

  atmosphere-14-00779




atmosphere-14-00779







Atmosphere 2023, 14(5), 779; doi:10.3390/atmos14050779




Article



Drought Vulnerability Assessment of Winter Wheat Using an Improved Entropy–Comprehensive Fuzzy Evaluation Method: A Case Study of Henan Province in China



Binbin Yuan, Shidong Wang * and Linghui Guo





School of Surveying and Engineering Information, Henan Polytechnic University (HPU), Jiaozuo 454003, China









*



Correspondence: wsd0908@163.com







Academic Editors: Jinping Liu, Quoc Bao Pham, Arfan Arshad and Masoud Jafari Shalamzari



Received: 22 March 2023 / Revised: 23 April 2023 / Accepted: 24 April 2023 / Published: 25 April 2023



Abstract

:

The percentage precipitation anomaly was used to index the effect of drought on winter wheat grown in Henan Province for the years 2011–2020. Of interest was the effect of drought on winter wheat yield and the accurate assessment of the damage done to winter wheat by drought events in order to improve the risk management of winter wheat in the context of drought hazards. The spatial and temporal variability of winter wheat drought risk in Henan Province was determined by analysis of climate data, winter wheat yield, cultivated area, and socio-economic data across three dimensions: exposure or susceptibility to drought, economic–environmental sensitivity to drought, and capacity to resist drought. A drought vulnerability assessment model, based on the entropy value method and a comprehensive fuzzy evaluation, was developed to assess the drought vulnerability of winter wheat in Henan Province compared with the percentage precipitation anomaly model. (1) There were significant spatial differences in the frequency of the five drought categories devised. (2) Areas in which there was a high frequency of mild drought events were mainly in northern and western Henan and southwestern Henan, with the frequency ranging from 17% to 29%. (3) Areas in which there was a high frequency of moderate drought events were mainly in northwestern, central, and southeastern Henan. (4) Areas in which there was a high frequency of severe and extreme drought were mainly in Anyang in northern Henan, Zhengzhou in central Henan, and Xinyang and surrounding areas in southern Henan, with the frequency ranging from 7% to 9.70%. (5) Winter wheat drought vulnerability shows an overall annually increasing trend. The susceptibility dimension had the greatest influence of the three dimensions, followed by economic–environmental sensitivity and then drought resistance, which had the least impact. The model created in this study shows the influence of drought on winter wheat production more intuitively than a conventional fuzzy synthesis, and the results can inform decision-making in winter wheat drought risk assessment and management.
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1. Introduction


Droughts are characterized by their duration, frequency of occurrence, and the area affected. The Sixth Assessment Report of the IPCC states that the frequent occurrence of extreme heat and precipitation events, in the context of global warming, has led to more complexity in the factors that influence the occurrence of droughts, and that these events have increased the frequency and intensity of droughts. In China, drought events have jeopardized economic development and agricultural production. Agricultural drought is one of the main problems faced by agricultural production in China, and studying its vulnerability is the premise of scientific responses. As a major agricultural province, winter wheat production in Henan Province is of great importance to national agricultural production.



Winter wheat is grown in Henan Province in the north China plain region. Winter wheat production in the area accounts for about 25% of national wheat production, and the region is the main grain-producing area in China [1]. Spring droughts occur in the northern part of Henan Province 30–40% of the time, and early summer droughts occur 40–50% of the time; in the most severe drought years, 70% of the province is affected by drought [2]. The delineation of drought vulnerability zones, the scientific management of drought preparation and response, and the mitigation of drought risks, together with pressure on food producers to increase yields and improve quality, are important national issues.



Agricultural droughts result from the interaction of agricultural activities with natural events, with the outcome being insufficient water available for plants and animals [3,4]. Research into agricultural drought and those vulnerable to it began in the 1990s. Two major perspectives have emerged, assessment of the vulnerability of farmers to drought at a micro-scale and assessment of regional agricultural drought vulnerability from a macro perspective. For example, Li et al. [5] analyzed the relationship between drought vulnerability and farmer behavioral response at the micro-scale using questionnaire data from farmers in the North China Plain. Brant et al. [6] analyzed the relationship between household factors and drought sensitivity among farmers in Brazil. Savari et al. [7] investigated the drought vulnerability of farmers in southeastern Iran using a mathematical model developed by Me-Bar and Valdez [8] that identified five dimensions of vulnerability (economic, socio-cultural, psychological, technological environment, and infrastructure). Cheng [9] assessed agricultural drought vulnerability in Xiaogan City, Hubei Province using a fuzzy analytical hierarchy process with empirical data from a sample of farmers and created an agricultural drought index insurance model. Xie et al. [10] used weighted composite scoring of several factors to identify relationships between different farm household livelihoods and quantify societal vulnerability to drought.



