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Abstract

:

The North China District (NCD) is one of the main grain production regions in China. The double cropping system of irrigation has been leading to the groundwater table decline at the speed of 1–2 m per year. Climate change leads to uncertainty surrounding the future of the NCD agricultural system, which will have great effects on crop yields and crop water demands. In this research, the Meteorological dataset from 54 weather station sites over the period 1960–2015 were collected to quantify the long-term spatial and temporal trends of meteorological data, including daily minimum temperature (Tmin), maximum temperature (Tmax), precipitation, solar radiation, reference evapotranspiration (ET0), and aridity index (AI). The results show that the long-term wheat and maize growing season and annual average air temperatures (Tmin and Tmax) showed strong north to south increasing trends throughout the NCD. The average annual precipitation was 632.9 mm across the NCD, more than 70% of which was concentrated in the maize growing season. The regional average annual ET0 was 1026.1 mm, which was 531.2 and 497.4 mm for the wheat and maize growing season, respectively. The regional precipitation decreased from northwest to southeast in each growing season and annual timescale. The funnel areas have lower precipitation and higher ET0 than the regional average, which may lead to the mining of the groundwater funnel area. The regional average annual AI is 0.63, which lies in the humid class. For temporal analysis, the regional average trends in annual Tmin, Tmax, solar radiation, ET0, precipitation, and AI were 0.37 °C/10a, 0.15 °C/10a, −0.28 MJ/day/m2/10a, −2.98 mm/10a, −12.04 mm/10a, and 0.005/10a, respectively. The increasing trend of temperature and the decreasing trend of solar radiation may have a negative effect on the regional food security. The funnel area AI showed a significant increasing trend for the winter wheat growing season and a decreasing trend for maize, which indicated that more irrigation will be needed for the maize growing season and the winter fallow policy may lead to the increasing trend precipitation being wasted. Analyzing the growing season and the annual meteorological elements of the spatiotemporal trends can help us better understand the influence of climate change on the natural resources and agricultural development in both the past and the future, and will provide us with invaluable information for the modification of cropping patterns to protect the regional and national water and food security.
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1. Introduction


Global warming, becoming a real and pressing problem, is accepted widely as the main feature of climate change. The Fifth Assessment Report of the United Nations Intergovernmental Panel on Climate Change [1] showed that the period of 1983–2012 was the warmest 30 years over the last 800 years for the average annual Northern Hemisphere temperatures. Climate change has a great effect on the water demand of plants and crops, the water consumption, and the grain yield due to increased temperatures and variable rainfall, especially in poor adaptability areas [2,3]. Climate change is expected to increasingly affect crop yields [4,5,6,7,8] and crop water requirements [9]; which impact on the regional and global food security and water security.



The North China District (NCD) is one of the most important grain producing areas in China. It produces 7.31 × 107 ton of wheat and 5.73 × 107 ton of maize with 1.17 × 107 ha and 10.00 × 107 ha area, which was 56.7% of the nation’s wheat yields and 26.1% of its maize yields [10]. Thus, NCD plays an important part in ensuring China’s food security. The winter wheat-summer maize cropping system is the main cropping system in the North China District. This double cropping system needs about 800–1100 mm water every year [11], while the average annual precipitation is around 500–600 mm at the same time [12], thus, irrigation is needed in order to meet the optimal yield. However, the water resources are limited in this area and most of the irrigation water was from underground water, which causes a dramatic decline of the water table. In addition, irrigation is related to the distribution of the precipitation crop water requirement. Thus, assessing the spatiotemporal changes of the data is beneficial for optimizing irrigation during the wheat-maize cropping system and regional food and water security.



In the context of global warming, the trend of the temperature was found to have increased for most of the world [13,14,15]. While the solar radiation [16], precipitation [17,18], ET0 [19], and AI [20,21] were found to have increased or decreased in different regions of the world. Earlier regional studies that performed a trend analysis of the meteorological elements are more focused on one climate element in an annual timescale. However, crops are affected differently by the meteorological elements in different growing seasons. Therefore, assessing meteorological element trends both spatially and temporally in different growing seasons and with an annual timescale may help us better understand how climate change impacts regional food and water security. The aims of the present study are: (1) to analyze the spatial meteorological elements in different growing seasons and with annual timescale; (2) to calculate the meteorological element trends in different growing seasons and with an annual timescale; (3) to discuss the possible impacts of climate change on the regional water and food security of NCD.




2. Materials and Methods


2.1. Study Area Description


This study area consists of five provinces and cities (Beijing, Tianjin, Hebei, Shandong, Henan), which is a generally similar area to the North China Plain (Figure 1). The region is located between the longitude of 31 and 43° N and it is a monsoon climate with medium latitudes. The annual precipitation is around an average value of 500 to 600 mm [22]. In this study, each year was divided into two periods, comprising the winter wheat growing season and the summer maize growing season. Generally, the winter wheat growing season is from October to June and the summer maize growing season is from July to September.




