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Abstract: Agriculture is the largest freshwater consumer, accounting for nearly 70% of global 11 

freshwater consumption. The agricultural water footprint and water resources ecological footprint 12 

which is used to describe the ecological environment and socioeconomic functions of water 13 

resources are two complementary indicators of water resources use in relation to human 14 

consumption. Anyang, a typical shortage area of fresh water resources in the North China Plain, 15 

was selected as a study area to estimate water consumption of agriculture. In this work, we 16 

estimate the temporal and spatial variation of green, blue and grey water footprint of five crops in 17 

Anyang during 1990-2018 based on the water footprint (WF) theory, water resources ecological 18 

footprint (EFw) and water resources carrying capacity (ECw) methods. To analyze the EFw of 19 

specific crops, the paper develops the framework between agricultural WF and EFw, and quantifies 20 

the EFw of specific crops. The results show that the WFgreen, WFblue and WFgrey of Anyang all 21 

increased from 1188, 1560 and 511 million m³ in 1990 to 1440, 1736 and 1010 million m³ in 2018, 22 

respectively, which is mainly resulted from the increase of cultivated area and agricultural 23 

nitrogen amount. Winter wheat and maize were the two leading crops in both green and blue water 24 

consumption, taking 31.35%, 55.25% of the total WFgreen and 71.32%, 22.52% of total WFblue, 25 

respectively. The average unit mass WFgreen and WFblue of crops show a reduction trend in the 26 

period between 1990 and 2018 because of the urbanization of farmland and the increase of crop 27 

yields. Both water ecological carrying capacity (ECw) per capital and the water ecological deficit 28 

(EDw) per capital of Anyang decreased. Anyang has been in a state of water ecological deficit 29 

since 2000. The results imply that Anyang imports a large number of water resources from other 30 

areas for its consumption since 2000. This study is expected to contribute to agricultural water 31 

management by providing suitable information to policy-makers. Also, the results indicate that it 32 

is urgent to make strict water resources management measures and water pollution prevention to 33 

improve the water use efficiency in Anyang in order to ease pressure on water scarcity. 34 

 35 

Key words: Green and blue water footprint; Grey water footprint; Water resources ecological 36 

footprint; Water ecological carrying capacity; Crops 37 

 38 

1. Introduction 39 

   With global population growth and climate change, the water demand is set to increase in all 40 

sectors. By far, agriculture accounts for 70% of water withdrawals globally and is the largest water 41 
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consumer. However, global estimates for annual irrigation water demand are fraught with 42 

uncertainty, which makes projecting future water demand for irrigation difficult (WWAP, 2018). 43 

The Food and Agriculture Organization of the United Nations was expected to increase 5.5% in 44 

water withdrawals for irrigation from 2008 to 2050 (FAO, 2011). On the contrary, the organization 45 

for Economic Co-operation and Development (OECD, 2012) predicted that irrigation water would 46 

decrease slightly through the period 2000-2050 considering the increases in irrigation water 47 

efficiency. Meanwhile, water demand for industry (manufacturing, energy production) and 48 

domestic water use are expected to increase significantly (WWAP, 2014; OECD, 2012; IEA, 2012; 49 

Burek et al., 2016).  50 

In addition, water pollution has worsened in almost all rivers of Africa, Asia and Latin 51 

America since the 1990s (UNEP, 2016), including industrial, municipal wastewater and 52 

agricultural non-point source pollution. Agriculture is the predominant source of reactive nitrogen 53 

and phosphorus discharged into the environment. Managing diffuse runoff of excess nutrients 54 

from agriculture is regarded as the most prevalent water quality-related challenge globally (UNEP, 55 

2016; OECD, 2017). Climate change also affects agricultural non-point source pollution in various 56 

ways. For example, the surface water flows are affected by the changes in spatial and temporal 57 

patterns and variability of precipitation, and the temperature increase would cause higher 58 

evaporation from open surfaces and soils, leading the increase of transpiration by vegetation 59 

potentially reduce water availability (Hipsey and Arheimer, 2013). Dissolved oxygen will bring 60 

about faster depletion due to higher water temperatures, and higher contents of pollutants will 61 

flow into water bodies following extreme rain events (IPCC, 2014). In summary, global water 62 

demand will continue to grow significantly over the next two decades. Human health, the 63 

environment and sustainable development will be threatened by the deterioration of water quality 64 

over the next decades (Veolia/IFPRI, 2015). New solutions for managing water resources to offset 65 

the rising challenges to water security need to be brought forward as soon as possible.  66 

 The concept of“Water Footprint”(WF) is put forward by Hoekstra in 2002 (Hoekstra and 67 

Hung, 2002; Hoekstra, 2003), and has been widely used to evaluate agricultural water 68 

consumption. The total volume of freshwater which is used to produce the goods and services 69 

consumed by the inhabitants of the nation was defined as the water footprint of a nation 70 

