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Abstract

:

Precipitation unevenness significantly influences the rational allocation of water resources and the management of agricultural irrigation. Based on precipitation data from 29 meteorological stations in Heilongjiang Province, China, from 1961 to 2020, this study calculated the precipitation concentration index (PCI), precipitation concentration degree (PCD), and precipitation concentration period (PCP) to analyze the spatial distribution characteristics of precipitation heterogeneity at three distinct timescales: year, maize growth period, and the four stages of the maize growth period. The findings reveal that the rainy season in Heilongjiang Province commences earlier in the southwest compared with the northeast and northwest, with a primary concentration in July. At the annual scale, PCI in southwestern Heilongjiang Province surpasses that in the southeastern region, displaying an approximate east–west gradient in PCD and PCP values ranging from 0.544 to 0.746 and 196 to 203, respectively. During the growth period scale, precipitation concentrates in the southwest and central regions, occurring earlier than in the northeast and northwest. In contrast to the annual scale, the PCI value is smaller, and precipitation predominantly concentrates in mid and late July. Examining the four stages of the maize growth period, PCD generally exhibits a decreasing gradient from west to east. The highest values of PCI and PCD manifest in the southwestern part of Heilongjiang Province, with precipitation concentrated in the middle of each growth stage. The research results serve as a valuable reference for policymakers and stakeholders involved in water resource allocation and agricultural water management in Heilongjiang Province.
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1. Introduction


Precipitation, as a critical climate element, serves not only as a vital water resource for natural ecosystems and human societies but also exerts profound impacts on the water requirements for crop growth [1,2,3,4]. In recent decades, heightened by global climate warming and escalating human activities, precipitation has exhibited increased temporal and spatial variability, leading to heightened uncertainties and a surge in occurrences of droughts and floods [5,6]. Consequently, the uneven distribution of precipitation has garnered widespread attention from scholars [7,8,9,10,11].



The present study primarily employs indicators such as PCI, PCD, and PCP to analyze the uneven distribution of precipitation [12,13,14]. These three widely used indicators reflect the concentration characteristics of precipitation. PCD and PCP, representing the concentration level and period of concentration, are mainly used to assess the distribution of total precipitation and determine the periods during which maximum precipitation occurs [15,16,17]. PCI was used to assess the contribution of the maximum precipitation days to the total precipitation amount [18,19] (see Section 2 for details). Simultaneously, considering these three indicators provides a comprehensive understanding of the uneven characteristics of precipitation from different perspectives [20].



Scholars have conducted research on precipitation unevenness using indicators such as PCI, PCD, and PCP across various scales. For example, for long-term analysis, based on daily precipitation data from meteorological stations, Bai and Liu et al. [21], Darand M and Pazhoh F et al. [22], Li et al. [23], Liu et al. [24], and Wang et al. [25] investigated the multi-year precipitation inhomogeneity in the Chinese region, Iran, Xinjiang, China, and Yangtze River Basin, respectively, by using the metrics of PCI, PCD, and PCP. On a short time scale, Jiang et al. [26] analyzed the distribution characteristics of daily and monthly precipitation in China using CI and PCI. Liu et al. [17] analyzed the spatial and temporal distribution characteristics of daily, monthly, and seasonal precipitation in the Longchuan River Basin from 1977 to 2017 and investigated the trends of precipitation and rainy days as well as the PCI for each intensity. The aforementioned studies primarily analyze the spatiotemporal distribution characteristics of precipitation unevenness at annual, seasonal, monthly, and daily scales, with less integration into the water demand processes of crop growth. Due to the strong dependence of crops on water, the concentration of precipitation directly impacts the water supply during critical growth periods [27]. By focusing research on the short temporal scale of crop growth stages, including the overall crop growth period, we can more accurately understand the impact of precipitation unevenness on agriculture and provide more targeted agricultural management recommendations. Research at the scale of crop growth stages contributes to a better understanding of precipitation variations during critical growth periods [28], while studies at the annual scale may obscure details of these key periods. Therefore, addressing the aforementioned issues, this study, building upon the analysis at the annual scale, emphasizes the spatiotemporal distribution characteristics of precipitation unevenness, specifically during the corn growth stages. This approach aims to provide a theoretical basis for efficient rainwater resource utilization and alleviating agricultural water shortages.



Through this study, daily precipitation data of Heilongjiang Province as the research area are acquired from Heilongjiang Province spanning the period 1961–2020; this study refined the temporal scale of investigating precipitation unevenness by incorporating annual scale analysis and specific crop growth periods as a practical foundation. The aims of this study are as follows: (1) examine the spatial distribution of PCI, PCD, and PCP at three temporal scales, including annual, maize growth period, and various stages of maize growth period; (2) identify and quantified trends in precipitation unevenness for the study area in Heilongjiang Province. The outcomes of this research study can offer a more precise and detailed reference for water management measures in agricultural irrigation and the rational allocation of water resources in Heilongjiang Province.