2.2. Input Data Sources


The daily meteorological data from 54 weather station sites across the NCD contains the maximum air temperature, minimum air temperature, average relative humidity, precipitation, bright sunshine hours, and wind speed, which were obtained from the China Meteorological Data Sharing Service System. Most selected weather stations possess data from 1960 to 2015. The Mengjin, Qingdao, and Changdao weather stations possess data from 1961 to 2015, and the Weihai station, from 1940 to 2015 (Figure 1). The groundwater contiguous groundwater funnel area is collected from the Announcement of Outlaws Area, Restricted Area, and Prohibited Area of each province.




2.3. Calculation of ET0 and Aridity Index


Reference crop evapotranspiration (ET0) expresses the evaporating power of the atmosphere at a specific location and period. ET0 is a climate parameter and is only affected by climate parameters. There are many equations to estimate ET0, such as the Hargreaves Equation [23], Priestley-Taylor Equation [24], Penman-Monteith Equation [25], and FAO Penman-Monteith Equation [26]. In this study, we use the FAO Penman-Monteith Equation, which was most widely used to estimate the ET0 around the world. The FAO Penman-Monteith Equation can be expressed as:


    ET  0  =   0.408 △  (   R n  − G  )  + γ   900   T + 273    μ 2   (   e s  −  e a   )    △ + γ  (  1 + 0.34  μ 2   )     



(1)




where Rn is the net radiation at the crop surface (MJ/m2/day), which was calculated from the sunshine hours using the equation developed by Rietveld [27]; G is the soil heat flux density (MJ/day/m2); T is the air temperature at a 2 m height (°C); μ2 is the wind speed at a 2 m height (m/s); es is the saturation vapor pressure (kPa); ea is the actual vapor pressure (kPa); Δ is the slope of the saturation vapor pressure-temperature curve (kPa/°C); and γ is the psychometric constant (kPa/°C). The ET0 was calculated by the SIMETAW model, which was developed based on the FAO Penman-Monteith equation [28], and has widely used in NCD [29,30,31,32].



Aridity Index (AI) is an index for assessing drought risk in the crop growing period, which considers the total precipitation and evapotranspiration. There are many methods to evaluate an AI. In this research, the AI was calculated according to the UNESCO [33] method, which can be computed as


  Aridity   index    (  AI  )  =  P    ET  0     



(2)




where P is the precipitation (mm) that is obtained from each weather station site. The annual P and ET0 of the winter-wheat and summer-maize growing season is obtained by summing the daily ET0 rasters. Any site can be classified into the five categories of hyper-arid, arid, semi-arid, dry-subhumid, and humid according to the magnitude of the AI, which is classified by the numeric 0.03, 0.2, 0.5 and 0.65.




2.4. Mann-Kendall Trend Test and Slop Estimator


The Mann-Kendall (M-K) is one of the widely used non-parametric tests for detecting significant trends and slope in time series [34,35]. There are many methods to detect the significant trend of the considered meteorological elements in time series of the selected stations, the Mann-Kendall and Spearman’s Rho test are most widely used. Many theses have discussed the difference between the Mann-Kendall and Spearman’s Rho test [36,37,38], the results show a similar performance of these two methods. In this study we used the M-K method to detect the significant trend and Sen’s method to detect trend magnitudes, which were suggested by the World Meteorological Organization [39]. The advantage of the Mann-Kendall trend test is that it is not contaminated by a small number of outliers and the sample does not need to rank within a certain distribution, so it is widely used to estimate streamflow, precipitation, and temperature trend. The M-K test statistic S is calculated as


  S =    ∑    i = 1   n − 1      ∑    j = i + 1   n   sgn (  x j  −  x i  )  



(3)




where n is the number of data points, xi and xj are the data values in the time series i and j (j > i), respectively, and sgn(xj − xi) is the sign function as


  sgn  (   x j  −  x i   )  =  {      + 1 ,   if    x j  −  x i  > 0       0 ,         if    x j  −  x i  = 0       − 1 ,   if    x j  −  x i  > 0        



(4)







The variance is computed as


  Var  ( S )  =   n  (  n − 1  )   (  2 n + 5  )  −   ∑   i = 1  m   t i   (   t i  − 1  )   (  2  t i  + 5  )    18    



(5)




where n is the number of data points, m is the number of tied groups, and ti denotes the number of ties of extent i. A tied group is a set of sample data having the same value. In cases where the sample size n > 10, the standard normal test statistic ZS is computed as


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



(6)







Positive values of ZS indicate increasing trends while negative ZS values show decreasing trends. The testing trends are done at the specific α significance level. When |ZS| > Z(1 − α⁄2), the null hypothesis is rejected and a significant trend exists in the time series. Z(1 − α⁄2) is obtained from the standard normal distribution table. In this study, a significance level of α = 0.05 was used. At the 5% significance level, the null hypothesis of no trend is rejected if |ZS| > 1.96.



Sen’s slope estimator [40] can be used for estimating time series data trend magnitudes. The advantage of this method is that it limits the influence of the outliers on the slope in comparison with linear regression. This estimate is given by the Theil-Sen Estimator as


  b = Median  (     x j  −  x z    j − 1    )   



(7)




where xj and xz are the data values at times j and z (j > z), respectively; b denotes the annual increment under the hypothesis of a linear trend. b provides the real slope of the tendency and can vary slightly from the slope obtained from linear regression. Sen’s slope estimator is widely used to estimate the magnitudes of trends in the climatic factors.



