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Abstract Accurate risk forecasting of agricultural water shortage has important meaning for the prevention and reduction of disasters in regional agricultural production. The encounter situation of effective precipitation (Pe) and crop water requirements (ETc) can determine the regional agricultural water shortage risk under natural precipitation supply condition. The Guanzhong Plain (GP), divided into Eastern Guanzhong Plain (EGP) and Western Guanzhong Plain (WGP), is sensitive to water shortage as a result of the local arid and semi-arid climate. Based on the daily meteorological data at six representative weather stations in GP from 1962 to 2016, Pe and ETc, which were marked as Pey, Pew, Pes and ETcy, ETcw, ETcs over a hydrological year, winter wheat growth period and summer maize growth period respectively, were computed and their marginal distributions were examined. Also, the copula functions were employed to model the joint distribution of Pe and ETc. The results indicated that the optimal fitted marginal distributions for Pey, Pew and Pes proved to be Lognormal, GEV and Normal in EGP, respectively, and Gamma, Log-Gamma and Weibull in WGP, respectively. GEV correlated all the ETcy, ETcw and ETcs optimally both in EGP and WGP. The Frank copula was identified as the most suitable model for the joint modelling of Pe and ETc series. According to the joint probability distribution, the asynchronous encounter probability of Pe and ETc was around three or four folds of the synchronous encounter probability in GP. Further, probabilities of the occurrence of slight, moderate, severe, and extreme agricultural water shortage under natural precipitation supply condition were 0.51, 0.20-0.30, 0.04-0.10, 0.01 in EGP, respectively, while the corresponding values were 0.52, 0.20-0.23, 0.03-0.09, 0.01 in WGP, respectively. Overall, GP confronted serious agricultural water shortage, and such incompatibility was more serious in EGP compared with WGP. This study can provide an important guidance for the adjustment of crop planting structure, the establishment of irrigation system and the optimal allocation of regional water resources.
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1 INTRODUCTION
Water scarcity has become a major restricting factor for regional social and economic development, especially in the arid and semi-arid regions around the world (Jiang, 2009; Tang, Folmer & Xue, 2013a; Salinas, Gironas, & Pinto, 2016; Niu, Li, Huang, Liu, & Chen, 2016; Zheng et al., 2018a). Agriculture consumes the largest amount of water resources among human activities (Tang, Folmer, Van der Vlist, & Xue, 2013b; Lee, Yoo, Choi, & Engel, 2016), so effective risk management of agricultural water resources system has become an inevitable trend. As the basis of agricultural water resources risk management, agricultural water shortage risk assessment can provide the basic and scientific guidance for regional water resources allocation, which is of great significance to adjust the regional planting structure and deal with drought risk.

Water shortage risk refers to the probability of water supply shortage and the resulting losses in regional water resources systems due to the uncertainty between water supply and water demand. The water resources system is a complex system, with large randomness and fuzziness. Most existing studies have used random or fuzzy models to explore the risk of water shortage (Feng, & Huang, 2008; Yan, Xie, & Qin, 2011; Gu, Shao, & Jiang, 2012; Hsieh, Su, & Cheng, 2014; Yang, Yeh, & Ho, 2015; Qian, Zhang, Hong, Wang, & Yang, 2016; Iman, Riawan, Setiawan, & Abdurahman, 2017; Moursi, Kim, & Kaluarachchi, 2017). For instance, Feng, & Huang, (2008) analyzed the water shortage risk through the probability distribution of annual precipitation by the information diffusion theory in Jinhua of Zhejiang Province, China. Hsieh, Su, & Cheng, (2014) constructed multisite spatiotemporal streamflow simulation to assess the risk of irrigation water shortage. Moursi, Kim, & Kaluarachchi, (2017) constructed a model for evaluating the agricultural water shortage risk under climate change based on climate response function and general circulation model. Although the above models have a good mathematical basis and the evaluation indexes are clear, they have not fully considered the nonlinear relationships between the components of the water resources system. Therefore, it is impossible to quantitatively describe the complex nonlinear relationships between the water supply and the water demand.