Examples of the macro perspective on regional agricultural drought vulnerability include the following. Pei et al. [11] used data envelopment analysis to examine changes in agricultural drought vulnerability in China over the past 40 years. Wang et al. [12] selected 32 indicators, including ecological recharge, grain yield in the summer harvest, water-saving irrigation machinery, and dry field area, to draw a graded vulnerability zone map using principal component analysis. Li et al. [13] used game theory combined with the weighting of 10 indicators to calculate their values for five administrative regions in Guanzhong, Shaanxi Province, and quantified the contribution of each indicator to agricultural drought vulnerability. Pei [14] determined the footprint of the water cycle in Heilongjiang Province and quantified agricultural drought risk zones using an improved standardized precipitation–evapotranspiration index (SPEI). Zarei et al. [15], based on the relationship between the percent annual yield loss (AYL) of winter wheat (Triticum sativum) and three commonly used drought indices, i.e., the standardized precipitation evapotranspiration index (SPEI), reconnaissance drought index (RDI), and standardized precipitation index (SPI), evaluated the accuracy of these indices at 1-, 3-, 6-, and 12-month time scales. Based on natural disaster risk theory, Jia et al. [16] established a drought disaster risk assessment model for winter wheat in Gansu Province and carried out risk zoning for winter wheat in Gansu Province. Yan et al. [17] discussed the spatial and temporal distribution characteristics of winter wheat drought using the Z index and analyzed the effects of meteorological drought on winter wheat yield in Henan Province.



At present, researchers have various understandings of the concepts of drought and drought vulnerability. There are no standard indicators that can be selected to match the actual climate conditions in a study area, nor are there standards for creating a set of indicators or interpreting drought indicators [18,19,20,21,22,23,24,25]. Most current research that includes the evaluation and interpretation of drought indicators uses conventional weighted synthesis methods [26,27]. However, drought is not constrained by the hard boundaries of administrative divisions, and classifications of drought are necessarily arbitrary or fuzzy, and a practical assessment of drought vulnerability must recognize this. The assessment of drought vulnerability has been developed and refined in ongoing research, but it is a work in progress.



We take an approach based on the concept that agricultural drought affects a human–land system and examine winter wheat farming at the scale of municipal administrative units in Henan Province. We selected fifteen indicators that cover three dimensions of agricultural drought: exposure, sensitivity, and resistance. The indicators were grouped into three classes of risk factors: susceptibility, or degree of exposure, to drought in the drought-affected area; economic sensitivity to drought in the area; and drought resistance in the area. An overall drought vulnerability model for winter wheat in Henan Province was created using comprehensive fuzzy evaluation, and categories of drought were established and quantified to describe the overall drought vulnerability of winter wheat in Henan Province.




2. Overview of the Study Area and Data Sources


2.1. Overview of the Study Area


Henan Province occupies the middle and lower reaches of the Yellow River in central–east China, between latitudes 31°23′–36°22′ N and longitudes 110°21′–116°39′ E [28], as shown in Figure 1. The province is bordered by Anhui and Shandong to the east, Hebei and Shanxi to the north, Shaanxi to the west, and Hubei to the south. The total area of the province is 165,700 km2. Henan Province has a continental monsoon climate that transitions from the northern subtropical zone to the warm temperate zone. Henan Province experiences four distinct seasons, with simultaneous rain and heat in the summer. The complexity and diversity of the climate combine to create frequent meteorological disaster events. The terrain is high in the west and low in the east, with the Taihang Mountains, Funiu Mountains, Tongbai Mountains, and Dabie Mountains circling the province at its north, west, and south boundaries. The Yellow Huaihai Alluvial Plain is in the east–center of the province, and the Nanyang Basin is in the southwest. The total water resource of the province is 40.353 km3, or about 368 m3/person. This last figure is <20% of the national average, making Henan a province with a severe water shortage [28].



Henan Province is a major winter wheat-producing area in China. The national crop structure adjustment and increased market demand have expanded the winter wheat-planting area and production in the province. The published 2022 summer grain production data show that the total summer grain production in the province was 38.131 Gt, the planted area was 56,838 km2, and the unit area yield was 6708.7 kg/ha. These figures show that winter wheat production in Henan Province is of key importance to total grain production in both the province and the country. It is therefore important to determine the spatial distribution and patterns of change in drought vulnerability in Henan to analyze the effects on winter wheat.




2.2. Data Sources and Processing


2.2.1. Data Sources


The datasets used in this study include the Raster data and Statistical data (Table 1). (1) Percentage precipitation anomaly and drought frequency for 1990–2021 were derived from monthly precipitation data from 10 meteorological observation stations in Henan Province from 1990–2021; precipitation data were obtained from the Agro-meteorological Big Data platform. (2) Topographic data at 30 m intervals in Henan Province were sourced from the Geospatial Data Cloud. (3) Socio-economic data were sourced from the Henan Provincial Statistical Yearbooks (2011–2021), including winter wheat production data, winter wheat planted area data, average annual temperature, unit area fertilizer application, winter wheat production value, per capita GDP, total primary industry share of GDP, effective irrigated area, pesticide use, rural electricity consumption, total agricultural machinery power, net farm income, and other data. Data for average annual precipitation, surface water resources, and underground water resources were obtained from the Henan Provincial Water Resources Bulletin (2011–2020).




