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Abstract. Understanding the change of water requirement (ET) for crop production under climate change 

can provide scientific support for the management of agricultural water resources. The objective behind 

this study was to analyze spatiotemporal distribution characteristics of ET, effective rainfall (Pe), irrigation 

requirement (IR) and aridity index (AI) of winter wheat, and evaluate the driving force of ET changes as a 

result of the variation of climatic factors. Daily meteorological data from 18 meteorological stations from 

1969 to 2019 distributed throughout Shandong Province, China were collected. Five climatic variables 

including maximum daily temperature (Tmax), minimum daily temperature (Tmin), relative humidity (RH), 

wind speed (WS), and sunlight hours (SH), were selected to identify their contribution to the variability of 

ET. Results indicated that (1) ET distribution differed significantly both in temporal and spatial scale on a 

general, and decreased -14.11-3.88 mm decade-1. (2) Tmax was the most influential climatic variable related 

to ET variability with sensitivity coefficient of 0.36, followed by RH (-0.34), SH (0.13), WS (0.11) and Tmin 

(-0.07). (3) Declines of WS and SD were indicated by the decrease of ET while the increase of Tmax and the 

decrease of RH contributed to enhancing ET. 

Keywords: water requirement, effective precipitation, irrigation requirement, Mann-Kendall, 

spatiotemporal characteristics, sensitivity analysis, winter wheat 

Introduction 

At present, climate change and freshwater shortage have been regarded as the two most 

important global issues (Wu et al., 2019). China is a grain-producing country, generating 

more than half of the world's wheat and corn (Yin et al., 2016). In modern China, the 

shortage of water resource turns to be the biggest constraint of the agricultural development 

(Zhang et al., 2018). For example, the major grain producing provinces of China, Henan 

and Shandong, have both been facing significant trend of decreasing total water resources 

since the 21st century (Wu et al., 2020). Worse, with global warming due to climate change, 

irrigation requirements are increasing (Yuan et al., 2015). This creates a huge gap between 

the supplied and required agricultural water resources. 

Crop water requirement (ET) is considered as an important basis for planning and design 

of irrigation water management, which is different due to the influence of soil, climate, crop 

growth status and management methods. In recent years, extensive research has aimed at 

exploring the spatial and temporal characteristics of ET and the effects of climate on ET. 

Sun et al. (2013) analysed the ET data of winter wheat at 356 stations in China from 1961 

to 2010, and concluded that the water demand of winter wheat (Triticum aestivum L.) in 

the whole growth period showed a downward trend in recent 50 years. Liu and Lin (2004) 
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studied the influence of climate warming on water demand of main crops in North China. 

They thought that climate warming had the greatest impact on water demand of winter 

wheat, followed by cotton and summer maize. Gao et al. (2019) determined the impacts of 

climate change on crop water requirements in the double cropping system in Northern 

China using the annual accumulated temperature above 0℃. 

In this study, Shandong Province was selected as the research object. The winter wheat 

planting area of Shandong is maintained at 2×105 hm2 all the year round, and the total wheat 

yield accounts for 18% of the national wheat output. Since the amount of precipitation is 

very low in most of the region during the winter wheat cropping season, irrigation is 

essential for wheat growth. In Shandong, drought is the impact of wheat production to 

enhance the first limiting factor. So, it is of great significance to study the crop water 

requirements in the context of climate change. 

There are few synthetic studies on the spatial-temporal variation of ET on wheat and the 

impacts of the driving factors on ET both nationally and regionally in the main grain 

production area - Shandong Province, and the mechanisms responsible for changing ET 

remain uncertain. Given the important role of the Shandong farming region for the Chinese 

food security and the characteristics of little rainfall in wheat growing season, to fill this 

gap, this paper investigates three issues: (i) to estimate the temporal-spatial variations of 

ET, effective precipitation (Pe), irrigation requirement (IR) and aridity index (AI) under a 

historical data (1969-2019); (ii) to quantify the contributions of climate work on ET of 

winter wheat; (iii) to analyse the mechanisms responsible for changing ET. The results will 

help understand the mechanisms of ET change caused by climate change and provide a 

reference for the scientific irrigation of winter wheat in Shandong Province. 