In this study, the M-K test is used to analyze the trends of air temperature, daily temperature range, solar radiation, precipitation, ET0, and AI in the NCD. The M-K trend test and slop estimator of each weather station site is calculated by MATLAB R2017b.





3. Results


3.1. Spatial and Temporal Variation of Temperature


3.1.1. Spatial Analysis


The temperature significantly influences crop yields and crop water use. Global warming has increased the instability of agriculture and the fluctuation of crop yields. The increase in temperature has delayed autumn frosts and led to later sowing and earlier harvesting of the winter-wheat growing season in the North China District [41]. Moreover, higher daily maxim temperatures have also caused heat and drought stress during the wheat and maize growing season, which highly negatively affected the crop yields [2,42,43,44]. On the other hand, higher daily minimum temperatures have accelerated the respiration of crops, which thus, have caused yield loss. Furthermore, temperature is one of the important input data for many hydrology and crop models. Thus, it is necessary to evaluate the regional temperature trend both spatially and temporally.



During 1960–2015, the average daily minimum temperature (Tmin) was lower in the north compared to the south through the wheat and maize growing season (Figure 2a–c). The figure indicates that the average daily Tmin of the maize growing season is higher than wheat, which was above zero over the study area. The wheat and maize growing season Tmin ranged from −9.0 to 6.6 °C and from 10.3 to 22.1 °C; and from −2.6 to 11.8 °C when averaged annually. The average daily Tmin of the Henan province is the highest, which is 4.6, 20.3, and 9.8 °C for wheat, the maize growing season, and annually; the Hebei province was the lowest (Table 1). Similar to Tmin, the Hebei and Henan provinces are the highest and lowest Tmax for the three periods. The average daily maximum air temperature (Tmax) of the study region has a south-to-north decreasing trend for the wheat growing season and annually, ranging from −2.6 to 11.5 °C and 3.7 to 16.2 °C. Unlike the wheat growing stage, the Tmax for maize has shown a middle-surround decreasing trend in the NPD, which ranged from 22.3 to 30.6 °C.




3.1.2. Temporal Analysis


The trends in the winter-wheat, summer-maize growing season, and the annual timescale from 1961 to 2015 for Tmin, and Tmax are shown in Figure 3. The maps also show the statistical significance of the weather station trends during the research period. The different color circles indicate the value of the temporal trends and the positive and negative numbers represent the increasing and decreasing trend. The black points in the maps indicate that the trend quantified for the weather station was statistically significant at α = 0.05, while the red rose point represents the significance of the increasing trends, which distinguishes them from the station with insignificant trends that are assigned with a white point. Table 2 shows the trend statistics for the growing seasons and the annual timescale Tmin and Tmin on a province-wide, funnel, and regional basis. Figure 3a–c show that most of the study regions show significant increasing trends in the wheat and maize growing seasons and the annual Tmin. Only one weather station shows a decreasing trend in the winter-wheat growing season and the annual timescale. It was higher in the wheat growing season than in the maize growing season, with the highest Tmin trend province being Beijing in the wheat growing season (Table 2). The regional average increasing trends in the wheat and maize growing seasons and the annual Tmin were 0.44, 0.24, and 0.37 °C/10a, respectively. Like Tmin, the trends for both the winter-wheat growing season and the annual timescale Tmax were positive, while the central parts of the NCD show non-significant increasing trends for the wheat growing season and the annual timescale (Figure 3d–f). On the other hand, the main parts of the Henan province show decreasing trends for the maize growing season, which was different to the Tmin. Table 2 shows that the average Tmax in the Henan province for the maize growing season is the only decreasing growing season Tmax, province-wide, which was −0.08 °C/10a.





3.2. Spatial and Temporal Variation of Solar Radiation


3.2.1. Spatial Analysis


Solar radiation is the most important source of renewable and environmental energy on the planet. Because of its abundance, solar energy can play a prominent role in our future energy and reduce the dependency on fossil fuel. In addition, many researchers have discovered the importance and positive effect of solar radiation on crop yield [45,46]. During 1960 to 2015, the average daily solar radiation was higher in the north compared to the south for the wheat and maize growing seasons and the annual timescale. It varied between 12.5 and 14.9 MJ/day/m2 in the wheat growing season (Figure 4a), which was lower than the maize growing season (Figure 4b). Table 3 shows the descriptive statistics for the average daily solar radiation. The Shandong province had the highest solar radiation for the wheat growing season from the five provinces. While, for maize growing season, the Tianjin and Hebei provinces were the highest. There was little difference in the funnel area and regional average daily solar radiation.




3.2.2. Temporal Analysis


Most of the NCD daily solar radiation shows a significant decreasing trend for the wheat growing season, except for the west part of the Henan province where the Qinling Mountains exist (Figure 5a). All weather station solar radiation showed significant decreasing trends for the maize growing season, which varied between −0.87 and −0.16 MJ/day/m2/10a (Figure 5b). All provincial solar radiation showed significant decreasing trends for the wheat and maize growing seasons and the annual timescale. The tendency of the maize growing season was higher than that of the wheat growing season and the funnel area was higher than the regional scale for both the wheat and maize growing seasons (Table 4). The annual solar radiation decreased during 1960 to 2015 at a rate of −0.35 and −0.28 MJ/day/m2/10a in the funnel area and the regional basis, respectively.