The copula function established based on the nonlinear correlations between the random variables can preserve both the dependence structure and different distribution characteristics of the random variables (Tosunoglu & Kisi 2016). The joint distribution function with arbitrary marginal distribution can be constructed, and the original random variables will not be changed during the conversion process. Thus, the copula function has been widely used in risk analysis of drought and flood (Shiau, 2006; Shiau, Wang, & Tsai, 2006; Shiau, Feng, & Nadarajah, 2007; Ma, Song, Ren, Jiang, & Song, 2013; Xu, Yang, Xu, & Lei, 2015; Chang, Li, Wang, & Yuan, 2016; Yin,  Guo, Liu, Chen, Chang, & Xiong, 2017; Han et al., 2018; Montaseri, Amirataee, & Rezaie, 2018; Yang et al., 2018; Yin et al., 2018). Only a few researchers have applied the copula function to study the risk analysis of water shortage. Ding, He, & Wang, (2011) built the interannual joint probability distribution of rainfall (P) and reference crop evapotranspiration (ET0) with the copula method in the Weining irrigation district of Ningxia. Zhang, Zhao, & Xiao, (2014) and Zhang, Lin, Zhao, & Hong, (2017) established a water shortage risk model to analyze the encounter probability of P and ET0 under natural precipitation conditions in the Luhun irrigation district of Henan Province based on the copula function. Gao, Liu, & Bowen, (2018) combined the copula-based Monte Carlo stochastic simulation and the chance-constrained programming-stochastic multiobjective optimization model to analyze the water shortage risk in Lunan water-receiving area, China. As the basic variables describing the irrigation system, the matching degree of crop effective precipitation (Pe) and crop water requirement (ETc) can reflect the balance of supply and demand of regional agricultural water resources more effectively compared with P and ET0 (Zhang, Yang, Xue, Yang, & Zhang, 2007), however, the encounter probability of Pe and ETc under natural precipitation conditions based on the copula function remains unexplored. The Guanzhong Plain (GP), a very important national agricultural production region, is particularly sensitive to agricultural water shortage due to an arid and semi-arid climate. Less research on the relationship between Pe and ETc in GP has been conducted and the nonlinear coupling between Pe and ETc has not yet been reported. 

Therefore, in the study based on the annual Pe and ETc from 1962-2016 in GP, their statistical characteristics and marginal distributions are presented. Then the joint probability distribution of annual Pe and ETc is established with the copula function, and the different synchronous-asynchronous encounter situations of the annual Pe and ETc are analyzed. Finally, the joint probabilities and return periods of Pe lower than a certain frequency value and ETc higher than a certain frequency value are explored to analyze the risk of agricultural water shortage in GP under the condition of natural precipitation.
2 METHODS AND MATERIALS 
2.1 Study area and data set
The Guanzhong Plain (GP) is located in the middle of Shanxi Province, China (107°01′–110°36′E, 33°57′–35°33′N) (Figure 1). The plain, covering an area of 39064.5 km2, extends south to north from the Qinling Mountains to the Bei Mountains, and west to east from Baoji to the Yellow River (Huang, Hou, Chang, Huang, & Chen, 2014; Wu, Qian, Chen, & Huo, 2017). GP experiences an arid and semi-arid climate, and is divided into Eastern Guanzhong Plain (EGP) and Western Guanzhong Plain (WGP), according to the variations in precipitation (P), with P ranging around 500 mm to 650 mm in EGP and 550 mm to 700 mm in WGP. With an average annual growing season temperature ranging between 12°C and 13.6°C, the region has favorable conditions for grain and industrial crop production (Tang, Folmer, Van der Vlist, & Xue, 2013b; Zheng, Fan, Zhang, Yan, & Xiang, 2018b).The major crops in GP are winter wheat, sown in early October and harvested in next June, and summer corn, sown immediately after wheat harvest and reaped in September. We considered the period from winter wheat sowing to summer corn harvesting (October to September next year) as a hydrological year in the study.