2.2.2. Data Normalization


Data normalization is used in cases where there are many factor indicators. Normalization makes the indicator data dimensionless, and the data are mapped onto the interval [0, 1] for subsequent calculations and analysis. We classified indicators as positive or negative, depending on their effect on drought vulnerability. Positive indicators were positively correlated with drought vulnerability and negative indicators were negatively correlated with drought vulnerability.



The equation for normalizing positive indicators is


   D  i j   =    A  i j   − m i  n i    m a  x i  − m i  n i     



(1)







The equation for normalizing negative indicators is


   D  i j   =   m a  x i  −  A  i j     m a  x i  − m i  n i     



(2)




where j is the municipality; Dij is the normalized value of indicator I for municipality j; Aij is the value of indicator i for municipality j; and mini and maxi are the minimum and maximum values of indicator i, respectively.






3. Research Methodology


3.1. Drought Vulnerability Assessment Indicator System for Winter Wheat


3.1.1. Selection of Assessment Indicators


Research into drought, drought vulnerability, and drought assessment is growing, and methods of quantifying drought factors are improving. Current methods include the standardized precipitation index (SPI) based on precipitation variability, the percentage precipitation anomaly, the Palmer drought severity index (PDSI) based on water demand status, the Z index, and various drought indexes that are combined with remote sensing and GIS data [29,30,31,32]. The percentage precipitation anomaly (Pa) is a traditional drought monitoring index, which shows the long-term average or normal precipitation percentage [33]. It is a representation of drought caused by precipitation anomalies when only precipitation is considered and is therefore widely used in drought monitoring and assessment [34]. Compared to other drought indices, such as SPI, SPEI (standard precipitation evapotranspiration index), and PDSI, the percentage of precipitation anomalies has the advantage of requiring simple information for calculation, being easily accessible and easy to calculate, as well as providing a better description of the degree of drought.



	(1)

	
Percentage precipitation anomaly







The difference between the precipitation in a particular year or month and the average for the year or month is known as the percentage precipitation anomaly (Pa). It is an important indicator of regional climate. A greater value of Pa indicates a greater deviation from the average for the year or month and thus a greater vulnerability to agricultural drought [28]. Pa is calculated by


  P A =   P −  P ¯    P ¯   × 100 %  



(3)




where PA is the percentage precipitation anomaly for a given period, P is precipitation for the period (mm), and   P ¯   is average precipitation for the same period (mm), which is calculated by


   P ¯  =  1 n    ∑   i = 1  n   P i   



(4)




where the time range n is generally chosen to be 30 d (or some number of months or years), with n = 31 in this study; and Pi is precipitation (mm) for day, month, or year i. The Pa (annual scale) classifications used in this paper, using the national meteorological rating standards, are shown in Table 2.



	(2)

	
Frequency of drought







The frequency of drought occurrence in a given time period is the number of months of drought at a site in the time period as a percentage of the total number of months in the time period that is used to calculate Pa. The frequency is often used to quantify the extent of the impact of drought in a given time period. The calculation is


   F i  =    N i     M i    × 100 %  



(5)




where Fi is the total number of months or years in which a certain type of drought (light, moderate, severe, or extreme) occurred at weather station i, and Mi is the total number of months or years for which meteorological data was recorded at meteorological station i.




3.1.2. Indicator System


Winter wheat in Henan Province was the research object. We analyzed the spatial and temporal drought vulnerability of winter wheat in Henan Province in terms of severity using the percentage precipitation anomaly. Using drought vulnerability and drawing from related studies [13,14,15,16,17,18,19], we identified fifteen basic indicators of winter wheat vulnerability in Henan Province. The indicator selection process ensured the comprehensiveness, systematization, and operability of indicators, and selection was based on the analysis of indicator correlation with winter wheat growth characteristics along three dimensions (susceptibility to drought, environmental–economic sensitivity, and drought resistance). The fifteen indicators were as follows: area planted with winter wheat, yield of winter wheat, average annual temperature, average annual precipitation, fertilizer application per unit area, production value of winter wheat, per capita GDP, urbanization rate, total primary industry share of GDP, surface water resources, underground water resources, effective irrigation area, pesticide use, rural electricity consumption, total agricultural machinery power, and net farmer income. The indicator values were analyzed along the three dimensions, which were, in turn, each analyzed in terms of their spatial distribution and growth patterns of winter wheat in Henan Province. The fifteen indicators were weighted using the entropy weighting method in order to classify and analyze each dimension (Table 3).




3.1.3. Determination of Indicator Weights


Entropy weighting uses normalized data to determine the degree of dispersion of an indicator. A greater degree of dispersion indicates less entropy in the indicated information and therefore a greater influence of the indicator on the outcome. We present an improved method for weighting each indicator using entropy weighting and comprehensive fuzzy evaluation. A comprehensive fuzzy evaluation model was created and used to predict winter wheat in Henan Province. The results show that this method had high accuracy and great reliability, and it provides an objective method of determining drought vulnerability. The calculation process is as follows.