Materials and Methods 

Study area 

Located in the eastern coast of China, the Shandong Province ranges from the latitudes 

of 34°22′N to 38°24′N and the longitudes of 114°47′E to 122°42′E, with an area of 

15.79×104 km2 that is covered by 15 prefecture-level cities (Fig. 1). The region is 

dominated by a temperate monsoon climate with a mean annual temperature range between 

6℃ and 8℃, and a mean annual precipitation of 370.6-505.3 mm, of which approximately 

70% occurs from June to September (statistics during 1969-2019). Summer high 

temperature and rain, sufficient light conditions are suitable for agricultural planting. The 

major cropping pattern is the winter wheat-summer maize double cropping system. 

Generally, the winter wheat is sown in early October in the previous year and harvested in 

early or mid-June in the following year, and the timing of sowing and harvesting for 

summer maize are at the end of May and September in the same year, respectively. 

 

Data and sources 

The data includes daily meteorological data and agricultural statistics data. Daily 

meteorological data were downloaded from the China meteorological data sharing service 

system (http://cdc.cma.gov.cn/), which included a total of 18 meteorological stations 

distributed throughout Shandong Province (Fig. 1). It includes daily maximum daily 

temperature (Tmax), minimum daily temperature (Tmin), relative humidity (RH), wind speed 

(WS), sunshine hours (SH) and precipitation (P). Then, the gaps of data were filled using 

the following strategies: (1) linear interpolation when the number of consecutive missing 
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data was < 5 and substitution with the mean value of other years when the number of 

consecutive missing data was ≥5 for all variables except for precipitation, and (2) 

replacement with the value on the same day based on the nearest meteorological station for 

only the precipitation data. Agricultural statistics data mainly includes crop growth period, 

which were downloaded from agrometeorology material in China meteorological data 

sharing service system. In addition, the winter wheat yield of each city from 2000 to 2018 

came from the Shandong Statistic Year Book. 
 

Figure 1. Location of meteorological stations in Shandong Province, China 

 

Methods 

Crop water requirements (ET) 

It is calculated as the crop water requirements (ET, mm d-1) using the crop coefficient 

(Kc) and reference evapotranspiration (ET0, mm d-1) recommended by the FAO (Allen et 

al., 1998). The ET is calculated as follows (Eq. 1): 

 

 𝐸𝑇 = 𝐾𝑐 × 𝐸𝑇0 (Eq.1) 

 

The crop coefficient Kc, is defined for the initial growing stage (Kcini), dormancy 

season (Kcdor), mid-season (Kcmid) and end-season (Kcend). Notably, the crop coefficient of 

winter wheat over initial growing stage and the dormancy period were set to 0.6 (Kcini) 

(Dong et al., 2013; Sun et al., 2013) and 0.4 (Kcdor) (Tao et al., 2003). The values in mid-

season and end-season were obtained by single crop coefficient approach (Allen et al., 

1998) and were listed in Table 1. 

Then, based on the Kcini, Kcdor, Kcmid, Kcend and crop phenology period, the daily crop 

coefficient could be computed by linear interpolation. The single crop coefficient 

approach was used to calculate the crop coefficients, as follows (Eq. 2): 

 

 𝐾𝑐 = 𝐾𝑐𝑡𝑎𝑏 + [0.04(𝑈2 − 2) − 0.04(𝑅𝐻𝑚𝑖𝑛 − 45)] (
ℎ

3
)
0.3

 (Eq.2) 

 

where Kctab is the crop coefficient of corresponding growth stage, U2 is the wind speed at 

2 m height (m s-1), RHmin is the average value of daily minimum relative humidity in 

corresponding growth stages (%), h is the average height of crops in corresponding 

growth stages (cm). 
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Table 1. Growth period and crop coefficient of winter wheat 

Meteorological stations 

Beginning date 

of initial 

growth period 

End date of 

initial growth 

period 

Beginning date 

of dormancy 

season 

End date of 

dormancy 

season 

Beginning date 

of mid-season 

End date of 

mid-season 
Harvest date 

Kcini Kcdor Kcmid Kcend 

Sowing date 

(date/month) 

Tillering stage 

(date/month) 

Overwintering 

period 

(date/month) 

Green return  

period 

(date/month) 

Jointing stage 

(date/month) 

Heading date 

(date/month) 

Mature  

period 

(date/month) 

Ling County 9 October 30 October 3 December 1 March 4.13 April 5 May 10 June 0.6 0.4 1.15 0.4 

Huimin 9 October 30 October 3 December 1 March 4.13 April 5 May 10 June 0.6 0.4 1.15 0.4 