2. Materials and Methods


2.1. Study Region


Heilongjiang Province is located in the northeastern region of China, spanning 43°26′ to 53°33′ N latitude and 121°11′ to 135°05′ E longitude (Figure 1). The province extends approximately 1120 km from north to south and 930 km from east to west, covering an area of about 4.73 × 105 km2. It features a temperate continental climate characterized by harsh, dry winters and mild, humid summers. The region experiences abundant precipitation, with an annual average rainfall ranging from 500 to 600 mm. There is a notable annual temperature variation, with an average annual temperature of 2.48 °C. Summer temperatures can soar to 35 °C, while winter temperatures can plummet to −36 °C. Heilongjiang Province boasts the largest arable land area in China and is a primary grain production center [29,30], playing a pivotal role in the country’s socioeconomic landscape. Current research indicates that rainfed agriculture predominantly dominates dryland farming in Heilongjiang Province. Crop growth heavily relies on precipitation. A mismatch between the precipitation pattern (PCP) and the cropping period of dryland crops can adversely affect crop growth, posing challenges to water resource management. The uneven spatial distribution of precipitation contributes to occasional flooding and drought disasters. Statistics reveal that since the early to mid-1990s, Heilongjiang Province has faced severe and prolonged drought conditions. In 1998, the region experienced an unprecedented and historically rare flood disaster, suggesting an overall worsening trend of drought and flood disasters [31,32]. Given the scarcity of water resources in Heilongjiang Province and the crucial role of precipitation in agricultural water supply, research into the spatial distribution irregularities of precipitation in the province holds significant practical significance. Such studies can further our understanding of both flood and drought events [33] and help assess the tangible impact of precipitation disparities on the growth of rainfed crops [34,35,36].



Research data used in this study comprise daily precipitation records from 29 meteorological observation stations in Heilongjiang Province spanning from 1961 to 2020. With a time series covering 60 years, this extensive dataset ensures the reliability and robustness of our research findings. Data for this study were sourced from the China Meteorological Administration (http://data.cma.cn/, accessed on 18 January 2021). The specific distribution of meteorological stations is shown in Figure 1.




2.2. Methods


2.2.1. Method for Calculating PCI


PCI was introduced as a metric to assess the influence of days with the greatest rainfall on the total precipitation. It is formulated based on the influence of precipitation on the total number of rainy days and is typically modeled using an exponential distribution [37,38]. Broadly speaking, within a specific period and location, there is a greater likelihood of small average daily precipitation, while the likelihood of large average daily precipitation is lower. However, these occurrences of heavy rain in small amounts are more likely to impact hydrological input [37]. To evaluate the relative impact of different daily precipitation values, particularly the contribution of the maximum precipitation value on the total precipitation value, an analysis of the contribution of the percentage of accumulated days (X) to the percentage of accumulated precipitation (Y) was conducted [23,37,39,40,41]. The computational procedure for this method can be described as follows: (1) This study uses 1 mm precipitation as the grade interval for classifying precipitation grade boundaries; (2) the precipitation grade boundaries are arranged in ascending order; (3) the number of days falling into each precipitation class is tallied, and the corresponding precipitation amount is computed; (4) the cumulative summation of the output from step 3 is calculated; (5) based on the results of step 4, the cumulative percentage of rainy days and the associated precipitation amount are derived. After the above steps, a relationship between the index curves X and Y is obtained, which can be expressed according to the recommended exponential model by Martin-Vide as follows:


  Y = a X e x p  (  b X  )   



(1)







Equation (1), with constants a and b determined through the least squares method, can produce a polyline known as a concentration curve or Lorenz curve, widely employed across various disciplines [42]. The area S, enclosed by the bisectors and polylines within the quadrant, serves as a metric for concentration. The precipitation concentration assembles the Gini coefficient, representing the area between the ideal distribution (45°) line and the Lorenz curve. As the parameters of Equation (1) can be established by the least squares method, the definite integral of the Lorenz curve’s area (A) within the range from 0 to 100 can be formulated as follows:


    A = 5000 −   ∫  0  100   a x   e x p  (  b x  )  d x  



(2)







Then, the area S can be expressed as:


  S = 5000 − A  



(3)







Then, the PCI, similar to the Gini coefficient, can be expressed as:


  P C I = S / 5000  



(4)







Therefore, the PCI value corresponds to the ratio of S to the surface area of the lower triangle defined by the equidistribution line. A higher PCI value indicates a greater concentration of precipitation on a few rainy days within that timescale and vice versa. For a comprehensive understanding of this method, refer to Martin-Vide (2004) [37]. This method will be used to reveal the structure of accumulated precipitation contributed by the cumulative precipitation days.




2.2.2. PCD and PCP Calculations


According to [43], PCD and PCP were proposed to evaluate the distribution of total precipitation and determine the period when maximum precipitation occurs. It is believed that the precipitation of each segment under the total precipitation is a vector, including changes in magnitude and direction, represented by the arctangent function as a 360° circle [44]. From this, the definitions of PCP and PCD are as follows:


  P C  D  i j   =      R  x i  2  +  R  y i  2       R i     



(5)






  P C  P  i j   = arctan  (     R  x i      R  y i      )   



(6)







In the formula, where i represents the timescale, which may denote a year, a growth period, or various stages within the growth period, and j represents the segmentation within the corresponding timescale. Ri is the total precipitation in the i-th period; Rij is the precipitation in the j-th segment in the i-th period; θj is the azimuth angle of the j-th segment (the azimuth angle of the entire study period is set to 360°); Rxi and Ryi are the composite vectors of the total precipitation Ri in the x and y directions.