3.3. Spatial and Temporal Variation of Precipitation


3.3.1. Spatial Analysis


The quantification of the precipitation spatiotemporal variability in any region is important to enhance the capacity and level of the agriculture drought monitoring, prediction, and impact assessment, especially in arid and semi-arid regions such as NCD where the groundwater table declines by 1–2 m per year [47]. During the period of 1960–2015, the average precipitation decreased from the northwest to the southeast in each of the growing seasons and the annual timescale (Figure 6). The descriptive statistics of the winter-wheat and summer-maize growing seasons and the annual precipitation for the province-wide area are presented in Table 5. Regionally, the wheat growing season precipitation varies from 83.2 to 461.6 mm, which, for the maize growing season and the annual timescale, was from 297.2 to 609.0 mm and 380.6 to 1070.0 mm, respectively. Averaged by province, the valley wheat and maize growing season precipitations were observed in Beijing and Hebei, respectively, while the maximum values were observed in Henan and Shandong. The minimum value annual precipitation was observed in Hebei too, which was 520.7 mm, while the peak annual precipitation was observed in the Henan province. The regional mean precipitation was 632.9 mm, while for the funnel area, it was 570.4 mm.




3.3.2. Temporal Analysis


The trends in the winter-wheat and summer-maize growing seasons and the annual precipitation have been computed for the period 1960–2015 using a non-parametric test (Figure 7). The winter-wheat growing season precipitation trends are positive for the study area and more than 44.4% of the weather station showed a significant increase. As shown in Figure 7a, the trend of the precipitation was higher in the east of the NCD than the west. Unlike the wheat growing season precipitation trends, the maize growing season precipitation trends show negative trends in the majority of the NCD and there were only 9 weather stations showing significant decreasing precipitation trends. It is noteworthy that Figure 7b shows that most increased weather station was concentration in the Henan province. Figure 7c shows the nature and significance of the annual precipitation trends over the study area. There were 31 weather stations showing negative trends in annual precipitation, which is a total proportion of 57.4%. Most of the weather station precipitations showed non-significant trends in the study region, with only one weather station showing dominant positive trends, and two showing dominant negative trends. The descriptive statistics for the precipitation trend when averaged for province-wide, funnel area, and regional are listed in Table 6. The magnitude of the wheat growing season precipitation trends was calculated as 6.94 mm per decade on the funnel area average basis, which was higher than the study region. Additionally, the precipitation trend was lower in the funnel area than in the regional basis for the maize growing season, which were −14.72 and −9.63 mm/10a, respectively. All the provinces showed a positive trend for the wheat growing season and a negative trend for the maize growing season, with the Henan province being the only one out of the five provinces to show a positive trend for the annual precipitation. Table 6 shows that the annual precipitation decreased during the period of 1960–2015 at a rate of −5.69 and −2.98 mm/10a in the funnel area and the regional basis, respectively.





3.4. Spatial and Temporal Variation of Reference Evapotranspiration


3.4.1. Spatial Analysis


ET0 is an important part of the hydrological cycle and occupies a more important proportion in the regional water resource balance. Different from the precipitation effects of the regional water resource supply, the ET0 mainly affects consumption, especially the crop water requirement. The results show that the mean winter-wheat growing season ET0 over a 56-year period varied from 420.3 mm to 670.0 mm across the NCD (Figure 8a). Averaged by province, the valley wheat growing season ET0 was observed in the Hebei province, which was 508.6 mm (Table 7), while the maximum values were observed in Beijing. The funnel area and regional ET0 were 545.9 and 531.2 mm for the wheat growing season. Figure 8b shows that the central part of the NCD ET0 was higher than the surrounding parts for the maize growing season. The average funnel area and regional maize growing season ET0 were 513.8 and 497.4 mm, respectively, which was lower than that of the wheat growing season. The Jinan weather station had the maximum annual ET0, which was 1240.9 mm. The annual ET0 from the lowest to the highest, province-wide, are as follows: Hebei, Henan, Shandong, Beijing, and Tianjin.




3.4.2. Temporal Analysis


The 61-year average of the ET0 trend in the research region and funnel area was about −0.53 and −3.60 mm/10a for the heat growing season (Table 8). The fluctuation range for the wheat growing season is from −15.62 to 15.61 mm/10a (Figure 9a). There are 31 weather station ET0 that show negative trends for the wheat growing season and 15 of them show significant decreasing trends. Hebei is the only one of the five provinces that shows positive trends for the winter-wheat growing season ET0. The ET0 trends for the maize growing season show northeast to southwest decreasing trends. Only five weather station ET0 show positive trends for the maize growing season, which were all located in the east part of Shandong and the north part of Hebei. More than 68% of the weather stations show significant decreasing trends in the maize growing season. All five provincial (cities) ET0 show decreasing trends in the maize growing season. The annual ET0 trend ranges from −37.70 to 19.50 mm/10a in the study area. The Tianjin, Hebei, Henan, and Shandong average ET0 trends show negative trends for the annual timescale, while Beijing shows positive trends. For the annual ET0, the funnel area and regional average trends were −17.49 and −12.04 mm/10a, respectively.