Kenli 9 October 30 October 3 December 1 March 4.13 April 5 May 10 June 0.6 0.4 1.16 0.4 

Long Island 3 October 23 October 14 December 15 March 4.16 April 7 May 15 June 0.6 0.4 1.19 0.4 

Longkou 3 October 23 October 14 December 15 March 4.16 April 7 May 15 June 0.6 0.4 1.19 0.4 

Chengshantou 3 October 23 October 14 December 15 March 4.16 April 7 May 15 June 0.6 0.4 1.17 0.4 

Shen County 9 October 30 October 3 December 1 March 4.13 April 5 May 10 June 0.6 0.4 1.17 0.4 

Jinan 12 October 1 November 17 December 27 February 4.06 April 28 April 7 June 0.6 0.4 1.17 0.4 

Mount Tai 12 October 1 November 17 December 27 February 4.06 April 28 April 7 June 0.6 0.4 1.16 0.4 

Yiyuan 12 October 1 November 17 December 27 February 4.06 April 28 April 7 June 0.6 0.4 1.15 0.4 

Weifang 5 October 27 October 17 December 26 February 4.07 April 30 April 10 June 0.6 0.4 1.16 0.4 

Qingdao 3 October 23 October 14 December 15 March 4.16 April 7 May 15 June 0.6 0.4 1.18 0.4 

Haiyang 3 October 23 October 14 December 15 March 4.16 April 7 May 15 June 0.6 0.4 1.18 0.4 

Dingtao 10 October 5 November 17 December 17 February 4.01April 24 April 5 June 0.6 0.4 1.15 0.4 

Yanzhou 12 October 1 November 17 December 27 February 4.06 April 28 April 7 June 0.6 0.4 1.18 0.4 

Fei County 5 October 27 October 17 December 26 February 4.07 April 30 April 10 June 0.6 0.4 1.18 0.4 

Ju county 5 October 27 October 17 December 26 February 4.07 April 30 April 10 June 0.6 0.4 1.18 0.4 

Rizhao 5 October 27 October 17 December 26 February 4.07 April 30 April 10 June 0.6 0.4 1.18 0.4 
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The daily Tmax, Tmin, RH, SH, WS used to calculate ET0 using the FAO Penman-

Monteith equation (Allen et al., 1998), as follows (Eq. 3): 

 

 𝐸𝑇0 =
0.408𝛥(𝑅𝑛−𝐺)+𝛾(900 𝑇+273⁄ )𝑈2(𝑒𝑠−𝑒𝑎)

𝛥+𝛾(1+0.34𝑈2)
 (Eq.3) 

 

where Δ is the slope of the saturation vapor pressure-temperature curve (kPa℃-1), Rn is 

the net radiation (MJ m-2 d-1), G is the soil heat flux (MJ m-2 d-1), γ is the psychrometric 

constant (kPa ℃-1), T is the average air temperature (℃), es is the saturation vapor pressure 

(kPa) and ea is the actual air vapor pressure (kPa). 

Effective precipitation (Pe) 

The effective rainfall (Pe, mm) is the fraction of the rainfall excluding surface runoff, 

deep percolation or evaporation, which is calculated by the US Department of Agriculture 

Soil Conservation, as cited by Döll and Stefan (2002). Calculated as follows (Eq. 4): 

 

 {
𝑃𝑒 = 𝑃 (4.17 − 0.2𝑃) 4.17⋯𝑃 < 8.3⁄
𝑃𝑒 = 4.17 + 0.1𝑃⋯⋯⋯⋯⋯𝑃 ≥ 8.3

 (Eq.4) 

Irrigation requirement (IR) 

Following FAO 46, the irrigation requirement (IR, mm) during the growing season is 

defined as the difference between the ET and the Pe (Smith, 1992). The calculation 

formula is as follows (Eq. 5): 

 

 𝐼𝑅 = {
𝐸𝑇 − 𝑃𝑒⋯𝐸𝑇 > 𝑃𝑒
0⋯⋯⋯𝐸𝑇 ≤ 𝑃𝑒

 (Eq.5) 

Aridity index (AI) and drought frequency (DF) 

AI is meaningful to water resource management. It is defined as the quotient of the 

difference between ET and Pe and ET (Shen et al., 2013). The specific calculation 

equation is as follows (Eq. 6): 

 

 𝐴𝐼 = (𝐸𝑇 − 𝑃𝑒) 𝐸𝑇⁄  (Eq.6) 

 

DF is the number of times in a certain period that drought series accounts for the total 

series length, which is defined as the quotient of the N and n (He et al., 2017). It was 

calculated by using the following equation: 

 

 𝐷𝐹 =
𝑁

𝑛
× 100% (Eq.7) 

 

where, N is the number of times of drought at a certain level in growth stage; n is the 

length of the time series. 

