–32 years, the cyclical fluctuations were very significant and the annual precipitation undergone two cyclical fluctuations from periods of low precipitation to high precipitation. Periods of low precipitation included: 1961–1972, 1983–1992 and 2002–2015. Periods of high precipitation included: 1973–1982 and 1993–2001. In the time scale of 5–11 years, there were many cyclical changes from periods of high precipitation to low precipitation. Precipitation change points also increased. As seen from the strength of the periodicity, the time scale of 26–32 years had a bigger module value in the cycle of 23–32 years, meaning this period was the time of significant precipitation cyclical change. The cyclical change of the time scale of 5–11 years were secondary. The cyclical changes of other time scales were smaller. There were also differences between some years. However, the overall changing tendency was consistent.



As the results of analyzing the spatial wavelet variance of sub-region (Figure 5), the main cycle of precipitation in District I, District II and District III was between 10 and 11 years. However, the main cycle of precipitation in District IV was 25 years. This means Horqin region’s precipitation fluctuating characteristics were consistent within regions with less than 450 mm annual precipitation. When the value exceeded this, the changing laws were significantly different. Meanwhile, it can be estimated from the cyclical tendency of changing from high to low precipitation in different sub-regions’ annual precipitation wavelet variance picture that Horqin region will be in a period of low precipitation between 2016 and 2020.




5. Conclusions


The spatial differentiation characteristics of Horqin region’s annual precipitation fluctuation were mainly represented in the following. (1) This region is trending towards being arid and precipitation gradually decreases from the southeast (District IV) to northwest (District I). (2) The influence of spatial differentiation characteristics on precipitation fluctuation in this region was represented in the cyclical fluctuation, which gradually decreased from the southeast to the northwest. The cyclical change’ time was gradually shortened. In the first main cycle whose annual precipitation changes were most significant, the changing characteristic in District IV and District I decreased from 25 years to 10 years. (3) It is predicated from the cyclical changing law that the annual precipitation is currently decreasing from high to low, and Horqin region will remain in a period of low precipitation between 2016 and 2020.



Spatial differentiation characteristics of precipitation were studied and the future precipitation situation was predicated by cyclical changing law of wavelet. Furthermore, artificial neural network and other new methods were also used in this research for prediction of precipitation. We will compare and combine these methods in further studies [37,38,39,40,41,42]. The influences of this precipitation fluctuation change to vegetation change will also be further studied.
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