	(1)

	
Calculate Qij using the normalized data:









   Q  i j   =      Y  i j       ∑   i = 1  x  Y     i j    



(6)




where x is the number of samples, and Qij is the weight of sample i of indicator j.



	(2)

	
Calculate the entropy value ej for indicator j:


   e j  = − k   ∑   i = 1  x   Q  i j   l n  Q  i j    



(7)






  k =  1  l n x   > 0  



(8)








	(3)

	
Calculate the utility of indicator Ej:


   E j  = 1 −  e j   



(9)








	(4)

	
Calculate the weight Wj for indicator j:









   W j  =    E j      ∑   j = 1  z   E j     



(10)




where z is the number of indicators.





3.2. Comprehensive Fuzzy Evaluation-Based Drought Vulnerability Assessment Model for Winter Wheat


A comprehensive fuzzy evaluation depends on the aggregation of indicators that contain uncertainty rather than meeting strict mathematical criteria. Fuzzy mathematics is widely used to evaluate systems, assess system effectiveness, and optimize systems. It combines qualitative and quantitative judgments [35,36,37]. The technical process of the model consisted of the following: firstly, determining the set of index factors and a total of 15 indicators according to the established drought vulnerability evaluation index system for winter wheat in Henan Province; secondly, ranking all indicators in order of importance by using the results of the weighting calculations; thirdly, using the fuzzy comprehensive evaluation method to determine the membership function and evaluation set; and, lastly, carrying out a normalization operation and comprehensive evaluation of the results.



The main steps of the comprehensive fuzzy evaluation process we used are as follows.



	(1)

	
Determine the set of evaluation factors that form the basis of the evaluation, which is the set consisting of u1 (the susceptibility to drought of the drought-affected area), u2 (the environmental–economic sensitivity of the drought-affected environment), and u3 (the drought resistance of the affected area).




	(2)

	
Determine the set of evaluative criteria or grades, which are the various nonobjective evaluative judgments that an evaluator may make about the factor being evaluated. For example, the evaluative criteria we used to classify their influence on drought susceptibility, sensitivity, and resistance were v1, mild; v2, average; v3, moderate; v4, severe; and v5, extreme.




	(3)

	
Create the fuzzy matrix    R  m × n     that consists of the fuzzy membership functions that map each evaluation factor (step 1) onto the set of evaluative grades (step 2):









   R  m × n   =  (   r  i j    )  =  [       r  11      ⋯     r  1 n        ⋮   ⋱   ⋮       r  m 1      ⋯     r  m n        ]   



(11)




where rij is the membership degree of factor ui (i = 1, …, m) to the evaluative grade j (e.g., vj; j = 1, …, n). Each row of R therefore represents the (sub)set of degrees of membership of factor ui in the set of evaluative grades.



	(4)

	
Determine the weight vector W, which consists of the set of evaluation factor weights and represents the weight that each factor accounts for. The weight assigned to a factor represents the importance of the factor in influencing the outcome and it therefore has a significant effect on the final assessment. The weights of the susceptibility, sensitivity, and resistance indicators are determined using the entropy method.









   B =   (   a 1     , a   1  , ⋯  a n   )   



(12)




where    a i    (i = 1, …, m) is the weight of each evaluation factor value in the overall evaluation.



	(5)

	
A fuzzy operator is selected, and the evaluations are calculated. We used the weighted average operator, and the comprehensive fuzzy evaluation is given by









   B = W  ·  R =   (   b 1  ,  b 2  , ⋯  b n   )   



(13)




where bi is the degree of membership of the evaluated object in a fuzzy subset of the set of all vj.



	(6)

	
Analyze the comprehensive evaluation vector B. Determine the rank of the evaluation object according to the principle of maximum subordination.








3.3. Drought Vulnerability Model Testing for Winter Wheat


A greater risk of drought indicates a greater susceptibility index, which, in turn, indicates a greater likelihood of a reduction in winter wheat yield. To validate the winter wheat drought vulnerability model, we compared the average yield reduction of winter wheat due to drought in Henan Province from 2010 to 2020 with the average drought vulnerability index calculated by the model for the same period. Crop yields can be interpreted as trends in fluctuating yields, with technological advances and improvements in agricultural production techniques being the main reasons for annual increases in winter wheat yields, and uncertain conditions (mainly meteorological hazards) causing fluctuations in yields, i.e., the climate yield of the crop. The variation in winter wheat yield was used to represent the climate yield of winter wheat in Henan Province [38], and the data were normalized. The relative climate yield of winter wheat is calculated by


   Y w   = Y  −  Y t   



(14)




where Yw is the relative climate yield of winter wheat, Y is the actual yield for the year, and Yt is the linearly fitted yield calculated by linear fitting of the winter wheat yield for 2010–2020.