FIGURE 1
Daily meteorological data at six representative stations in GP from 1962 to 2016 were collected by comparing the integrity of the data. The six stations are presented in Figure 1 and Table 1. The meteorological data were acquired from the National Meteorological Information Center (NMIC) of China Meteorological Administration (http://data.cma.cn/), including daily maximum temperature (Tmax), minimum temperature (Tmin), mean temperature (Tmean), relative humidity (RH), sunshine hours (n), wind speed u1010m above the ground (changed into wind speed u2 2m above the ground), latitude, longitude and altitude of the stations. A small amount of missing data, accounting for 0.56% of all data, was supplemented through linear interpolation method and average value within a certain period. 

TABLE 1
2.2 Methodologies
2.2.1 Effective precipitation (Pe) and Crop water requirements (ETc)

Effective precipitation (Pe) is ambiguous in the literature and largely dependent upon the agronomic and climatic contexts. In the study, effective precipitation (Pe) was the part of precipitation needed by crops in the process of evapotranspiration, neither surface runoff and drainage below the root zone of the crop, nor the deep leakage of precipitation required for leaching salt being taken into consideration. The calculation of Pe of winter wheat and summer corn in GP referred to the research results of Duan (2004). Crop water demand (ETc) was the sum of the plant transpiration, inter-plant evaporation, and the amount of water that constitutes the plant when the crop grows and develops normally under suitable soil moisture and fertility levels. In the study, ET0 was calculated by the Penman Monteith formula recommended by FAO (Allen, Pereira, Raes, & Smith, 1998), and ETc was calculated by the single crop coefficient method (Fan, Wu, Zhang, Xiang, & Zheng, 2016). The selection of crop coefficient and division of the fertility period of winter wheat and summer corn referred to the research results of Shi, Cao, & Li, (2009).

2.2.2 Marginal distributions of Pe and ETc
Before jointing the two variables of Pe and ETc by using copula functions, the marginal distributions of the variables must be determined. Let x and y represent Pe and ETc, and their marginal distribution functions were FX(x) and FY(y), respectively. In the study, we selected seven common single variable distributions (Normal, Two-parameter Gamma, log-Gamma, Generalized Extreme Value (GEV), Pearson type-III (P-Ⅲ), Lognormal and Weibull distributions) to fit Pe and ETc. Also, the parameters of the probability distributions (seven types) were calculated using the Maximum Likelihood Estimation (MLE) (Bardossy & Pegram 2009), and the K-S test was used to identify the marginal distributions.

2.2.3 Copula method

Selecting a suitable copula is quite important for modeling dependence correctly among marginal distributions. Sklar theorem (Sklar, 1959) is the theoretical basis of the copula method. According to Sklar’s theorem, if the marginal distributions FX(x) and FY(y) are determined, then the joint cumulative distribution function F(x, y) with random variables x and y can be expressed with the function Cθ(u,v) as follows:

F(x, y)= Cθ(FX(x), FY(y)),      
[image: image1.wmf]"

x, y                      (1)

where Cθ(u, v) is called the copula function and θ is a parameter to be determined.

The common copula functions include Archimedean copula, Elliptic copula, Plackett copula, and Experience copula. Among them, the Archimedean copula has a simple structure and calculation. It can construct a variety of variable joint distribution functions with strong adaptability and has been widely used in hydrology and water resources field. We used the Clayton, Frank, Gumbel-Hougaard and Ali-Mikhail-Haq copula families that belong to the Archimedean copula class to model the joint probability distribution of Pe and ETc (Table 2). 

The application of copula theory in the bivariate/multivariate joint probability distribution investigations required to examine the correlation structure of dependent variables. In the study, the correlations between Pe and ETc were estimated by Kendall’s correlation coefficient τ (Davis & Chen, 2007). The Kendall’s correlation coefficient τ can be used to measure both the linear and the nonlinear correlation of variables, and it was estimated from the following expression:
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where n is the total number of the observed (xi, yj) (i, j=1,2,3,…, n). The sign() denotes the symbol function which is defined as: 
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There was a correspondence between Kendall’s τ and parameter θ in Archimedean copula function, which was exhibited in Table 2 (Zhang, Lin, Zhao, & Hong, 2017). From Table 2, it can be seen that in Clayton copula and Gumbel-Hougaard copula τ>0, in Ali-Mikhail-Haq copula -0.1817≤τ≤0.3333, and in Frank copula τ∈R.