3.5. Spatial and Temporal Variation of Arid Index


3.5.1. Spatial Analysis


AI is an index that combines precipitation with ET0, which can present information about drought or wetness in each district. AI is one of the most important indexes in meteorology, ecology, and agronomy, which is a widely used measure all over the world [48,49,50]. In this research, the aridity index was calculated at point locations for the wheat and maize growing seasons and the annual timescale. These calculations are presented in Figure 10. There were southeast-to-northwest decreasing trends in the AI. The descriptive statistics for the AI when averaged for the province-wide, funnel area, and regional bases are presented in Table 9. The AI for the wheat growing season had a great difference province-wide. The maximum AI was observed in Henan, while the valley AI occurred in Beijing. The average regional and funnel area wheat growing season AI are 0.26 and 0.34, respectively, which means that the funnel area and the study area lie in the semi-arid class. For the maize growing season, the AI ranges from 0.55 to 1.30 (Figure 10b). The total study region falls into the humid class for the maize growing season, except the northwest part of the Hebei province. The regional average annual AI is 0.63, which lies in the humid class. This does not mean that the region is dominantly humid, since we can find, in Figure 10c, that more than half of the study region lies in the semi-arid and dry sub-humid classes.




3.5.2. Temporal Analysis


The trends in the wheat and maize growing season AIs and the annual AI were calculated for each weather station in the study region. Figure 11 shows the wheat and maize growing season AIs and the annual AI by the M-K test for each weather station between 1960 and 2015. The wheat growing season AI has decreased over most of the study region, with 49 weather station AI showing an increasing trend in the wheat growing season, 21 of which were significantly increasing. For the maize growing season AI, about 57% of the weather stations had negative trends and most of the weather stations are concentrated in the west part of Shandong and the north part of the Jing-Jin-Ji region. The average regional wheat and maize growing season AI trends are 0.013 and −0.004 /10a. There are 7 weather station AIs that show increasing trends for the annual timescale and all of them are in the Henan province. So, the only province with increasing trends in annual AI was observed in Henan (Table 10). The funnel area and regional annual AI show slight decreasing trends, which were 0.004 and 0.005 /10a, respectively.






4. Discussion


4.1. Perspectives and Implications


Due to the rising population, dietary changes, and increasing biofuel consumption, crop production must be doubled to meet the coming global food demand [51]. On the other hand, for most of the world, groundwater must be pumped for irrigation purposes in order to maintain a high yield, especially in semi-arid and arid regions [52]. Irrigation has led to the rapid decline of the groundwater table in highly intensified agricultural parts of the world, such as the North China Plain, the Sanjiang Plain, the Central Valley of California, and the Indus River Basin [52,53]. Water shortages have become the main factor limiting grain production in the world, as well as NCD, since the cropping system has changed from one rainfed crop to the winter wheat-summer maize system of irrigation and since the NPD’s grain production has increased and become one of the major grain producing areas in China, while the groundwater table was declined rapidly at the same time [47,54]. Meteorological elements have strong effects on crop yields and water consumption [2] and agricultural water accounts for 62.4% of the total water usage in the NCD [55]. Thus, evaluating meteorological element changes both spatially and temporally is meaningful for us to understand the possible effects of climate change on the NCD’s water and food security.




4.2. Influence of Climate Factors on Regional Water Security


The current results showed that the spatial variations of ET0 and precipitation were quite different in the wheat and maize growing seasons and the annual timescale. The average precipitation decreasing trend from the northwest to southeast and the average ET0 show decreasing trends from the central part of the NCD to the surroundings, which lead to the funnel area AI being lower than other parts of the NCD. Similar results have been found by Fan et al. [56]. Precipitation and irrigation are the only two ways to meet the crop water requirement in the NCD. Lesser precipitation and more evapotranspiration meant that more irrigation from groundwater is needed for agriculture. There was one cropping system in the north part of the Hebei province because of the low temperature in winter, while the other was a double cropping system. The double cropping system and lesser precipitation led to the agriculture of the funnel area needing more groundwater for irrigation in order to maintain a high yield level. Over pumping the region’s groundwater resources over the past three decades may have caused a cone of depression in the groundwater table (funnel area).