4. Results and Analysis


4.1. Assessment of the Characteristics of the Climate Drought Index for Winter Wheat in Henan Province


The 31 d Pa from 1991 to 2021 was calculated for each meteorological station in Henan Province using Equations (3) and (4). The frequency of drought occurrence for each meteorological station was calculated using the drought classification based on percentage precipitation anomaly (Table 2) using Equation (5). Pa was used to determine the type of drought for winter wheat in Henan Province in different years and to identify the characteristics of winter wheat drought. In order to ensure that the meteorological stations can scientifically reflect the meteorological situation in Henan Province, this paper selects an out-of-province meteorological station at the border of Henan Province in the eastern part of the province where meteorological stations are lacking (Figure 2). We used the drought frequency data from these ten meteorological stations as a basis and the inverse distance weighting method to spatially interpolate the missing cities to obtain a raster surface for Henan Province.



The frequency of the occurrence of light droughts varied significantly across space (Figure 3). Areas with high frequencies of light droughts (Figure 3a) were concentrated in northern and western Henan and southwestern Henan, where the frequency ranged from 17% to 29%. The maximum frequencies (29%) were in Anyang, Sanmenxia, and Zhumadian. In Shangqiu, parts of Nanyang, and Xinyang, the frequency ranged from 13–17%, and parts of Zhengzhou and Zhoukou also had a high frequency of light droughts. Figure 3b shows that areas with high values of moderate drought frequency were concentrated in northwest central and southeast Henan. Zhengzhou, Luoyang, Xinyang, and parts of Zhumadian had the highest frequencies (9.70%). In contrast, Anyang and Sanmenxia were areas of low incidence of moderate droughts with frequency 0–1.80%. Figure 3c shows that areas with high values for the frequency of severe and extreme droughts, with frequencies in the range 7–9.70%, were concentrated in and around Anyang, Zhengzhou, and Xinyang. The frequency of droughts in Sanmenxia, Luoyang, Nanyang, and Zhumadian was also high, showing an alternating distribution, but the frequency of severe and extreme droughts in other areas was low. In general, the frequency of light and severe droughts was greater in northern and southern Henan and less in central and eastern Henan; the frequency of medium droughts was greater in southwestern Henan and less in eastern and northern Henan.




4.2. Drought Susceptibility Assessment and Zoning for Winter Wheat in Henan Province


4.2.1. Susceptibility Analysis of Winter Wheat in Henan Province


The susceptibility of winter wheat to drought can be used to determine winter wheat yield reduction due to drought damage. Winter wheat planted area, winter wheat yield, average annual precipitation, and average annual temperature were selected as indicators of susceptibility. The natural breaks method of ArcGIS software was used to map susceptibility zonally.



There was no significant change in the distribution of high or higher susceptibility during 2011–2020 (Figure 4). Higher susceptibility areas were concentrated mainly in the southern and eastern regions of Henan, such as Nanyang, Zhumadian, Zhoukou, and Shangqiu, and areas of medium susceptibility were Xinyang and Kaifeng, Xinxiang, Anyang, and Jiyuan. Susceptibility was generally low in northern Henan. When rainfall and acreage indicators were taken into account, in plain areas such as Zhumadian, a greater winter wheat planted area and greater winter wheat yield indicated greater susceptibility to extreme precipitation and warming events. Figure 4b shows a significant change in susceptibility due to the severe drought that occurred in 2014. Yields were generally low in northern Henan. The region has high precipitation, and when extreme precipitation or drought events are frequent, winter wheat yields in areas of high winter wheat planting, such as Anyang and Pingdingshan, may experience severe yield reductions.




4.2.2. Sensitivity of Winter Wheat in Henan Province


Sensitivity represents the extent of a regional response to drought and expresses the degree of dependence on agriculture in the region. When an agricultural drought occurs, a greater dependence on agriculture will result in greater sensitivity and greater vulnerability to drought.



Figure 5 shows that during the period 2011–2020, sensitivity was generally high and showed a decreasing trend year by year. Zhengzhou had low sensitivity, as did Jiaozuo, Luoyang, and Jiyuan, but other regions had medium or high sensitivity. The northern, western, and southern parts of Henan are surrounded by the Taihang, Funiu, Tongbai, and Dabie mountains around the provincial boundary and are prone to droughts, so areas such as Xinxiang, Anyang, Sanmenxia, Xinyang, and Nanyang, which are in mountainous and hilly areas, have a greater sensitivity than other areas. Luoyang and Jiyuan are in hilly areas but occupy the middle and lower reaches of the Yellow River and contain well-developed river networks, so they have the lowest sensitivity. Puyang is in the alluvial plain of the Yellow River and has a well-developed water net system, so it has low sensitivity. Zhengzhou is the capital city of the province and has a more developed economy than the rest of the province such as a higher urbanization rate, a higher per capita GDP and abundant surface and groundwater resources. Its low percentage of total primary industry (GDP) makes it less dependent on agriculture and less sensitive to drought. The Pingdingshan, Xuchang, Luohe, Kaifeng, Shangqiu, Zhoukou, and Zhumadian regions are located in the plains and have a high percentage of total primary industry (GDP), i.e., they are more dependent on agricultural development. Moreover, the value of winter wheat production is high in these areas, but yield losses due to droughts are also high, so their sensitivity is also high.