TABLE 2
3 RESULTS AND ANALYSIS 
3.1 Data Series of Pe and ETc
Considering the complicated landforms in GP and various altitudes at different stations, it was limited by simply obtaining the mean value of Pe and ETc at the stations or selecting the value of Pe and ETc at a certain station to represent the entire study area. In order to ensure the validity of selecting representative stations, two virtual stations were created according to the mean values of longitude, latitude and altitude at the stations over EGP and WGP, and 56a daily meteorological data of the two virtual stations were obtained by the Inverse distance weighting method (IDW) (Shepard, 1968). For example, according to mean values of longitude, latitude and altitude of three stations (Pucheng, Yaoxian and Qindu) in EGP, the coordinate of the virtual station could be obtained that (34.76°E, 109.04°N, 560.67m), whereas the weights of three stations were figured out to be 0.603, 0.102 and 0.295 by IDW, so the meteorological data of the virtual station in EGP could be further obtained. 
Pe was further marked as Pey, Pew, Pes to refer to effective precipitation over a hydrological year in winter wheat and summer corn rotation, winter wheat growth period and summer maize growth period, respectively. ETc was marked as ETcy, ETcw, ETcs to refer to water demand over a hydrological year, winter wheat growth period and summer maize growth period, respectively. Based on the daily meteorological data at six representative stations in GP from 1962 to 2016, the data series of Pe and ETc from 1962 to 2016 in EGP and WGP were calculated and presented in Figure 2. The basic parameters of Pe and ETc in EGP and WGP were shown in Table 3. It was obvious that mean values of Pey, Pew, Pes over the years in EGP equaled to 533mm, 245 mm and 287mm respectively, less than that of Pey, Pew, Pes (599mm, 274mm, 325mm) in WGP. However, the mean values of ETcy, ETcw, ETcs (997mm, 494mm, 502mm) in EGP were larger than that of ETcy, ETcw, ETcs (895mm, 417mm, 477mm) in WGP. From Table 3, it can be easily found that the variation coefficients of Pey, Pew, Pes were larger than those of ETcy, ETcw, ETcs in both EGP and WGP, i.e. Pe was more variable than ETc. Liu & Guo (2008) found that P in GP had varied in large degree over the years and Xue (2015) discovered that annual variation of ET0 in GP was relatively stable, which agreed with the conclusions in this study. In summary, values of Pey, Pew, Pes were less than those of ETcy, ETcw, ETcs in both EGP and WGP, which revealed that natural precipitation was not able to meet the crop demand.

FIGURE 2
  TABLE 3
3.2 Determining marginal distributions of Pe and ETc
The identification and determination of the most appropriate marginal distribution for each variable play a key role in the joint probability analysis of Pe and ETc using the copula technique. Thus, seven distributions were selected in this study to fit Pe (Pey, Pew, Pes) and ETc (ETcy, ETcw, ETcs) respectively, and the K-S test was used to identify the optimal marginal distributions. The test results were exhibited in Table 4, which showed that the fitting goodness of the seven types reached a significant level (α<0.05). In EGP, the optimal marginal distributions for Pey, Pew and Pes proved to be Lognormal, GEV, Normal respectively and GEV correlated ETcy, ETcw, ETcs all optimally, while the optimal marginal distributions for Pey, Pew, Pes in WGP were Gamma, Log-Gamma, Weibull respectively and for ETcy, ETcw, ETcs, GEV correlated optimally as well. 
TABLE 4
Table 5 showed the corresponding parameters of marginal distributions of Pe and ETc in GP. It indicated that the empirical accumulation probability correlated the theoretical accumulation probability of Pe and ETc relatively well (α<0.01). It further testified that marginal distributions and parameters were appropriately determined.
TABLE 5
3.3 The joint probability distribution of Pe and ETc
Kendall’s rank correlation coefficient τ was used to measure the correlation between Pe and ETc. τ between Pey and ETcy, Pew and ETcw, Pes and ETcs were -0.403, -0.401, -0.519 in EGP respectively, whereas τ between the three pairs were -0.228, -0.335, -0.348 in WGP, respectively (Table 6). According to the formulas in Table 2, τ’ range in Clayton copula and Gumbel-Hougaard copula was above zero (τ>0) and in Ali-Mikhail-Haq copula, τ approached -0.1817≤τ≤0.3333. Therefore, only Frank copula was reasonable to elaborate the correlation between Pe and ETc. Based on the formula of the pair τ and θ, the parameter θ of Frank copula in EGP and WGP were obtained, and the result was presented in Table 6. In K-S test of the joint probability distribution of Pe and ETc, taking the significant level α=0.05, when n=55, the corresponding fractile value of the K-S test was 0.1798. In Table 6, the K-S identified statistic D was less than 0.1798, so the fitting goodness can be considered significant level (α<0.05). Additionally, the calculated marginal distribution was consistent with the empirical value for both Pe and ETc as shown in Table 6, and their correlation coefficients R2 were more than 0.96, which demonstrated the validity of joint probability distribution model and Frank copula being the best fitting one. 
TABLE 6
3.4 Application of the joint probability distribution of Pe and ETc
The corresponding threshold values for Pe and ETc as different frequency were obtained from their marginal distributions. Table 7 presented different frequency thresholds of Pe and ETc in GP. 