The division of agricultural drought grades was based on the national standard 

“Agricultural Drought Grades” and “Standardized Precipitation Evaporation Index 

(SPEI)”. The detailed calculation of SPEI can be found in the Vicente-Serrano's research 

(2010). The SPEI calculations for this study used the computational procedures of the 
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University of Nebraska approved by the World Meteorological Organization. According 

to the drought classification standard formulated by China Meteorological 

Administration, the drought grades of the region are divided, as shown in Table 2. 

 
Table 2. Classification of agricultural drought grades based on crop deficit index 

Grade type Index range of AI SPEI 

No drought (ND) AI≤35% SPEI≥-0.5 

Light drought (LD) 35%<AI≤50% -1≤SPEI<-0.5 

Moderate drought (MD) 50%<AI≤65% -1.5≤ SPEI<-1 

Severe drought (SD) 65%<AI≤80% -2≤ SPEI<-1.5 

Extreme drought (ED) AI>80% SPEI<-2 

 

 

Trend analysis, abrupt change detection and mapping 

The linear equation is usually used to describe the change trend of climate elements. 

The equation is as follows (Eq. 8): 

 

 𝑦(𝑡) = 𝑎 + 𝑏𝑡 (Eq.8) 

 

In the formula, t is the time series, a is the empirical coefficient, which can be obtained 

by the least square method in the regression analysis method; b is the trend change rate, 

when b is positive (negative), it indicates that the air temperature elements have an 

increasing (decreasing) trend, and 10b is the climate tendency rate, which represents the 

change rate of the temperature element in 10 year. 

Abrupt change detection is used to check the possible change point of the time series 

that has an effect on the trend analysis results (Villarini et al., 2012; Gu et al., 2017). In 

this study, a comprehensive test about the mutation characteristics of ET, Pe, IR and AI 

were giving by using Mann-Kendall abrupt test and moving t-test technique. The reason 

for using the two methods is that moving t-test helps to deal with the multiple point 

mutations after using the Mann-Kendall abrupt test, which ensures the accuracy of the 

test results (Deng et al., 2018). Similarly, the level of significance was set to 0.05. 

The data of ET, Pe, IR and AI in wheat growth period were interpolated by inverse 

distance weighted interpolation (IDW) in ArcGIS 10.2 to obtain the corresponding spatial 

distribution. 

 

Sensitivity analysis 

In this paper, the one-at-a-time (OAT) was used to analyze the sensitivity of the ET of 

wheat to its impact factors. The sensitivity of the ET to one factor can be expressed as 

(Eq.9) (Wang et al., 2019):  

 

 𝑆𝑥𝑖 = 𝑙𝑖𝑚
𝛥𝑥𝑖→0

(
𝛥𝐸𝑇 𝐸𝑇⁄

𝛥𝑥𝑖 𝑥𝑖⁄
) =

𝜕𝐸𝑇

𝜕𝑥𝑖
×

𝑥𝑖

𝐸𝑇
 (Eq.9) 

 

where, Sxi is sensitivity coefficient of the influencing factors; ET,  ET are irrigation 

requirement and the change of it; xi,  xi is the influencing factors of irrigation 

requirement and its change. 
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Previous research showed that the principal weather parameters affecting 

evapotranspiration were T, RH, WS and radiation. By significance test, the Tmax, Tmin, RH, 

WS, SH were selected for the sensitivity analysis. 

Results and Discussion 

Characteristics of ET, Pe, IR and AI 

Temporal characteristics and abrupt change 

The trends of the annual ET, Pe, IR, and AI of the winter wheat growth period in 

Shandong Province from 1969 to 2019 were shown in Fig. 2. As a whole, Shandong 

experienced a decrease in ET, Pe and IR, and AI remained relatively unchanged during 

the study period. Further, the ranges of the variations in the Pe were relatively small 

compared with the range of the ET and IR over the whole province. The ET and IR ranged 

from 380-475 mm and 242-397 mm, respectively, with the maximum occurring in 1978 

and the minimum in 1998. The Pe ranged from 51 to 138 mm, the maximum occurred in 

2011 and the minimum occurred in 1998. The AI ranged between 0.64 and 0.88, with the 

maximum occurring in 2011 and the minimum occurring in 2009. The coincidence of the 

occurrence time of the maximum value of each index indicated that the IR and AI were 

greatly influenced by the ET and Pe. 