Our results show that the regional mean annual precipitation was 632.9 mm and more than 70% occurred during the summer maize growing season, while there was little difference for the ET0 between the wheat growing season and the maize growing season. This means that more irrigation was needed in the wheat growing season. Rainfall can meet the maize water requirement for the most part of the NCD [57]. In order to protect the groundwater resources, sustainable farmland use must be maintained and agricultural sustainable development must be forwarded. China has been developing a reasonable subsidy policy of cultivated land fallow by selecting some areas as pilot areas in the funnel area since 2016. The fallow policy changed double cropping back to one rainfed crop system with a winter fallow, which will greatly reduce the groundwater resource consumption in the funnel area. This study indicates that the precipitation for the wheat growing season showed an increasing trend in the funnel area (Table 6), while the ET0 showed a decreasing trend (Table 8). More precipitation and fewer water requirements mean that less irrigation was needed for the wheat growing season. The precipitation and the ET0 for the maize growing season both showed decreasing trends in the funnel area and the AI showed decreasing trends as well. This indicates that more groundwater must be pumped to maintain an optimal yield for the maize growing season. If the climate changing trend in the future was the same as in the past, the decreasing AI will enhance the water deficit and drought risk for the rainfed maize. Though the precipitation for wheat shows a positive trend, the winter fallow policy will waste more precipitation as weed evapotranspiration. The annual precipitation showed a slightly decreasing trend regional, while the ET0 showed a decreasing trend too, so the annual AI showed a slightly positive trend. Discarding the fallow policy, climate change has had positive impacts on the regional water security. On the other hand, the South-to-North Water Diversion Project will ultimately transfer 44.8 Gm3 water from the Yangtze River Basin to NCD annually, which will greatly release the water stress of the NCD.




4.3. Effects of Climate Factors on Regional and National Food Security


The crop yield is mainly affected by solar radiation and temperature. A lot of evidence is available, showing the importance and the positive effect of solar radiation on the grain yield [9,58,59,60]. Stanhill [61] reported a globally average solar radiation reduction of 0.43 MJ/day/m2 per decade, which was lower than the NCD average reduction. The negative trend of solar radiation has been and will be an increasing challenge for NCD’s crop production.



The observed changes in temperature in NCD were in line with other research (Fan et al., 2016; Yuan et al., 2010; Tao and Zhao, 2010). Zhao et al. [62] reported that the global production of wheat declined by 6.0% and maize by 7.4% for each 1 °C increase in the global mean temperature. Peng et al. [45] suggested that each degree-Celsius increase in the growing season minimum temperature would reduce 10% of the grain yield. The current results indicated that both Tmin showed significant increasing trends for the wheat and maize growing seasons in most of the NCD (Figure 3). Table 2 showed that the regional wheat Tmin trend was 0.44 °C/10a, which was a little higher than the value of 0.037 °C/a calculated by Fan et al. [56] for the whole nation. The trend of Tmin leads the wheat yield of the NCD to decline by about 0.44% per year by the Peng’s [39] results, discarding agronomic (variety and management practices) factor changes that occurred. When the Tmax was under 30 °C, the higher the Tmax, the more yield obtained. Once the Tmax > 30 °C, which was defined as a high temperature by Schauberger [44], the crop enzymes and tissues are damaged [63,64] and the temperature impairs flowering [65], leads to precocious maturity and senescence [66], and triggers oxidative stress [67]. So, crop yields decline rapidly due to high temperatures, especially under rainfed conditions [4,6,44]. Figure 2e showed that the average Tmax for the maize growing season was over 30 °C in the central part of the NCD, which indicates that Tmax has a negative impact on the maize yield in this area. The best temperature for wheat anthesis and grain filling ranges from 12 to 22 °C [68]. The wheat growing season Tmax was shown to have an increasing trend for all parts of the NCD, which can lead to the early maturation of wheat and the significant reduction of the wheat yield [69,70].



The increasing temperatures have led to the north boundary of the two-crop area moving north [41,71], which means that the two-crop area has increased in the NCD. This would relieve the pressures of food security of the NCD, but, on the other hand, it would increase the area that over-exploits the groundwater of the NCD. In addition, the fallow policy has reduced the agricultural groundwater consumption by reducing the winter wheat planted area. To maintain the province-wide crop production, the non-funnel area has changed from the cotton to the winter wheat-summer maize cropping system [72]. So, the wheat planted area did not change very much for the whole NCD, while the wheat planted area has increased in the non-funnel area, which will decrease the groundwater table of the non-funnel area.