It is evident from Equations (5) and (6) that PCD can depict the precipitation concentration level within a specific timescale, with a value ranging from 0 to 1. As an extreme example, if precipitation occurs only in one month of the year, the ratio of the composite component to the annual precipitation is 1, indicating the maximum value of PCD reaching 1. Conversely, if total precipitation is evenly distributed across each month of the year, PCD will attain the minimum value of 0. PCP indicates the period when precipitation is most concentrated within a specific timescale. Precipitation PCD and PCP carry distinct physical meanings. PCD underscores the distribution of precipitation in each segment of the total annual precipitation by reflecting the distribution level of total annual precipitation within each time segment. PCP primarily centers on all segments, emphasizing the period during which precipitation occurs with the largest amount. Due to the differing focuses of these two indicators, we conducted a comprehensive evaluation of the spatial distribution characteristics of PCD and PCP based on the daily precipitation dataset of Heilongjiang Province.



This study analyzes the spatial distribution characteristics of PCD and PCP in Heilongjiang Province from 1961 to 2020 at three timescales: year, maize growth period (May–September), and each stage of the maize growth period. Following Zhao’s research, maize growth in Heilongjiang Province will be assessed. The planting period is segmented into four stages: seeding–emergence period (1–31 May), emergence–jointing period (1 June–10 July), tasseling–milky ripening period (11 July–31 August), and mature period (1–30 September) [44]. When the year serves as the timescale, Ri represents the year, and PCD and PCP are calculated based on monthly segments. The corresponding azimuth angles are outlined in Table 1. When the growth period is the timescale, Ri represents the maize growth period, and ten days serve as a segment. PCD and PCP are computed within these segments, and the corresponding azimuth angles are provided in Table 2. When each growth period stage is the timescale, Ri represents each growth period stage, one day serves as a segment for PCD and PCP calculations, and the growth period is considered the scale. The corresponding azimuth angles are presented in Table 3 (using the mature stage’s azimuth angles as an example, with the other three stages being similar). The respective azimuth angles under the three timescales are detailed in Table 1, Table 2 and Table 3.




2.2.3. MK Trend Test


Mann–Kendall (MK) trend test [45,46] can detect trends in time series. Since it is a nonparametric method, variables need not obey normal or linear distribution [47]. It is also used by many scholars to evaluate hydrometeorological time series monotonic trends [48]; therefore, this study used this method to analyze the changing trend of PCI.



In the MK trend test, the null hypothesis H0 is that data in the time series (Xi, i = 1, 2, …, n) are independent and identically distributed random variables, and hypothesis H1 is that there is a trend in the sequence [49], then the statistical parameter S0 is defined as following [45,46]:


   S 0  =   ∑   k = 1   n − 1     ∑   j = k + 1  n  s g n  (   x j  −  x k   )   



(7)






  s g n  (   x j  −  x k   )  =  {      + 1 ,          (   x j  −  x k   )  > 0       0 ,                (   x j  −  x k   )  = 0       − 1 ,          (   x j  −  x k   )  < 0        



(8)




where n is the length of the sequence (n > 40), k = 1, 2, …, n − 1, j = 2, 3, …, n, it has been proved that when n ≥ 8, S0 approximately obeys the normal distribution with mean and variance 0 (assuming no tied groups):


    V a r  (   S 0   )  =  [  n  (  n − 1  )   (  2 n + 5  )   ]  / 18  



(9)







The standardized statistic Z can be calculated as:


  Z =  {         S 0  − 1     V a r  (   S 0   )      ,        S 0  > 0       0 ,                                              S 0  = 0              S 0  + 1     V a r  (   S 0   )      ,          S 0  < 0            



(10)







The Z value less than zero indicates a downward trend, whereas the Z value greater than zero indicates an upward trend. If |Z| > 1.96, the trend is significant at the 95% confidence level; if |Z| > 2.58, the trend is significant at the 99% confidence level. Significant at the confidence level; vice versa. Before performing the MK trend test, autocorrelation analysis was first used to determine whether the PCI time series had autocorrelation.






3. Result and Discussions


3.1. Spatial Pattern of PCI at Different Timescales


In accordance with Equations (1)–(4), this study employs Aihui Station as an illustrative example to elucidate the PCI calculation process. The coefficients a, b, and PCI corresponding to three timescales, year, maize growth period, and various stages of the maize growth period are subsequently computed. The calculated results of a, b, and PCI are tabulated in Table 4, while the Lorenz curve is depicted in Figure 2. Based on this calculation process, PCI values corresponding to each timescale are obtained and presented in Table 5. The spatial distribution of PCI for each timescale is illustrated in Figure 3. Overall, PCI values exceed 0.59, signifying that precipitation is more concentrated on a few rainy days at the respective timescale rather than being evenly distributed. The spatial distribution map of PCI on an annual scale reveals a discernible decreasing gradient from southwest to surrounding areas, particularly from southwest to southeast. Higher PCI values are observed in southwestern Heilongjiang Province, especially at Qiqihar Station and Fuyu Station, while smaller values are prevalent in the southeast, most of which are less than 0.67. Mudanjiang Station, for instance, records a PCI of only 0.6503, indicating fewer rainy days annually in southwestern Heilongjiang Province compared with the southeast. Turning to the PCI spatial distribution map at the growth period scale, PCI varies between 0.61 and 0.65, which is smaller than the annual PCI. Overall, it exhibits an increasing gradient from the middle to the surrounding areas. Higher values persist in the southwest, albeit smaller than the annual PCI. Lower values occur in the central part, particularly at the Tonghe and Shangzhi stations.