 

  
(a) (b) 

  
(c) (d) 

Figure 2. Interannual variation of (a) ET; (b) Pe; (c) IR; (d) AI in winter wheat growth period 

 

According to Mann-Kendall abrupt test, there were seven obvious focuses in the 

reconfidence interval of UF and UB curves (Fig. 3a). Then, through the moving t-test, 

only one point was the mutation point, which was located in 1984 (Fig. 3b). This showed 
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that 1984 was the abrupt change point of ET from rising to decreasing. Similarly, Pe, IR 

and AI, which have passed the Mann-Kendall abrupt test, had multiple intersections in 

the confidence interval between UF and UB (Fig. 3c,e,g). However, through the moving 

t-test, all the intersections were not abrupt points (Fig. 3d,f,h). 

 

   
(a) (b) (c) 

   
(d) (e) (f) 

  
(g) (h) 

Figure 3. Time series of (a,b) ET; (c,d) Pe; (e,f) IR; (g,h) AI mutation test curve of winter wheat 

 

 

In this paper, the simplified water balance formula was adopted to estimate the ET, Pe, 

IR and AI during the winter wheat growth stage in the Shandong Province, and this 

formula considers the ET0 and Kc. This study showed that the ET, Pe, IR had been 

downward tendency and with different degree, and AI had no significant trend from 1969 

to 2019. The results of this study were basically consistent with the conclusions of Ma et 

al. (2010). ET levels present a steady upward trend from 1969 to 1984 prior to 

dramatically declining. But now, the abrupt change of ET0 levels-related research was 

few, the study of the abrupt change of ET levels of winter wheat was much rarer. And 

ET0 was calculated by ET, the trend of ET0 was similar in theory. Therefore, this paper 

discussed the changes of ET0 analyzed by other scholars. Liang et al. (2010) discovered 

an abrupt change appeared in 1982 for annual ET0 of the Taoer River basin of Northeast 

China; ET0 levels decreased from 1961 to 1982 and then increased in China as indicated 

by Wang et al. (2017), and this time point was close to the time in which the valley value 

of annual ET happens in this study (Fig. 3). 
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Spatial-temporal variation 

The spatial distribution characteristics of the ET, Pe, IR and AI in Shandong Province 

were shown in Fig. 4. In terms of spatial variation of four indexes, in the winter wheat 

season, the distribution patterns of ET and IR were similar, they gradually decreased from 

the northwest to southeast, and a high-value center was located around the higher terrain 

area in the southwest region where the ET reached 500 mm and IR reached 400 mm. The 

spatial distribution of IR of winter wheat in this paper was consistent with the related 

research (Liu et al., 2013). There was also a remarkable gradient of distribution of Pe. It 

decreased from southeast to northwest, and the distribution of effective rainfall in coastal 

area was larger than that in inland area, and that in mountain area was larger than that in 

plain. The spatial pattern of AI was similar to that of ET and IR, with lower than 0.8 of AI 

within the strip expanding from the mid-northwest of the Shandong to the Jiaodong 

Peninsula where the AI in eastern Shandong was relatively low. 

 

  

  

  

  

Figure 4. Spatial and temporal variation in ET, Pe, IR and AI for winter wheat from 1969 to 

2019 
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The IR was calculated by combining ET with Pe together for the winter wheat growth. 

Nevertheless, the spatial distribution of the corresponding stations of ET and Pe trends 

were distinctly different. For the four indexes, the overall spatial pattern of the trend in 

IR was similar to that of the trend in ET. The regions with increasing ET and IR mainly 

occurred in Jiaodong Peninsula. The ET and IR in the rest of the Shandong showed a 

decreasing trend. However, it can be clearly found that the ET and IR decreased with a 

trend of 10-12 mm decade-1 in most of northwest parts of the Shandong, within which the 

ET and IR in some regions, including the southwestern Shandong and near Bohai Bay in 

the middle of Shandong, decreased significantly by 2-8 mm decade-1. The trend of Pe 

showed three zonal distributions from west to east. Among them, the Pe decreased with a 

trend of 0-1 mm decade-1in the central part of Shandong, while Pe was showing an 

increasing trend in the rest of two regions. The increasing trend of Pe in the east was more 

obvious than that in the west, with an average of 3 mm decade-1. For the AI, the overall 

spatial pattern of the trend in AI was similar to that of the trend in Pe. Apart from a clear 

reduction of the value in whole region with a decreasing trend of AI, only the area where 

the 0.01 mm decade-1 rising trend in AI occurred consisted of three parts, are the Jinan, 

the Linyi and the Jining. 