5. Conclusions


The long-term wheat and maize growing season and the annual average air temperatures (Tmin, Tmax) showed strong north to south increasing trends throughout the NCD, with exceptionally lower temperatures observed in the west part of the Henan province with high elevation. The average daily solar radiation was higher in the north compared with that of the south for the wheat and maize growing seasons and the annual timescale, which had ranges of 12.5–14.9, 16.7–19.6, and 14.3–16.5 MJ/day/m2, respectively. The average precipitation decreased from the northwest to the southeast in each growing season and annual timescale. The funnel area annual precipitation, mainly located in the Hebei province, was 570.4 mm, which was lower than the regional average precipitation. While the funnel ET0 was higher than the regional average ET0. Therefore, the AI, as a result of the magnitudes of both the precipitation and the ET0, was lower in the funnel area than in the regional area. The high ET0, low rainfall, and double cropping system may cause the world’s largest mining of the groundwater funnel area. The historical spatial datasets were constructed, presented, and analyzed in this research can aid water and environmental personnel, water resource researchers, and policymaking agencies better understand the variations of the NCD climate and provide a theoretical basis for it. The trend for the wheat growing season was larger than that of the maize growing season. The solar radiation was shown to have a decreasing trend for both the wheat and maize growing seasons. The increasing trend of Tmin and the decreasing trend of the solar radiation may reduce crop production. The funnel area AI showed increasing trends for the winter wheat growing season and decreasing trends for the maize growing season. Though the winter fallow policy reduced the groundwater pumping, the increasing precipitation trend of the winter wheat growing season would cause a wastage of water by soil water evaporation. Climate change has had positive impacts on the NCD’s water security, especially for the funnel area, as shown by the increasing trend of the annual AI.
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Figure 1. Location of North China District and the weather station site. 
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Figure 2. The spatial distribution of (a–c) long-term average minimum air temperature (Tmin) and (d–f) maximum air temperature (Tmax) on the winter-wheat growing season, summer-maize growing season, and annual basis. 
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Figure 3. The spatial distribution and statistical significance of the trends in (a–c) Tmin and (d–f) Tmax on the winter-wheat growing-season, the summer-maize growing-season, and the annual basis. 
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Figure 4. The spatial distribution of the long-term average daily solar radiation (R) for (a) the winter-wheat growing season; (b) the summer-maize growing season and (c) the annual basis. 
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Figure 5. The spatial distribution and statistical significance of the trends in the daily solar radiation (R) on (a) the winter-wheat growing season; (b) the summer-maize growing season and (c) annual basis. 
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Figure 6. The spatial distribution of the long-term average precipitation (P) for (a) the winter-wheat growing season; (b) the summer-maize growing season and (c) the annual basis. 
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Figure 7. The spatial distribution and statistical significance of the trends in the precipitation (P) of the (a) winter-wheat growing season; (b) the summer-maize growing season and (c) the annual basis. 
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Figure 8. The spatial distribution of the long-term average reference evapotranspiration (ET0) on (a) the winter-wheat growing season; (b) the summer-maize growing season and (c) the annual basis. 
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Figure 9. The spatial distribution and statistical significance of the trends in evapotranspiration (ET0) on (a) the winter-wheat growing season, (b) the summer-maize growing season, and (c) the annual basis. 
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Figure 10. The spatial distribution of the long-term average aridity index on (a) the winter-wheat growing season; (b) the summer-maize growing season and (c) the annual basis. 
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Figure 11. The spatial distribution and statistical significance of the trends in the aridity index on (a) the winter-wheat growing season; (b) the summer-maize growing season and (c) the annual basis. 
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Table 1. The province-wide, funnel area and regional statistics for wheat, maize, and the annual temperature.
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	Beijing
	Tianjin
	Hebei
	Henan
	Shandong
	Funnel Area
	Regional





	Tmin
	
	
	
	
	
	
	



	Wheat growing season
	1.3
	2.7
	−1.2
	4.6
	2.8
	2.4
	1.9



	Maize growing season
	19.3
	20.9
	17.4
	20.3
	19.3
	19.9
	19.0



	Annual
	7.3
	8.8
	5.0
	9.8
	8.3
	8.2
	7.6



	Tmax
	
	
	
	
	
	
	



	Wheat growing season
	12.3
	11.8
	10.8
	15.1
	11.8
	13.5
	12.5



	Maize growing season
	29.4
	28.9
	28.2
	29.9
	27.3
	29.9
	28.6



	Annual
	18.0
	17.5
	16.6
	20.1
	17.0
	18.9
	17.8
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Table 2. The province-wide, funnel area, and regional statistics for the wheat, maize, and annual temperature trends.
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	Beijing
	Tianjin
	Hebei
	Henan
	Shandong
	Funnel Area
	Regional





	Tmin (°C/10a)
	
	
	
	
	
	
	



	Wheat growing season
	0.68 *
	0.26 *
	0.53 *
	0.37 *
	0.41 *
	0.53 *
	0.44



	Maize growing season
	0.53 *
	0.14 *
	0.32 *
	0.17 *
	0.21 *
	0.28 *
	0.24



	Annual
	0.64 *
	0.22 *
	0.46 *
	0.30 *
	0.34 *
	0.42 *
	0.37



	Tmax (°C/10a)
	
	
	
	
	
	
	



	Wheat growing season
	0.25 *
	0.36 *
	0.23 *
	0.23 *
	0.24 *
	0.20 *
	0.23



	Maize growing season
	0.19 *
	0.23 *
	0.12 *
	−0.08
	0.08
	0.02
	0.04



	Annual
	0.25 *
	0.32 *
	0.17 *
	0.10 *
	0.18 *
	0.11 *
	0.15







* Indicates that the temporal trend is significant (p < 0.05).
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Table 3. The province-wide, funnel area, and regional statistics for wheat, maize, and the annual average daily solar radiation.






Table 3. The province-wide, funnel area, and regional statistics for wheat, maize, and the annual average daily solar radiation.





	R (MJ/day/m2)
	Beijing
	Tianjin
	Hebei
	Henan
	Shandong
	Funnel Area
	Regional





	Wheat growing season
	13.6
	13.4
	13.6
	12.9
	14.0
	13.4
	13.5



	Maize growing season
	18.0
	18.2
	18.2
	17.1
	18.1
	17.7
	17.8



	Annual
	15.5
	15.5
	15.6
	14.7
	15.8
	15.3
	15.4
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Table 4. The province-wide, funnel area, and regional statistics for the wheat, maize, and annual daily solar radiation average trends.






Table 4. The province-wide, funnel area, and regional statistics for the wheat, maize, and annual daily solar radiation average trends.