4.2.3. Winter Wheat Drought Resistance


As research on drought has increased, resistance has become more closely linked to socio-economic concerns. Generally, greater resistance to drought in a region indicates less loss directly attributable to drought. Drought resistance is therefore inversely related to the risk of drought, and different equations are used to normalize resistance index data. Regions with lower resistance indexes are thus more likely to be resistant to disasters than regions with higher resistance indexes.



Figure 6 shows that drought resistance of winter wheat was generally high in Henan Province during 2011–2020. Drought resistance increased gradually over the period and showed an overall pattern of large areas of similar resistance and small areas of mixed resistance, but the resistance of plain areas was greater than that of hilly areas. Drought resistance was greater in Zhoukou, Shangqiu, Zhumadian, and Nanyang than in Hebi, Sanmenxia, Pingdingshan, Luohe, and Xinyang, where it was low. Zhengzhou is in a hilly area but has a high resistance, mainly because of its more developed economy and greater investment in agricultural irrigation facilities. In contrast, Hebi and Jiyuan are in the plain of the lower reaches of the Yellow River and have more developed water systems, so there is no need to greatly invest human and material resources into drought relief, which would lower the resistance to drought.




4.2.4. Classification of Drought Vulnerability of Winter Wheat in Henan Province


Data for the indicators shown in Table 3 were obtained, and the values of the vectors for indicator weights at the dimension level were calculated using the entropy weighting method. The fuzzy relationship matrix, weight vector, and fuzzy comprehensive evaluation were calculated using Equations (11)–(13), and the fuzzy transformation was used to predict the winter wheat drought vulnerability index in Henan Province from 2011 to 2020. The natural point interval method and reclassification functions of ArcGIS were used to weight the winter wheat drought vulnerability index of Henan Province.



The comprehensive fuzzy evaluation was conducted using SPSS software using the weighted mean type M(*,+) operator. The normalized weights of the degrees of membership of the three factor sets were obtained: 0.38, 0.36, and 0.26, as shown in Table 4. It can be seen from the table that the greatest weight was for susceptibility, indicating that susceptibility of an area to drought has the greatest influence on the winter wheat drought vulnerability index.



Table 5 shows the calculated area for each class of drought vulnerability of winter wheat in Henan Province between 2014 and 2017. In 2011, the cities with mild vulnerability to winter wheat drought in Henan Province were Pingdingshan, Sanmenxia, and Jiyan; the cities with average vulnerability were Zhengzhou, Hebi, Jiaozuo and Xuchang; the cities with moderate vulnerability were Luohe and Luoyang; the cities with severe vulnerability were Anyang, Xinxiang, Puyang, and Xinyang; and the cities with extreme vulnerability were Kaifeng, Shangqiu, Zhoukou, Zhumadian, and Nanyang. In 2014, the cities with mild vulnerability to winter wheat drought in Henan Province were Zhengzhou; cities with average vulnerability were Pingdingshan, Jiaozuo, Puyang, Sanmenxia, and Jiyuan; cities with moderate vulnerability were Luoyang, Hebi, Xuchang, and Luohe; cities with severe vulnerability were Anyang, Xinxiang, Shangqiu, and Xinyang; cities with extreme vulnerability were Kaifeng, Zhoukou, Zhumadian, and Nanyang. In 2017, the cities in Henan Province with mild vulnerability to winter wheat drought were Puyang; those with average vulnerability were Xinxiang, Zhumadian, and Jiyuan; those with moderate vulnerability were Kaifeng, Pingdingshan, and Luohe; those with severe vulnerability were Luoyang, Anyang, Hebi, Jiaozuo, Xuchang, Sanmenxia, and Xinyang; and those with extreme vulnerability were Zhengzhou, Shangqiu, Zhoukou, and Nanyang. In 2020, cities in Henan Province with mild vulnerability to winter wheat drought include Zhengzhou and Jiyuan; cities with average vulnerability include Luoyang, Hebi, Xuchang, Luohe, and Sanmenxia; cities with moderate vulnerability include Pingdingshan, Jiaozuo, and Puyang; cities with severe vulnerability include Kaifeng, Anyang, Xinxiang, Zhoukou, Zhumadian, and Xinyang; and cities with extreme vulnerability include Shangqiu and Nanyang.



The table shows that the overall area of areas at all levels of drought risk for winter wheat in Henan Province decreased year by year during the period 2014–2017. This indicates that the government is beginning to pay attention to the issue of drought vulnerability of winter wheat. Cities in areas of extreme vulnerability, such as Kaifeng, Zhoukou, and Zhumadian, gradually became cities in areas of severe vulnerability. This is shown by the area of extreme vulnerability decreasing to 37,213 km2 in 2020 and the total area of severe vulnerability increasing to 67,886 km2 in 2020. Cities in areas of moderate vulnerability gradually become cities in areas of average vulnerability, with the total area of moderate vulnerability decreasing to 16,224 km2, and the area of average vulnerability increased to 35,479 km2; cities in areas of average vulnerability gradually become cities in areas of mild vulnerability, with the area of mild vulnerability increasing from 4271 km2 in 2017 to 9498 km2 in 2020.