On the whole, the results showed that the total effective precipitation in Shandong 

Province could not meet the water demand of winter wheat during the growth period, 

especially in the northern Shandong. The multi-year average IR values in this study were 

330.04 mm for the winter wheat. From the spatial point of view, the imbalance of 

precipitation and water demand in time and space leads to the aggravation of drought in 

northern region. Although, the result of the variation of IR over Shandong in this study 

shows a decreasing trend (Fig. 4). On a time scale, the significantly decreasing IR 

accompanied by significantly decreasing ET and Pe revealed that the decreasing trend of 

ET is more significant than Pe. On a regional scale, the decline of IR in western region 

was attributed to both the significantly decrease in ET and slight increasing Pe. A 

decreasing pattern of water shortage for winter wheat in different regions of China can 

also be found in many existing studies. For example, Cao et al. (2018) have discovered 

the IR for winter wheat in Hebei Province showed the decreasing trend with the rate 

of -3.74 mm decade-1. Wu et al. (2020) have suggested that the water shortage for winter 

wheat in the north of Anhui Province decreased in a 2.0 mm decade-1. 

 

Temporal-spatial distribution characteristics of drought in winter wheat growth period 

The drought in Shandong analyzed by using AI and the 9-month SPEI for the period 

1969-2019 was shown in Fig. 5. In terms of drought grade, it can be seen that the relative 

drought degree in the north-south direction of the two methods was consistent, although 

the drought frequency obtained by AI method was significantly higher than that by SPEI 

method. The frequency of drought in different grades was higher in the northwest part 

than in the southeast areas. The high frequency drought areas mainly occur in Dongying, 

Binzhou, Dezhou, Yantai and Liaocheng. It is worth noting that Xu and Han (2018) have 

also researched the distribution of drought frequency in Shandong Province by SPEI, and 

concluded that on the monthly scale, severe and above drought was higher in the north 

and lower in the south. The northwest of Shandong Province has large evaporation and 

relatively less precipitation, which is the driest climate area and high drought risk area in 

Shandong Province. 
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(a) AI (b) SPEI 

Figure 5. The spatial distribution of frequency of potential moderate and above drought in 

winter wheat growth from 1969 to 2019 

 

 

Sensitivity analysis of ET of winter wheat to meteorological factors 

Sensitivity of crop water productivity at different scale to influencing factors was 

analyzed by using OAT method. For the five climatic factors, in terms of Shandong 

Province as a whole, ET was positively correlated with Tmax, WS and SH, and was 

negatively correlated with Tmax and RH. That was, wheat ET increased as Tmax, WS and SH 

increased, and increased as the Tmax and RH decreased. Results of sensitivity analysis for 

ET showed that there were obvious differences between the influencing factors. ET was 

most sensitive to Tmax and RH, followed by SH and WS. However, ET has lower sensitivity 

to Tmin (Fig. 6). 
 

  

 
  

Figure 6. Annual variation of sensitivity coefficient of meteorological factors from 1969 to 2019 

 

 

As observed from Fig. 7, the sensitivity coefficient of Tmax (STmax) decreased 

progressively from the southwest to northeast over Shandong, reached the minimum at 

the mountainous and hilly area in the middle and south, and then increases in the part of 

the area near the Yellow Sea. The spatial distribution of the sensitivity coefficient of Tmin 
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(STmin) showed a pattern that is contrary to STmax, and there was a discernable transition 

zone of STmin from the southwest to northeast, expect mountainous and hilly area in the 

middle and south. The sensitivity coefficient of RH (SRH) over Shandong was negative. 

Different from the distribution of other parameters, SRH showed no regularity in variation 

of Shandong, with the largest value found in Liaocheng and the smallest value found in 

Weihai. The sensitivity coefficient of WS (SWS) decreased progressively from the 

northwest to southeast over Shandong. Similar to SWS, the sensitivity coefficient of SH 

(SSH) decreased from northwest to southeast, with the largest value found in Taian and 

Jinan and the smallest value found in Rizhao and Weihai. In general, SH and WS were the 

main controlling factors in the central hilly area, and the Tmax and RH were the main 

control factor of ET in other areas, which was consistent with the finding from north 

region of China (Zheng and Wang, 2015; Fan and Thomas, 2018). 