	R (MJ/day/m2/10a)
	Beijing
	Tianjin
	Hebei
	Henan
	Shandong
	Funnel Area
	Regional





	Wheat growing season
	−0.18 *
	−0.28 *
	−0.19 *
	−0.20 *
	−0.20 *
	−0.25 *
	−0.20 *



	Maize growing season
	−0.54 *
	−0.65 *
	−0.42 *
	−0.58 *
	−0.4 *
	−0.56 *
	−0.48 *



	Annual
	−0.30 *
	−0.43 *
	−0.26 *
	−0.33 *
	−0.26 *
	−0.35 *
	−0.28 *







* Indicates that the temporal trend is significant (p < 0.05).
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Table 5. The province-wide, funnel area, and regional statistics for the wheat, maize, and annual average precipitations.






Table 5. The province-wide, funnel area, and regional statistics for the wheat, maize, and annual average precipitations.





	P (mm)
	Beijing
	Tianjin
	Hebei
	Henan
	Shandong
	Funnel Area
	Regional





	Wheat growing season
	99.7
	109.8
	108.3
	260.8
	185.6
	138.7
	176.4



	Maize growing season
	445.3
	441.4
	412.5
	470.7
	507.4
	431.7
	458.0



	Annual
	545.0
	551.2
	520.7
	730.8
	688.1
	570.4
	632.9
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Table 6. The province-wide, funnel area, and regional statistics for the wheat, maize, and annual precipitation average trend.






Table 6. The province-wide, funnel area, and regional statistics for the wheat, maize, and annual precipitation average trend.





	P (mm/10a)
	Beijing
	Tianjin
	Hebei
	Henan
	Shandong
	Funnel Area
	Regional





	Wheat growing season
	12.16 *
	8.46 *
	6.84 *
	4.01
	6.69
	6.94 *
	6.85 *



	Maize growing season
	−19.38
	−20.53 *
	−17.32 *
	−2.43
	−17.65
	−14.72 *
	−9.63 *



	Annual
	−4.95
	−12.59
	−6.93
	6.05
	−9.68
	−5.69
	−2.98







* Indicates that the temporal trend is significant (p < 0.05).
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Table 7. The province-wide, funnel area, and regional statistics for the wheat, maize, and annual average reference evapotranspiration.






Table 7. The province-wide, funnel area, and regional statistics for the wheat, maize, and annual average reference evapotranspiration.





	ET0 (mm)
	Beijing
	Tianjin
	Hebei
	Henan
	Shandong
	Funnel Area
	Regional





	Wheat growing season
	571.2
	569.3
	508.6
	531.9
	552.8
	545.9
	531.2



	Maize growing season
	515.7
	538.3
	500.2
	497.4
	487.0
	513.8
	497.4



	Annual
	1086.9
	1107.6
	1008.8
	1028.1
	1032.0
	1059.8
	1026.1
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Table 8. The province-wide, funnel area, and regional statistics for the wheat, maize, and annual average evapotranspiration trend.






Table 8. The province-wide, funnel area, and regional statistics for the wheat, maize, and annual average evapotranspiration trend.





	ET0 (mm/10a)
	Beijing
	Tianjin
	Hebei
	Henan
	Shandong
	Funnel Area
	Regional





	Wheat growing season
	4.54
	2.96
	−4.06 *
	−0.85
	−3.07
	−5.24
	−2.44



	Maize growing season
	−0.01
	−9.58 *
	−6.32 *
	−15.71 *
	−7.12 *
	−11.35 *
	−8.85 *



	Annual
	3.53
	−7.43
	−10.73 *
	−17.44 *
	−10.58 *
	−17.49 *
	−12.04 *







* Indicates that the temporal trend is significant (p < 0.05).
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Table 9. The province-wide, funnel area, and regional statistics for the wheat, maize, and annual average aridity indexes.






Table 9. The province-wide, funnel area, and regional statistics for the wheat, maize, and annual average aridity indexes.





	AI
	Beijing
	Tianjin
	Hebei
	Henan
	Shandong
	Funnel Area
	Regional





	Wheat growing season
	0.18
	0.20
	0.22
	0.51
	0.35
	0.26
	0.34



	Maize growing season
	0.88
	0.83
	0.84
	0.97
	1.08
	0.86
	0.95



	Annual
	0.51
	0.50
	0.52
	0.73
	0.68
	0.55
	0.63










[image: Table] 





Table 10. Province-wide, funnel area and regional statistics for wheat, maize, and annual average aridity index trend.






Table 10. Province-wide, funnel area and regional statistics for wheat, maize, and annual average aridity index trend.





	AI (/10a)
	Beijing
	Tianjin
	Hebei
	Henan
	Shandong
	Funnel Area
	Regional





	Wheat growing season
	0.019 *
	0.013 *
	0.015 *
	0.008
	0.013
	0.016 *
	0.013 *



	Maize growing season
	−0.04
	−0.025
	−0.024
	0.024
	−0.027
	−0.008
	−0.004



	Annual
	−0.009
	−0.008
	0.000
	0.017
	−0.005
	0.004
	0.005







* Indicates that the temporal trend is significant (p < 0.05).
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