Analyzing the PCI spatial distribution map of the four growth stages, values are smaller than the annual PCI. The seeding–emergence period shows a decreasing trend from west to east, with smaller PCI values covering a larger proportion. Longjiang Station records a maximum value of 0.6657, while Tieli Station exhibits a minimum value of 0.5767. Compared with the seeding–emergence stage, the PCI value in the emergence–jointing stage is smaller. It shows a decreasing gradient from southwest to southeast and northwest, with Tonghe Station exhibiting the smallest PCI values. During the tasseling–milky stages, areas with lower PCI values are scattered, with Longjiang Station recording the maximum value of 0.6554 and Bei’an Station the minimum value of 0.6078. In the mature stage, PCI values exhibit a gradient of low in the middle and high around the edges, with Fuyu Station recording the maximum value and Tieli Station the minimum value.




3.2. Spatial Distribution of PCI Trends at Different Timescales


After conducting autocorrelation analysis on the PCI time series and obtaining autocorrelation coefficients close to 0, indicating no autocorrelation, the Mann–Kendall (MK) trend test was applied to the PCI values derived from the previous analysis. The resulting trend values (Z-values) for PCI are presented in Table 6. The spatial distribution of Z-values for PCI across three timescales (year, maize growth period, and various stages of the maize growth period) is illustrated for the 29 meteorological stations in Heilongjiang Province in Figure 4. Analyzing the PCI trend distribution map on the annual scale, it is observed that PCI in most areas of Heilongjiang Province exhibits no significant trend at the 0.05 significance level, with no significantly rising sites. Notably, Yichun and Fujin show significant annual PCI declines at a significance level of 0.05. In a few areas, such as Beilin, Harbin, Sunwu, and Zhaozhou, the downward trend of PCI values is more significant, with the significance level reaching 0.01. Specifically, the PCI trend decreased significantly in the central and eastern regions of Heilongjiang Province. Examining the PCI trend distribution map at the maize growth period scale, no significantly rising sites are observed. Both Zhaozhou and Harbin exhibit significant declining trends, with the former having a significance level of 0.01 and the latter 0.05. Turning to the PCI trend distribution map for the four stages of the maize growth period, during the seeding–emergence stage, only Qiqihar shows a significant upward trend in PCI, with a significance level of 0.05. No significant upward or downward trend is evident during the tasseling–milky stage. However, significantly increased sites are observed at both the emergence–jointing and mature stages. In the emergence–jointing stages, the PCI values of Anda and Hulin increased significantly at the 0.05 level, while Huma’s PCI value increased significantly at the 0.01 level. In the mature stage, the PCI values of Jiamusi and Baoqing both exhibit an upward trend, whereas those of Zhaozhou show a significant downward trend.




3.3. Spatial Patterns of PCD at Different Timescales


The average PCD for the 29 meteorological stations in Heilongjiang Province from 1961 to 2020, spanning the yearly maize growth period and four stages of maize growth period across three timescales, were calculated, as per Equation (5). The results of the average PCD calculations and the corresponding spatial distribution map are presented in Table 7 and Figure 5, respectively. Figure 5 illustrates that, generally, the PCD values in Heilongjiang Province from 1961 to 2020 exhibit a gradient of high in the west and low in the east. This indicates an increasing concentration of precipitation from east to west in Heilongjiang Province. Specifically, across various timescales and on an annual basis, the PCD values consistently surpass 0.5. However, at the growth period scale, all PCD values are less than 0.5. Most PCD values in the four stages of the growth period are also less than 0.5. This suggests that precipitation in Heilongjiang Province is relatively concentrated on an annual scale, while during the growth period and each growth period stage, it tends to be more scattered under these two timescales. Furthermore, larger PCD values are predominantly observed in the western part of Heilongjiang Province, particularly in the Qiqihar area, whereas smaller values are more prevalent in the Mudanjiang and Suifenhe areas in the southeast. Additionally, upon comparing the spatial distribution of PCD values at each stage of the growth period, it is evident that the PCD values and their change amplitudes during the seeding–emergence and maturity stages are larger than those during the emergence–jointing and tasseling–milky maturity stages. This indicates that the seeding–emergence and maturity stages are relatively concentrated but exhibit substantial spatial variability.




3.4. Spatial Patterns of PCP at Different Timescales


The average PCP for the 29 meteorological stations in Heilongjiang Province from 1961 to 2020, covering the yearly maize growth period and four stages of the maize growth period across three timescales, were calculated using Equation (6). The results of the average PCP calculations and the corresponding spatial distribution map are presented in Table 8 and Figure 6, respectively. From Figure 6, it is evident that the PCP values for Heilongjiang Province range between 196° and 203° on an annual scale. Precipitation on an annual scale is predominantly concentrated in July, with a spatial distribution indicating lower values in the southwest and higher values in the northeast and northwest. This suggests that the rainy season in the southwest of Heilongjiang Province occurs earlier than in the northeast and northwest. At the growth period scale, the PCP values vary between 188° and 203°, and the spatial distribution is akin to that at the annual scale. The lowest value is observed at Tailai Station, while the highest value is noted at Hulin Station. For the four stages of the growth period, PCP values exhibit noticeable spatial variability. Overall, the PCP values in these stages fluctuate between 129° and 241°, emphasizing a relatively consistent precipitation pattern across these stages. However, there is a focus on the midpoints of each stage. Simultaneously, the PCP values for the seeding–emergence stage and the emergence–jointing stage vary between 161° and 204° and between 169° and 241°, respectively. These represent the smallest and largest changes among the four stages, indicating that the PCP during the seeding–emergence period exhibits the least spatial variability, while the opposite is true for the emergence–jointing stage.