TABLE 7
According to the Chinese National Standard GB/T 50095-98, Pe and ETc were are classified as three states: high state (Pe≥Pe37.5%, ETc≥ETc37.5%), normal state (Pe62.5%≤Pe≤Pe37.5%, ETc62.5%≤ETc≤ETc37.5%) and low state (Pe≤Pe62.5%, ETc≤ETc62.5%) based on the frequency pf=37.5% and pk=62.5% (Table 7) (Zhang, Zhao, & Xiao, 2014; Zhang, Lin, Zhao, & Hong, 2017). Probabilities of 9 encounter situations of various Pe states and ETc states (high Pe-high ETc, high Pe-normal ETc, high Pe-low ETc, normal Pe-high ETc, normal Pe-normal ETc, normal Pe-low ETc, low Pe-high ETc, low Pe-normal ETc, low Pe-low ETc) were expressed as Table 8, and these encounter situations can also be divided into synchronous encounter probability (SEP) and asynchronous encounter probability (AEP) further (shown as Table 8).

The results in EGP showed that the SEP of the pair (high Pe, high ETc) was equal to the SEP of the pair (low Pe, low ETc) with the value of 4.80%. However, the SEP of the pair (normal Pe, normal ETc) was 8.04%. The AEP of the pair (high Pe, low ETc) was equal to (low Pe, high ETc) with the value of 24.22%, which was the largest of all pairs in EGP, and the AEP of the other four pairs was 8.48%. The subtotal AEP (82.36%) was more than 4 folds of the subtotal SEP (17.64%). In WGP, the SEP of the pair (high Pe, high ETc) was equal to the SEP of the pair (low Pe, low ETc) with the value of 8.59% and the SEP of the pair (normal Pe, normal ETc) was 6.76%. The AEP of the pair (high Pe, low ETc) was equal to (low Pe, high ETc) with the largest value of 19.79%. The probability of the other four asynchronous pairs was 9.12% and the subtotal AEP (76.05%) was more than three folds of subtotal SEP (23.95%).

Likewise, the subtotal SEP of the pairs (Pew, ETcw) and (Pes, ETcs) were 17.70% and 14.93% in EGP respectively. While the corresponding values were 19.84% and 19.39% in WGP, respectively. The subtotal AEP of those were 82.30% and 85.07% in EGP, respectively, 80.16% and 80.61% in WGP, respectively. The AEP of the pairs (Pew, ETcw) and (Pes, ETcs) were far more greater than the SEP of those pairs. Meanwhile, the AEP of the piars (high Pew-low ETcw, high Pes-low ETcs) were equal to the AEP of the pairs (low Pew-high ETcw, low Pes-high ETcs), with the largest value around 20%.