Figure 7 shows that the drought vulnerability index for winter wheat in Henan Province showed an annually increasing trend during the period 2011–2020. The category of vulnerability varied little, with most areas being average or moderate vulnerability. There was a real contiguity of vulnerability classes, as shown by Pingdingshan, Xuchang, and Luohe in central Henan and parts of Xinyang and Zhumadian in southern Henan. Severe and extremely vulnerable areas were scattered in hilly and plain areas, with the exception of Hebi and Puyang, and most such areas were in the hilly transition zone from the second to the third terraces. Mild vulnerability in southern Henan was due to the better-developed water system in the region and the warmer climate with abundant precipitation. The higher level of vulnerability in eastern Henan was due to the large area of winter wheat cultivation in the plains, in which vulnerability was mainly influenced by low drought resistance due to poor farmland infrastructure. The climate of northern Henan is drier and, although there are more natural water systems in that region, precipitation is lower, and there has been more investment in agricultural irrigation facilities to reduce the impact of drought on winter wheat yields.



The distribution of winter wheat drought vulnerability classes was compared with the distribution of the winter wheat susceptibility index, economic–environmental sensitivity index, and drought resistance index. We found that the distribution of winter wheat drought vulnerability classes and the distribution of the winter wheat susceptibility index were essentially consistent. This is the same as the analysis presented in Table 4, where the winter wheat susceptibility index has a direct effect on winter wheat drought vulnerability. This result is almost the same as the results shown in the drought sensitivity graph for winter wheat yield in Henan Province produced by Wu et al. [2].




4.2.5. Validation of the Drought Vulnerability Model


The standardized values of the average winter wheat yield for 2010–2020 for each prefecture-level city in Henan Province were correlated with the average drought vulnerability index calculated by the drought vulnerability model and were then fitted using linear regression (Figure 8). The correlation coefficient R2 obtained based on the improved entropy–fuzzy evaluation method is 0.44, specifically the drought vulnerability index explains 44% of the fluctuating yield of winter wheat. In contrast, a correlation analysis and fitting based on the traditional fuzzy integrated evaluation method yielded an R2 of 0.26. The results show that the winter wheat drought vulnerability index in this study can effectively evaluate the drought vulnerability of winter wheat in Henan Province.






5. Conclusions


We used climate data, winter wheat production data, wheat cultivation area data, and socio-economic data of Henan Province to analyze the spatial and temporal variability of winter wheat drought vulnerability in Henan Province using the Pa index. We created a winter wheat drought vulnerability assessment model using the entropy method and comprehensive fuzzy evaluation for three dimensions of influence on winter wheat drought vulnerability: susceptibility to drought, economic–environmental sensitivity to drought, and drought resistance capacity. The principal conclusions are as follows.



	(1)

	
The determination of Pa and analysis of the different degrees or levels of drought effects on winter wheat in Henan Province showed that the frequency of occurrence of different levels of drought varied significantly spatially. The frequency of mild droughts ranged from 9.70% to 29%, the frequency of moderate droughts ranged from 0 to 9.70%, and the frequency of severe or extreme droughts ranged from 3.20% to 9.70%. Droughts have become more frequent in Henan Province over the study period; mild and extreme droughts occurred more often in the north, while moderate and severe droughts occurred more often in the south.




	(2)

	
The comprehensive fuzzy evaluation produced normalized weights of the susceptibility, sensitivity, and resistance dimensions that were, respectively, 0.38, 0.36, and 0.26. The susceptibility of winter wheat to drought has a large influence on the winter wheat drought vulnerability index. Areas of high susceptibility were concentrated in southern and eastern Henan, with susceptibility indices ranging from 0.59 to 0.80. Areas of high economic–environmental sensitivity were concentrated in parts of east, south, and west Henan, with sensitivity indices ranging from 0.52 to 0.70. High sensitivity was mainly due to the greater risk of drought in mountainous areas and the greater rate of winter wheat cultivation in the plain. Areas of higher drought resistance for winter wheat were concentrated around Zhengzhou and Hebi, with drought tolerance indices ranging from 0.44 to 0.62, due mainly to better conditions for agricultural production.




	(3)

	
There were also temporal changes between 2011 and 2020. Areas in Henan Province that were severely or extremely vulnerable showed a scattered distribution in 2011 and 2014 that became more blocked in 2017 and 2020. The distribution of winter wheat drought vulnerability classes’ change indicated a trend towards a lower drought vulnerability index for winter wheat in Henan Province. The vulnerability to drought of winter wheat in Henan Province from 2011 to 2020 varied relatively little, with most areas showing average or moderate vulnerability, mainly due to local topography (higher elevations were more susceptible to drought), but well-developed farmland and water conservancy facilities with a well-developed social economy increased drought resistance, so the risk of drought remained low.