From the analysis, the precipitation unevenness in Heilongjiang Province shows certain differences for various time scales. The PCI values at the annual scale and the growth period scale have no obvious trends. Only the PCI of Zhaozhou and Harbin have an obvious downward trend at both timescales, the annual and the maize growth period. However, further analysis found that Harbin’s PCI did not show a significant trend in the four growth stages timescale, whereas Zhaozhou’s PCI value only showed a significant downward trend during the maize maturity period timescale. The spatial distributions of PCD and PCP at the annual timescale and the growth period timescale are very similar, but there is a certain spatial difference in the timescale of the four stages of the growth period.




3.5. Interpretation of the Precipitation Unevenness


Heilongjiang Province, situated in northeastern China, experiences a temperate continental climate influenced by the temperate continental monsoon. During the summer, a moist monsoon originates from the southeast but encounters obstacles in penetrating further inland due to the mountainous terrain in the central and southern regions of the province [50]. This climatic phenomenon is evident in observed data spanning from 1961 to 2008, revealing a declining trend in annual average precipitation and summer precipitation in northeastern China, following a trajectory from the southeast to the northwest [51]. As a result, the southeastern part of Heilongjiang Province receives relatively higher precipitation, albeit characterized by lower concentration levels. The monsoon plays a crucial role in contributing to the observed irregularities in precipitation patterns within Heilongjiang Province.





4. Conclusions


Heilongjiang Province, located in a cold climate zone, typically undergoes a single-crop growing season annually. In this study, PCI, PCD, and PCP were employed to examine the spatial characteristics of precipitation at three distinct timescales: yearly, during the maize growth period, and within different growth stages of maize cultivation. The outcomes of this research study carry scientific and practical significance for water resource management, agricultural planning, and irrigation in Heilongjiang Province. The main findings of this study are summarized as follows:




	(1)

	
At the three scales of year, growth period, and growth stage, the PCI values in southwestern Heilongjiang Province are higher, while the areas with lower values are more scattered. This indicates that precipitation in southwestern Heilongjiang Province is more concentrated, corresponding to fewer rainy days on a given timescale.




	(2)

	
At the three scales of year, growth period, and growth period, the PCD shows a decreasing trend from west to east. On an annual scale, precipitation in the western part of Heilongjiang Province is relatively concentrated and occurs relatively early, while precipitation in the eastern part is scattered and concentrated later. Precipitation displays uneven distribution in both space and time. While the overall trend of precipitation at the growth period scale remains unchanged compared with the annual scale, the overall precipitation concentration is lower, and precipitation is relatively evenly distributed. In each stage of the growth period, the largest PCD values appear in the Qiqihar and Daqing areas, while the smallest value appears in the Mudanjiang area.




	(3)

	
On the annual scale, the spatial distribution of PCP is high in the northeast and northwest and low in the southwest and central parts. The PCP decreases from 203° to 196°, indicating that the annual precipitation concentration period in the southwest and central parts of Heilongjiang Province is earlier than that in the northeast. In the central and northwest regions, the annual precipitation is mainly concentrated in July. The PCP decreases from 203° to 188° at the growth period scale, indicating that the growth period precipitation occurs earlier in the southwest and central Heilongjiang Province than in the northeast and northwest, and the precipitation during the growth period is mainly concentrated in mid- and late July. The distribution of PCP in each growth stage is quite different, but the PCP values are concentrated in the range of 129°~241°, indicating that precipitation in each growth stage is concentrated in the middle of each growth stage.









The mechanisms underlying precipitation irregularity are intricate, involving numerous factors that warrant further investigation. Factors such as the Pacific Decadal Oscillation (PDO), Arctic Oscillation (AO), El Niño-Southern Oscillation (ENSO), and solar activity (represented by sunspots, SS) may also influence the causes of precipitation irregularity. Therefore, there is a need for more in-depth research to elucidate the precise mechanisms underlying precipitation irregularity. This understanding is crucial for better comprehending the impacts of climate change and uneven precipitation distribution on agriculture, water resource management, and related fields. In addition, the analysis of precipitation heterogeneity at smaller scales also needs further research.
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Figure 1. Study area and meteorological stations distribution map. 






Figure 1. Study area and meteorological stations distribution map.



[image: Agronomy 13 03057 g001]







[image: Agronomy 13 03057 g002] 





Figure 2. Lorenz curves at various timescales at Aihui Station. (a) yearly; (b) maize growth period; (c) seeding–emergence period; (d) emergence–jointing stage; (e) tasseling–milky stage; (f) mature. 
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Figure 3. PCI spatial distribution map at each timescale. (a) yearly; (b) maize growth period; (c) seeding–emergence period; (d) emergence–jointing stage; (e) tasseling–milky stage; (f) mature stage. 
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Figure 4. Spatial distribution map of PCI trends at each timescale (Z value). (a) yearly; (b) maize growth period; (c) seeding–emergence period; (d) emergence–jointing stage; (e) tasseling–milky period; (f) mature period. 
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Figure 5. Spatial distribution map of PCD at each timescale. (a) yearly; (b) maize growth period; (c) seeding–emergence period; (d) emergence–jointing stage; (e) tasseling–milky stage; (f) mature stage. 
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Figure 6. Spatial distribution map of PCP at each timescale. (a) yearly; (b) maize growth period; (c) seeding–emergence period; (d) emergence–jointing stage; (e) tasseling–milky stage; (f) mature stage. 
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Table 1. Azimuth angle of each month in a year.
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	Month
	January
	February
	March
	April
	May
	June