The high asynchronous encounter probability of Pe and ETc indicated the large probability of an unfavorable water balance situation under the natural precipitation supply condition in GP. As described, the encounter probability of the combined pair (low Pe, high ETc) was 20% approximately, which most likely resulted in an unfavorable water balance situation. Thus, irrigation and optimum water resource allocation were necessary for agriculture. Compared with WGP, the frequency of the pair (low Pe, high ETc) was higher in the EGP, revealing a severe incompatibility of agricultural water supply and demand under the condition of the natural precipitation supply in EGP, which was consistent with the results of Li, Yan, Sun, Xu, & Zhao, (2005).

TABLE 8
3.5 The joint probabilities and return periods of two different encounter situations of Pe and ETc 
The probability of low Pe and high ETc was great in both EGP and WGP and such encounter situation was more likely to cause agricultural water shortage under natural precipitation condition. Therefore, we further analyzed the joint probabilities and return periods of the following two encounter situations: (1)Supposing either low Pe not to exceed a given high frequency value or high ETc supposed to exceed a given low frequency value, let G(x, y) be joint probability and T(x, y) be joint return period; (2)Supposing both low Pe not to exceed a given high frequency value or high ETc supposed to exceed a given low frequency value, let G'(x, y) be concurrent probability and T'(x, y) be concurrent return period. 
 Figure 3 showed the isogram of G(x, y) and G'(x, y) in GP as well as various encounter situations of Pe-ETc pairs with the identical joint probability. It indicated that in GP the values of G(x, y) and G'(x, y) were inclined to increase along with Pe rising and ETc descending in the pair. Figure 4 presented the isogram of T(x, y) and T'(x, y) as well as the occurrence of different Pe-ETc pairs in the same return period. Contrary to curves in Figure 3, Figure 4 showed the values of T(x, y) and T’(x, y) were inclined to increase along with Pe descending and ETc rising in the pair. Moreover, the encounter probability and periodicity of Pe-ETc pairs under such conditions mentioned above have been specified in Table 9 and Table 10. 

FIGURE 3
FIGURE 4
According to different frequency threshold values of Pey and ETcy in Table 7, when the low Pey did not exceed the corresponding 62.5% threshold value and the high ETey exceeded the corresponding 37.5% threshold value. In the study, it was considered that the occurrence of either condition would cause slight agricultural water shortage, while the occurrence of both conditions would cause moderate agricultural water shortage. Table 9 revealed in EGP P(Pey≤498mm∪ETcy≥1015mm)=0.51 and P(Pey≤498mm, ETcy≥1015mm)=0.25, and the corresponding T and T' were 1.96a and 4.08a respectively. It indicated that the frequency of slight agricultural water shortage was as high as 0.51 and it returned every 1.96a, and the frequency of moderate agricultural water shortage was 0.25 and it returned every 4.08a. Table 10 showed in WGP P(Pey≤561mm∪ETcy≥916mm)=0.55, and P(Pey≤561mm, ETcy≥916mm)=0.20, and the corresponding T and T' were 1.81a and 5.02a respectively. Hence, the frequency of slight agricultural water shortage was as high as 0.55 and it returned every 1.81a, and the frequency of moderate agricultural water shortage was 0.20 and it returned every 5.02a. 

Under more arid condition, supposing low Pey did not exceed the corresponding 87.5% frequency value and high ETey exceeded the corresponding frequency 12.5% value. It was considered that the occurrence of either condition indicated moderate agricultural water shortage and the occurrence of both indicated severe agricultural water shortage. In EGP, with P(Pey≤433mm∪ETcy≥1084mm)=0.21, P(Pey≤433m, ETcy≥1084mm)=0.05, the corresponding T and T' were 4.81a and 22.19a respectively, indicating the frequency of moderate agricultural water shortage was 0.21 and it returned every 4.81a. The frequency of severe agricultural water shortage was as small as 0.05 and it returned every 22.19a. In WGP, with P(Pey≤482mm∪ETcy≥966mm)=0.22, P(Pey≤482mm, ETcy≥966mm)=0.03, the corresponding T and T' were 4.58a and 26.67a respectively, suggesting that the frequency of moderate agricultural water shortage was 0.22 and it returned every 4.58a. The frequency of severe agricultural water shortage was as small as 0.03 and it returned every 33.67a. 