 

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 7. Sensitivity coefficients of meteorological on ET of winter wheat over Shandong from 

1969 to 2019 

 

 

The Fig. 7 revealed that the potential evapotranspiration of crops is positively 

promoted by Tmax, SH and WS and the increase of RH will cause the decrease of potential 

evapotranspiration. The results are in line with previous studies (Liu et al., 2005; Hu et 
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al., 2017). Tmax can transfer energy to crops and affect crop transpiration rate. WS 

determines the transfer of water vapor in the air, which has influence on the atmospheric 

evapotranspiration. SH affects the amount of solar radiation during wheat growth period, 

solar radiation is the energy of soil water vaporization and crop transpiration, which can 

directly determine the amount of ET. RH indicates how high the water vapor saturation 

in the air is. The higher the water saturation is, the less water vapor can be contained in 

the air for crop transpiration and soil water evaporation, which leads to the interannual 

variation of wheat water demand opposite to that of relative humidity. Moreover, the 

attribution analysis suggested that daily average maximum temperature and relative 

humidity was the most influential factor to the ET, followed by the sunshine duration and 

wind speed (Fig. 6). Wang et al. (2017) considered suggested the decreasing trend of ET0 

in Huang-Huai-Hai region was mainly governed by significant decrease in sunshine, 

which was quite different with this study. The results of this study are basically consistent 

with the conclusions of Yang et al. (2012) and Liu et al. (2005). Due to the differences in 

the regional scope, research period and spatial dimensions, there are also some 

differences. Above all, the variability of ET is a synthesis process of climatic variables 

change. The Tmax rise may lead to increase of ET while the decrease of WS and SD and 

the increase of RH potentially cause the decrease. This study reveals the descent rate of 

WS and SD in study during 1969-2019 was higher than the increase rate of Tmax and 

decrease of RH, resulting in decreasing trend of ET. 

Interannual variation of main meteorological factors 

In order to study the interannual variation of the above four meteorological factors, the 

linear tendency rate of meteorological factors with time was calculated (Table 3). From 

1969 to 2019, the Tmax showed a very significant upward trend, while the RH, WS and SH 

showed a very significant downward trend. The change trend of the research results was 

similar to that of Tmax (0.045), RH (7e-6) and WS (-0.019) obtained by Wang et al. (2019) 

using the Sen's slope estimator in Eastern China during 1979-2015. 

 
Table 3. Propensity rate of meteorological factors during the growing period of winter wheat 

Factor Tmax RH WS SH 

Coefficients 0.32 -0.04 -0.45 -0.29 

 

 

It can be seen from Fig. 8 that the interannual variation characteristics of wheat water 

requirement and Tmax, WS and SH in Shandong Province from 1969 to 2019 were 

generally consistent, but contrary to the interannual variation characteristics of RH. This 

was consistent with the results of sensitivity analysis. Combined with the results in 

Table 3, it can be analyzed that the change of ET is the comprehensive performance of 

ET increase caused by temperature rise and decrease of ET caused by wind speed 

decrease. This is consistent with Wang's (2019) point of view that since the 1990s, a 

region greatly influenced by WS is Shandong, where the impact on ET0 of Tmax is 

counteracted by the largest decrease in WS to a great extent. At the same time, a research 

suggested that the change of SH was the major factor influencing the variability of ET0, 

followed by WS, RH and T in the Yellow River Basin. 
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Figure 8. Variation characteristics of meteorological factors and water requirement of winter 

wheat during growth period 

 

 

Changes of winter wheat yield under the background of climate change 

ET variability under different climatic conditions may produce either positive or 

negative effects on crop yield per unit area. In spite of droughts caused by abnormal 

climate change, wheat yields in Shandong have been increasing in the past 20 years 

(Fig. 9), implying that the changing ET in Shandong Province played a negligible role in 

agriculture, which corroborates with the extant literature (Piao et al., 2010). He indicated 

that on a countrywide basis-the consequences of recent climate change on agriculture 

have been limited both because climate trends remained moderate compared to natural 

variability, and because technological progress has brought more than all benefits, in 

particular improved agricultural practice. 