	θ(°)
	15
	45
	75
	105
	135
	165



	Month
	July
	August
	September
	October
	November
	December



	θ(°)
	195
	225
	255
	285
	315
	345










 





Table 2. Azimuth angle of each 10 days in a growth period.
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Month

	
May

	
June

	
July




	
time

	
first

	
mid

	
last

	
first

	
mid

	
last

	
upper

	
mid

	
last




	
θ(°)

	
12

	
36

	
60

	
84

	
108

	
132

	
156

	
180

	
204




	
Month

	
August

	
September

	

	

	




	
time

	
first

	
mid

	
last

	
first

	
mid

	
last

	

	

	




	
θ(°)

	
228

	
252

	
276

	
300

	
324

	
348

	

	

	











 





Table 3. Azimuth angle of each day in a stage of the growth period.
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	Day
	1
	2
	3
	4
	5
	6
	7
	8





	θ(°)
	6
	18
	30
	42
	54
	66
	78
	90



	Day
	9
	10
	11
	12
	13
	14
	15
	16



	θ(°)
	102
	114
	126
	138
	150
	162
	174
	186



	Day
	17
	18
	19
	20
	21
	22
	23
	24



	θ(°)
	198
	210
	222
	234
	246
	258
	270
	282



	Day
	25
	26
	27
	28
	29
	30
	
	



	θ(°)
	294
	306
	318
	330
	342
	354
	
	










 





Table 4. Corresponding coefficients a, b, and PCI values at each timescale at Aihui Station.
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	Aihui
	Year
	Growth Period
	Seeding–Emergence

Stage
	Emergence–Jointing

Stage
	Tasseling–Milky

Stage
	Mature Stage





	a
	0.0100
	0.0209
	0.0298
	0.0233
	0.0226
	0.0227



	b
	0.0453
	0.0382
	0.0344
	0.0375
	0.0375
	0.0368



	PCI
	0.6809
	0.6302
	0.6104
	0.6261
	0.6206
	0.6405










 





Table 5. Calculation results of PCI values at various timescales.
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	Station Name
	Station

Number
	Annual PCI
	PCI in Growth Period
	PCI in Seeding–Emergence

Stage
	PCI in Emergence–Jointing

Stage
	PCI in Tasseling–Milky

Stage
	PCI in Mature Stage





	Aihui
	50468
	0.6809
	0.6302
	0.6104
	0.6261
	0.6206
	0.6405



	Anda
	50854
	0.6714
	0.6363
	0.6388
	0.6203
	0.6320
	0.6249



	Baoqing
	50888
	0.6678
	0.6266
	0.5971
	0.6217
	0.6248
	0.6383



	Beian
	50656
	0.6768
	0.6273
	0.6143
	0.6380
	0.6078
	0.6241



	Beilin
	50853
	0.6714
	0.6241
	0.6145
	0.6176
	0.6206
	0.5984



	Fujin
	50788
	0.6667
	0.6327
	0.6239
	0.6140
	0.6312
	0.6358



	Fuyu
	50742
	0.6911
	0.6473
	0.6495
	0.6357
	0.6361
	0.6614



	Harbin
	50953
	0.6664
	0.6232
	0.6045
	0.5999
	0.6291
	0.6069



	Hailun
	50756
	0.6754
	0.6336
	0.6327
	0.6242
	0.6259
	0.6182



	Huma
	50353
	0.6662
	0.6230
	0.6164
	0.6090
	0.6200
	0.6106



	Hulin
	50983
	0.6601
	0.6289
	0.6064
	0.6140
	0.6381
	0.6247



	Jixi
	50978
	0.6633
	0.6231
	0.6128
	0.6055
	0.6213
	0.6262



	Jiamusi
	50873
	0.6600
	0.6216
	0.6017
	0.6011
	0.6242
	0.6331



	Keshan
	50658
	0.6855
	0.6398
	0.6484
	0.6333
	0.6246
	0.6318



	Mingshui
	50758
	0.6798
	0.6363
	0.6499
	0.6240
	0.6235
	0.6170



	Mohe
	50136
	0.6652
	0.6264
	0.6130
	0.5925
	0.6403
	0.6265



	Mudanjiang
	54094
	0.6503
	0.6209
	0.6071
	0.6005
	0.6219
	0.6229



	Nenjiang
	50557
	0.6795
	0.6283
	0.5934
	0.6101
	0.6382
	0.6230



	Qiqihar
	50745
	0.6867
	0.6497
	0.6614
	0.6314
	0.6479
	0.6299



	Shangzhi
	50968
	0.6577
	0.6150
	0.5965
	0.5937
	0.6106
	0.6192



	Suifenhe
	54096
	0.6654
	0.6248
	0.6082
	0.6013
	0.6342
	0.6450



	Sunwu
	50564
	0.6793
	0.6323
	0.6042
	0.6157
	0.6362
	0.6360



	Tailai
	50844
	0.6738
	0.6397
	0.6262
	0.6245
	0.6393
	0.6411



	Tieli
	50862
	0.6704
	0.6156
	0.5767
	0.6112
	0.6151
	0.5929



	Tonghe
	50963
	0.6656
	0.6143
	0.5933
	0.5920
	0.6182
	0.5956



	Yichun
	50774
	0.6744
	0.6204
	0.5899
	0.6121
	0.6119
	0.6101



	Yilan
	50877
	0.6562
	0.6204
	0.6076
	0.5939
	0.6250
	0.5948



	Zhaozhou
	50950
	0.6770
	0.6410
	0.6228
	0.6268
	0.6414
	0.6337



	Longjiang
	50739
	0.6864
	0.6577
	0.6657
	0.6390
	0.6554
	0.6597










 