Under the extreme condition, when the frequency was 95%, low Pey did not exceed the corresponding value; when the frequency was 5%, high Pey exceeded the corresponding value. Suppose the occurrence of either condition indicated severe agricultural water shortage and the occurrence of both indicated extreme agricultural water shortage. In EGP, with P (Pey≤397mm∪ETcy≥1116mm)=0.10 and P (Pey≤397mm, ETcy≥1116mm)=0.01, the corresponding T and T' were 9.68a and 91.11a respectively, indicating that the frequency of severe agricultural water shortage was as small as 0.10 and it returned every 9.68a. The frequency of extreme agricultural water shortage was as slim as 0.01 and it returned every 99.11a. In WGP, with P (Pey≤437mm∪ETcy≥992mm)=0.09 and P (Pey≤437mm, ETcy≥992mm)=0.01, the corresponding T and T' were 10.99a and 196.79a respectively, suggesting that the frequency of severe agricultural water shortage was 0.09 and it returned every 10.99a. The frequency of extreme agricultural water shortage was as slim as 0.01 and it returned every 196.79a. 

Comprehensively considering the encounter probabilities and return periods of Pew and ETcw, Pes and ETcs under the conditions mentioned above (Table 9 and Table 10), the conclusions can be drawn that the agricultural water shortage in GP was serious under natural precipitation supply condition. Probabilities of the occurrence of slight, moderate, severe, and extreme agricultural water shortage were 0.51, 0.2-0.3, 0.04-0.1, 0.01 in EGP, respectively, while the corresponding values were 0.52, 0.2-0.23, 0.03-0.09, 0.01 in WGP, respectively. Meanwhile, return periods of slight, moderate, severe, and extreme agricultural water shortage were 2a, 3-5a, 10-20a, 100a respective in EGP, and 2a, 4-5a, 10-25a, 120a in WGP respectively, implying the water shortage risk threatened EGP more often than WGP. 

TABLE 9

TABLE 10
4 DISCUSSION 

Based on the construction of copula function between Pe and ETc, it was found that the subtotal AEP of Pe and ETc was around three or four folds of the SEP, and the AEP of low Pe and high ETc was the largest with the value around 20% in GP, which increased the risk of agricultural water shortage in GP. Zhang, Lin, Zhao, & Hong, (2017) analyzed encounter probability of P and ET0 in Luhun irrigation district. They found that the subtotal AEP was more than three folds of the SEP and the maximal AEP of the pair (low P, high ET0) was 20.06%, which was consistent with the result of this study. Chen & Dong (2009) studied the climate changes in GP and found that the temperature kept rising in fluctuation from 1959 to 2007 while P decreasing. Moreover, the climate in GP has been trending to warming and drying since the 1990s. They concluded that the climate change in GP was probably influenced by global air environment and speeding development of local industry and agriculture as well as urbanization. Evidently, high-speeding developed industry and agriculture along with increasing CO2 emission catalyzed greenhouse effect resulting in local temperature rising, P decreasing, ET0 increasing. Hence, asynchronous variation of P and ET0, followed the research above, led to high AEP of Pe and ETc in GP, causing an unfavorable water balance of natural precipitation and crop water requirement. Therefore, supplementary irrigation was demanded, otherwise crop will suffer water shortage. 

According to the research in this study, GP confronted serious shortage of agricultural water resource, and such incompatibility was more serious in EGP compared with WGP. The conclusion was consistent with the findings of Hou, L, & W, (2012) who found that the whole GP suffered long-term water shortage, with less water resource per capita and less water resource for cultivated land per hectare than national average level. What’s worse, the spatial allocation cultivated land and water resource were asynchronous, i.e. water resource decreased as the cultivated land increased from west to east. The characteristics of long-narrowed belt and west-high east-low terrain influenced the spatial distribution of P in GP. P occurred frequently in the west and decreased extending to the direction of northeast, which varied the national spatial distribution of P, i.e. rich in southeast, poor in northwest, gradually decreasing from southeast to northwest (Huang, Hou, Chang, Huang, & Chen, 2014). In addition, n in EGP exceeded WGP, RH less than WGP and the value of u2 was high in Pucheng, which caused ET0 in EGP was more than in WGP (Su, Cao, & Kang, 2004). With continual expansion of urban size in EGP, high degree of hardened ground, the change of underlying surface, change of precipitation infiltration and evaporation route, such factors combined with others as variation of the flow caused by urban heat island effect make drought and waterlogging occur. In those circumstances, agricultural water imbalance between demand and supply became more serious under the condition of natural precipitation (Li, Yan, Sun, Xu, & Zhao, 2005).