We have found that the actual drought losses are influenced by economic levels, irrigation facilities, and other conditions, and that there are significant regional or household differences. This provides basic theoretical support for the selection of wheat varieties, the development of disaster prevention and mitigation measures, and the risk zoning and control of winter wheat. The drought vulnerability model in this paper only selects some indicators to characterize drought exposure, sensitivity, and adaptation to winter wheat, which will result in a less precise zoning assessment. The next step is to further improve and optimize the assessment model by taking into account the physiological characteristics of winter wheat and specific on-farm production processes.
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Figure 1. Map of the study area. 
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Figure 2. Map of meteorological stations. 
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Figure 3. Frequency distribution of winter wheat drought in Henan Province. (a) Frequency of light drought. (b) Frequency of moderate drought. (c) Frequency of severe and extreme drought. 
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Figure 4. Distribution of winter wheat susceptibility in Henan Province. (a) Winter wheat susceptibility in 2011. (b) Winter wheat susceptibility in 2014. (c) Winter wheat susceptibility in 2017. (d) Winter wheat susceptibility in 2020. 
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Figure 5. Distribution of winter wheat sensitivity in Henan Province. (a) Sensitivity of winter wheat in 2011. (b) Sensitivity of winter wheat in 2014. (c) Sensitivity of winter wheat in 2017. (d) Sensitivity of winter wheat in 2020. 
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Figure 6. Distribution of drought resistance of winter wheat in Henan Province. (a) Drought resistance in winter wheat in 2011. (b) Drought resistance in winter wheat in 2014. (c) Drought resistance in winter wheat in 2017. (d) Drought resistance in winter wheat in 2020. 
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Figure 7. Distribution of levels of winter wheat drought vulnerability in Henan Province. (a) Winter wheat drought vulnerability in 2011. (b) Winter wheat drought vulnerability in 2014. (c) Winter wheat drought vulnerability in 2017. (d) Winter wheat drought vulnerability in 2020. 
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Figure 8. Relationship between average climate yield and average drought vulnerability index for winter wheat in Henan Province 2010–2020. 
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Table 1. Data sources.
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Data Type

	
Data Name

	
Years

	
Source






	
Raster data

	
Topographic data of Henan Province at 30 m intervals

	
2021

	
Geospatial Data Cloud




	
Statistical data

	
Socio-economic data

	
2011, 2014, 2017, 2020

	
Statistical Yearbook of Henan Province




	
Average annual precipitation; surface water resources; groundwater resources

	
2011, 2014, 2017, 2020

	
Water Resources Bulletin of Henan Province




	
Monthly precipitation data

	
1991–2021

	
Agro-meteorological big data platform
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Table 2. Drought classification based on percentage precipitation anomaly.
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Class

	
Drought Type

	
Percentage Precipitation Anomaly Range (%)




	
(Annual Scale)






	
1

	
No drought

	
>−15




	
2

	
Light drought

	
−15–−30




	
3

	
Moderate drought

	
−30–−40




	
4

	
Severe drought

	
−40–−45




	
5

	
Extreme drought

	
<−45
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Table 3. Drought vulnerability index system for winter wheat in Henan Province.
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Target Level

	
Dimension

	
Indicator

	
Characteristic






	
Drought vulnerability

	
U1. Degree of susceptibility, or exposure, of the drought-affected area

	
Wheat planted area

	
+




	
Wheat yield

	
+




	
Average annual temperature

	
+




	
Average annual precipitation

	
−




	
U2. Environmental–economic sensitivity of the drought-affected area

	
Winter wheat production value

	
+




	
Per capita GDP

	
−




	
Urbanization rate

	
−




	
Percentage of total primary industry (GDP)

	
+




	
U3. Drought resistance of the affected area

	
Surface water resources

	
−




	
Amount of underground water resources

	
−




	
Effective irrigated area

	
−




	
Amount of pesticide use

	
−




	
Rural electricity consumption

	
−




	
Total power of agricultural machinery

	
−




	
Net farmer income

	
+








Note: + is a positive indicator, − is a negative indicator.













[image: Table] 





Table 4. Weights of drought vulnerability evaluation indicators for winter wheat in Henan Province.
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	Guideline Level
	Weight





	Susceptibility to drought
	0.38



	Environmental–economic sensitivity
	0.36



	Drought resistance
	0.26
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Table 5. Winter wheat drought vulnerability by area in Henan Province (km2).
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	Year
	Areas of Mild Vulnerability
	Areas of Average Vulnerability
	Areas of Moderate Vulnerability
	Areas of Severe Vulnerability
	Areas of Extreme Vulnerability





	2011
	20,309
	18,774
	17,847
	38,849
	70,521



	2014
	7567
	28,651
	24,983
	64,378
	59,817



	2017
	4271
	25,263
	16,765
	63,262
	56,739



	2020
	9498
	35,479
	16,224
	67,886
	37,213
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