Table 6. Calculation results of Z values at various timescales.
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	Station Name
	Station

Number
	Annual Z
	Z in Growth Period
	Z in Seeding–Emergence

Stage
	Z in Emergence–Jointing

Stage
	Z in Tasseling–Milky

Stage
	Z in Mature Stage





	Aihui
	50468
	−0.76
	0.36
	−0.48
	−0.43
	1.08
	0.62



	Anda
	50854
	−0.17
	0.36
	1.02
	2.01
	−0.52
	−0.43



	Baoqing
	50888
	−0.81
	−0.12
	0.07
	0.66
	−0.34
	1.98



	Beian
	50656
	−1.78
	−1.88
	−1.00
	0.52
	−1.68
	−0.16



	Beilin
	50853
	−3.20
	−1.40
	−0.38
	−1.31
	0.20
	0.76



	Fujin
	50788
	−2.23
	−1.49
	−0.98
	−0.99
	−0.35
	1.51



	Fuyu
	50742
	0.30
	1.12
	0.95
	1.22
	1.80
	−1.21



	Harbin
	50953
	−3.03
	−2.48
	−1.75
	−0.73
	−0.96
	−0.20



	Hailun
	50756
	−1.51
	−0.50
	−0.78
	0.11
	0.85
	−0.96



	Huma
	50353
	0.95
	0.45
	1.84
	3.27
	−0.96
	−1.35



	Hulin
	50983
	−1.15
	−1.41
	−0.62
	2.39
	−1.52
	−0.71



	Jixi
	50978
	−1.19
	−0.98
	−0.49
	−0.45
	−0.67
	0.15



	Jiamusi
	50873
	−0.13
	−0.34
	−0.96
	0.36
	−0.85
	2.84



	Keshan
	50658
	−0.84
	−0.41
	−1.58
	1.22
	−0.07
	−1.47



	Mingshui
	50758
	−0.31
	−0.38
	−0.04
	−1.22
	0.24
	0.71



	Mohe
	50136
	0.61
	0.47
	0.10
	−0.29
	0.77
	−0.17



	Mudanjiang
	54094
	0.29
	0.31
	−0.85
	0.99
	0.18
	−0.47



	Nenjiang
	50557
	−1.10
	0.00
	−1.35
	1.03
	0.72
	−0.62



	Qiqihar
	50745
	0.39
	0.50
	2.09
	0.33
	1.38
	0.23



	Shangzhi
	50968
	−0.91
	−1.04
	0.31
	−1.31
	−0.86
	0.96



	Suifenhe
	54096
	0.39
	0.84
	0.63
	0.75
	−0.45
	−0.59



	Sunwu
	50564
	−2.86
	−1.55
	−0.68
	0.31
	0.01
	−1.88



	Tailai
	50844
	−0.27
	−0.01
	1.44
	0.41
	0.91
	−1.84



	Tieli
	50862
	−1.74
	−0.40
	−0.66
	0.38
	0.62
	0.24



	Tonghe
	50963
	−0.90
	0.06
	0.55
	−0.66
	1.01
	0.87



	Yichun
	50774
	−2.02
	−1.13
	−1.60
	−0.66
	−1.54
	0.70



	Yilan
	50877
	−0.27
	−0.18
	−0.82
	−0.66
	−0.02
	0.35



	Zhaozhou
	50950
	−3.06
	−2.69
	−1.58
	−0.49
	−1.91
	−2.32



	Longjiang
	50739
	−1.00
	−1.55
	−0.38
	−0.55
	−0.06
	−0.53










 





Table 7. Calculation results of PCD values at various timescales.
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	Station Name
	Station