 

  

Figure 9. Distribution of winter wheat yield in Shandong Province from 2000 to 2018 

 

 

The results showed that wheat yield increased year by year regardless of the fluctuation 

of EI, Pe and IR, which may be due to the effect of supplementary irrigation on yield. For 

example, although the long-term tendency of IR was declining for winter wheat, a large 
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amount of groundwater was consumed by winter wheat annually in the northern 

Shandong to maintain high yield, which represented the most important factor for 

groundwater drawdowns. In addition, the increasing grain yield may mainly benefit from 

technological progress, such as irrigation system improving and seed amelioration. 

However, the increasing trend of ET may be large enough in some local regions to offset 

a significant portion of the increases in average yields that arose from technological 

progress (Lobell et al., 2011). For example, the increasing ET in western Jiaodong 

Peninsula induced by humidity reduction and temperature increment may enhance wheat 

water stress, resulting in greater water requirements for agriculture production and 

causing reduction in agriculture yield (Fig. 9). Several studies have described that the 

wheat cultivars renewal and improved crop management practices have offset the 

negative effects of climatic change on yield (Tao et al., 2012; Wang et al., 2012). 

Building the climate-wheat yield relationship without considering the management 

effects have been large enough to be worthy of attention. Many scholars attempted to 

differentiate the effects of management and climate change on the crop yield. For 

example, a research showed that the increase in temperature increased winter wheat yield 

by 3.0-6.0% in northern part of the NCP during 1980-2009 (Xiao and Tao, 2014). At the 

same time, Xiong et al. (2012) found that wheat showed reduced yield (-9.7%) owing to 

climate factors, whilst offset by CO2 fertilization (overall change 0.9%) in China during 

1961-2010. Even, Liu et al. (2016) showed that at global and national scales, global wheat 

yield was projected to decline between 4.1% and 6.4% with a 1ºCF global temperature 

increase. It is reported that in the future, the temperature, precipitation and solar radiation 

in the North China Plain will change significantly (Liu et al., 2018). Therefore, a detailed 

analysis of climate change and wheat response is essential for wheat growth and 

management adaptation. 

Conclusion 

Under the background of climate change, water shortage is becoming more and more 

serious in North China in recent years. Improve irrigation management system and 

stabilizing the yield of crops have become the main production objectives in similar areas. 

Therefore, understanding of ET of crop in present situation and development trend, and 

analysis the influence reason is still the scholars concern. 

Based on meteorological data from 15 prefecture-level cities in Shandong Province, 

this paper used the Penman-Monteith formula and crop coefficient method to determine 

the water requirements of the winter wheat. To a certain extent, it improved the 

calculation accuracy of water demand and water shortage, which was of great significance 

for reasonable guidance of wheat irrigation in Shandong Province. 

A temporal analysis of the entire region indicated that a turning point occurred in 1984 

for the temporal variability of ET. A spatial analysis of the entire region indicated that the 

ET, IR, and AI were the largest on the northwestern Shandong and displayed a decreasing 

trend from northwest to southeast. Additionally, the ET decreased in the western 

Shandong, and the ET in the rest of the area increased with a trend of 0-2 mm decade−1. 

And the overall spatial pattern of the trend in IR was similar to that of the trend in ET. 

The northwest of Shandong has large evaporation and relatively less precipitation, which 

is the driest climate area and high drought risk area in Shandong. 

In the sensitivity analysis of ET of winter wheat to its influencing factors, the Tmax was 

the major factor dominating variability of ET in Shandong, followed by RH, SH, WS and 
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Tmin, respectively. Sensitivity analysis of the ET revealed that the Tmax was the most 

positively correlated with the ET among all the meteorological factors, with sensitivity 

coefficient of 0.3563, whereas the meteorological factor with the maximum negative 

correlation was RH, with sensitivity coefficient of -0.3351. Significant declines of WS 

and SH were responsible for the decrease of ET in the entire Shandong from 1969 to 2019 

while the increase of Tmax and the decrease of RH contributed to the enhancement of ET. 

In this study, factors influencing the irrigation requirements of crops were analysed 

only from a meteorological point of view. With regard to global climate change 

anomalies, the long-term agricultural water management should be adopted for the 

continued development. Furthermore, it is necessary to further study the impacts of 

various agricultural technologies throughout the region to provide a more accurate 

scientific basis for water management in Shandong farmland. 
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