This paper analyzed the risk of agricultural water resource shortage in GP based on the description of Pe and ETc. Due to limited existing data and possible interrelation between the two random variables (Pe and ETc), the study preliminarily exemplified the statistical characteristics of Pe and ETc by establishing a joint distribution model. Whereas, the spatial-temporal relation between them was worth being future analyzed. The next research will focus on inter correlation between Pe and ETc and the characteristics of short-term sequence of single variable. Additionally, the joint probability statistics of Pe and ETc in this study can be only used to describe the situation under natural precipitation supply condition, such variables as irrigation water consumption or crop output will be taken into consideration to further establish the agricultural water shortage model for various crops at different growth phases. 

5 CONCLUSIONS 

This study represents the first study on modeling the joint distribution functions of effective precipitation (Pe) and crop water requirements (ETc) by using bivariate copulas. The Guanzhong Plain (GP), a typical arid and semi-arid area in China, was selected for the study. Based on the daily meteorological data from 1962 to 2016 obtained at six representative stations in GP , two virtual stations were created to represent the Eastern Guanzhong Plain (EGP) and Western Guanzhong Plain (WGP), respectively. Then, the values of effective precipitation (Pe) and crop water requirements (ETc), which were marked as Pey, Pew, Pes and ETcy, ETcw, ETcs over a hydrological year, winter wheat growth period and summer corn growth period respectively, were computed and their marginal distributions were examined. Copula functions were employed to model the joint distribution of Pe and ETc, and the most suitable copula model was further applied to analyze the joint probabilities and return periods of two different encounter situations of Pe and ETc in order to assess the risk of agricultural water shortage. The following conclusions can be drawn from this study:

(1) The mean values of Pey, Pew, Pes over the years in EGP were 533mm, 245mm and 287mm, respectively, less than that of Pey, Pew, Pes (599mm, 274mm, 325mm) in WGP. However, the mean values of ETcy, ETcw, ETcs (997mm, 494mm, 502mm) in EGP were more than that of ETcy, ETcw, ETcs (895mm, 417mm, 477mm) in WGP. The variation coefficients of Pey, Pew, Pes were more than those of ETcy, ETcw, ETcs in both EGP and WGP, thus Pe was more variable than ETc.

(2) In EGP, the optimal fitted marginal distributions for Pey, Pew and Pes proved to be Lognormal, GEV, Normal respectively, and GEV correlated all ETcy, ETcw, ETcs optimally, while the optimal fitted marginal distributions for Pey, Pew, Pes were Gamma, Log-Gamma and Weibull in WGP respectively, and GEV correlated ETcy, ETcw and ETcs optimally as well. 

(3) Frank copula was identified as the most suitable model for joint modelling of Pe and ETc series. The subtotal asynchronous encounter probability of Pe and ETc was around three or four folds of the subtotal synchronous encounter probability in GP, and the asynchronous encounter probability of Pe and ETc was higher in EGP compared with WGP. The high asynchronous encounter probability of Pe and ETc indicated a large probability of unfavorable water balance situation under the natural precipitation supply condition in GP.

(4) Probabilities of the occurrence of slight, moderate, severe, and extreme agricultural water shortage were 0.51, 0.2-0.3, 0.04-0.1, 0.01 in EGP respectively, and 0.52, 0.2-0.23, 0.03-0.09, 0.01 in WGP, respectively. Meanwhile, the return periods of slight, moderate, severe, and extreme agricultural water shortage were 2a, 3-5a, 10-20a, 100a in EGP respectively, and 2a, 4-5a, 10-25a, 120a in WGP, respectively. Overall, the agricultural water shortage in GP was serious under the natural precipitation supply condition, and it threatened EGP more often than WGP. 
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