Number
	Annual PCD
	PCD in Growth Period
	PCD in Seeding–Emergence

Stage
	PCD in Emergence–Jointing

Stage
	PCD in Tasseling–Milky

Stage
	PCD in Mature Stage





	Aihui
	50468
	0.670
	0.327
	0.478
	0.389
	0.325
	0.424



	Anda
	50854
	0.733
	0.401
	0.547
	0.382
	0.400
	0.489



	Baoqing
	50888
	0.614
	0.286
	0.432
	0.351
	0.346
	0.515



	Beian
	50656
	0.684
	0.340
	0.518
	0.423
	0.335
	0.419



	Beilin
	50853
	0.687
	0.366
	0.500
	0.382
	0.348
	0.409



	Fujin
	50788
	0.602
	0.275
	0.455
	0.396
	0.329
	0.476



	Fuyu
	50742
	0.707
	0.403
	0.574
	0.393
	0.399
	0.492



	Harbin
	50953
	0.662
	0.356
	0.483
	0.376
	0.353
	0.478



	Hailun
	50756
	0.689
	0.331
	0.494
	0.383
	0.361
	0.461



	Huma
	50353
	0.641
	0.328
	0.512
	0.390
	0.303
	0.427



	Hulin
	50983
	0.544
	0.273
	0.371
	0.388
	0.341
	0.463



	Jixi
	50978
	0.613
	0.295
	0.399
	0.394
	0.297
	0.469



	Jiamusi
	50873
	0.613
	0.300
	0.424
	0.367
	0.347
	0.460



	Keshan
	50658
	0.704
	0.368
	0.577
	0.396
	0.346
	0.442



	Mingshui
	50758
	0.723
	0.378
	0.541
	0.381
	0.398
	0.461



	Mohe
	50136
	0.625
	0.336
	0.578
	0.368
	0.332
	0.497



	Mudanjiang
	54094
	0.603
	0.289
	0.407
	0.332
	0.315
	0.407



	Nenjiang
	50557
	0.690
	0.367
	0.530
	0.401
	0.324
	0.493



	Qiqihar
	50745
	0.719
	0.411
	0.641
	0.420
	0.414
	0.527



	Shangzhi
	50968
	0.611
	0.338
	0.459
	0.367
	0.325
	0.438



	Suifenhe
	54096
	0.581
	0.294
	0.401
	0.345
	0.336
	0.425



	Sunwu
	50564
	0.657
	0.331
	0.487
	0.399
	0.338
	0.433



	Tailai
	50844
	0.730
	0.404
	0.596
	0.405
	0.430
	0.547



	Tieli
	50862
	0.663
	0.332
	0.437
	0.362
	0.327
	0.393



	Tonghe
	50963
	0.641
	0.314
	0.442
	0.379
	0.334
	0.427



	Yichun
	50774
	0.654
	0.314
	0.416
	0.362
	0.324
	0.403



	Yilan
	50877
	0.636
	0.329
	0.420
	0.380
	0.322
	0.425



	Zhaozhou
	50950
	0.719
	0.386
	0.543
	0.421
	0.381
	0.483



	Longjiang
	50739
	0.746
	0.413
	0.674
	0.387
	0.380
	0.566










 





Table 8. Calculation results of PCP values at various timescales.






Table 8. Calculation results of PCP values at various timescales.





	Station Name
	Station

Number
	Annual PCP (°)
	PCP in Growth Period (°)
	PCP in Seeding–Emergence

Stage (°)
	PCP in Emergence–Jointing

Stage (°)
	PCP in Tasseling–Milky

Stage (°)
	PCP in Mature Stage (°)





	Aihui
	50468
	199.5
	191.9
	199.2
	206.7
	152.0
	143.4



	Anda
	50854
	198.8
	192.1
	199.2
	204.2
	145.9
	138.1



	Baoqing
	50888
	201.9
	209.7
	176.1
	184.7
	185.2
	147.0



	Beian
	50656
	200.2
	203.0
	186.6
	201.6
	142.9
	155.3



	Beilin
	50853
	198.8
	188.5
	184.5
	199.6
	136.7
	174.0



	Fujin
	50788
	200.9
	200.4
	170.3
	186.5
	152.4
	149.8



	Fuyu
	50742
	200.2
	202.3
	189.6
	232.7
	144.3
	131.0



	Harbin
	50953
	198.6
	191.8
	188.8
	211.0
	128.4
	183.1



	Hailun
	50756
	199.0
	193.9
	183.2
	199.4
	164.1
	174.3



	Huma
	50353
	199.1
	194.1
	196.3
	225.0
	147.6
	155.5



	Hulin
	50983
	203.2
	203.0
	170.3
	174.0
	167.9
	153.5



	Jixi
	50978
	200.9
	192.1
	180.9
	176.2
	172.9
	149.2



	Jiamusi
	50873
	201.1
	197.2
	187.8
	175.5
	171.9
	153.1



	Keshan
	50658
	200.0
	198.4
	188.8
	211.3
	139.6
	152.4



	Mingshui
	50758
	198.9
	187.2
	185.2
	217.5
	146.0
	168.0



	Mohe
	50136
	202.6
	203.8
	204.6
	219.3
	170.7
	151.1



	Mudanjiang
	54094
	199.7
	204.7
	184.3
	199.7
	183.1
	176.6



	Nenjiang
	50557
	200.7
	199.9
	184.5
	210.9
	161.4
	139.5



	Qiqihar
	50745
	199.3
	193.0
	171.7
	209.6
	148.5
	161.3



	Shangzhi
	50968
	199.5
	193.2
	174.8
	195.3
	159.5
	194.3



	Suifenhe
	54096
	199.7
	193.3
	169.4
	190.6
	181.7
	141.9



	Sunwu
	50564
	199.9
	191.7
	192.6
	189.6
	148.9
	127.2



	Tailai
	50844
	196.8
	183.7
	178.1
	222.4
	155.4
	160.1



	Tieli
	50862
	200.0
	196.7
	161.1
	192.3
	169.8
	168.3



	Tonghe
	50963
	199.5
	193.9
	176.7
	198.0
	154.0
	160.5



	Yichun
	50774
	200.7
	194.1
	171.8
	200.3
	162.5
	153.1



	Yilan
	50877
	200.3
	199.1
	190.1
	168.8
	179.9
	170.0



	Zhaozhou
	50950
	198.4
	189.8
	202.5
	207.4
	140.6
	169.8



	Longjiang
	50739
	199.4
	192.0
	173.6
	242.0
	145.7
	143.2
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