(Chapagain et al., 2006). It is an indicator measuring human consumption of fresh water used in 71 

production activities and the water pollution. Water footprint is mainly composed of three 72 

components, which are called blue, green and grey water footprints (Muratoglu, 2020). 73 

Specifically, the blue water footprint (WFblue) refers to the consumption of irrigation water 74 

(surface and groundwater), while the green water footprint (WFgreen) is the consumption of the 75 

effective rainfall for plants (rainwater insofar as it does not become run-off). The grey water 76 

footprint (WFgrey) is defined as the freshwater quantity which is required to assimilate the load of 77 

pollutants given natural background concentrations and existing ambient water quality standards 78 

(Aldaya et al., 2011; Hoekstra and Chapagain, 2007). In recent years, scholars have carried on the 79 

thorough research to the agricultural water footprint (Severo Santos and Naval, 2020). Firstly, crop 80 

planting structure and agricultural water management based on water footprint (Chu et al., 2017; 81 

Feng et al., 2021), Chouchane et al. (2020) are analyzed how to reduce the blue water footprint of 82 

crop production through changing the global cropping patterns. Novoa et al. (2019) calculated the 83 

crops water footprint in Chilean river basin under climate change scenarios to improve water 84 

management. Secondly, agricultural water could be used more effectively utilizing water footprint 85 
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methods (HAI et al., 2020; Wang et al., 2020a). Cao et al. (2020a) constructed water footprint 86 

efficiency index and analyzed water footprint efficiency in crop cultivation. Xu et al. (2019) 87 

assessed water footprint and crop water productivity of irrigated agriculture in China. Thirdly, the 88 

water footprint is used to optimize irrigation promoting the yield and conserving water resources 89 

under irrigated and rain fed farmland (Cao et al., 2014), as well as different climate conditions 90 

(Zhao et al., 2019). Fourth, water pollution can be researched quantitatively taking advantage of 91 

agricultural grey water footprint (Li et al., 2020a; Dong et al., 2021). The ecological footprint (EF) 92 

concept was introduced in the 1990s, which is a comprehensive accounting method developed by 93 

William in 1992 (Rees, 1992). The EF theory has been applied in the field of water resources to 94 

evaluate the sustainability of water resources (Li et al., 2020b).  95 

The earlier studies mainly focus on separate water footprint or water ecological footprint, 96 

there are few studies to discuss the combination of the two. Hoekstra (2009) reviews and 97 

compares the methodologies in water EF and WF studies, and proposes that ecological footprint 98 

and water footprint are two complementary indicators of natural capital used in relation to human 99 

consumption. In our study, we aim to quantitatively analyze and compare the water footprint, 100 

water resources ecological footprint (EFw), water ecological carrying capacity (ECw) and 101 

agricultural land footprint (LF) of Anyang (located in China, Henan province) where the physical 102 

water scarcity is severe and the water quality risk indices are at high level in the world (Burek et 103 

al., 2016; Veolia/IFPRI, 2015). Anyang's per capita availability of renewable water resources is 104 

232.4 m³/person, only about 1/25 of the world’s, agricultural water consumption accounts for 70% 105 

of total water withdrawals (HPWRD, 2018; HPBS, 2019). Therefore, the study of agricultural 106 

green, blue and grey water footprint, water resource carrying capacity and water deficit in Anyang 107 

is of great significance to local agricultural water resources management.   108 

2. Materials and methods 109 

2.1. Study area 110 

The study area of Anyang is located in the main grain producing area of Henan Province, 111 

China and is the junction of Hebei, Shanxi and Henan three provinces, which is a typical area with 112 

water shortage in the North China Plain (Fig. 1). The mean annual temperature of Anyang is about 113 

14℃, the mean annual precipitation is 549.9 mm (National Meteorological Information Centre). 114 

In 2018, the total volume of water resources is 1.2 billion m³, averaging only 232.43 m³ per citizen, 115 

and the volume of agricultural water consumption is as high as 0.95 billion m³, averaging 3253.37 116 

m³ per hm2. The total sowing area of farm crops of Anyang is 763.04 thousand hectares, of which 117 

325.73 thousand hm2 is winter wheat accounted for 43.7%, 250.22 thousand hm2 is maize 118 

accounted for 32.8%, and the sowing area of peanuts, soybean and cotton is 57.97 thousand hm2 119 

(HPBS, 2019).     120 
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 121 

Fig. 1. Study area 122 

2.2. WF calculating methodology 123 

2.2.1. Green and blue water footprint estimation 124 

The total green water footprint (WFgreen, m³) and total blue water footprint (WFblue, m³) is 125 

calculated by Eq. (1) and (2), TotalY (t) is the total crop yield. WFgreen' (m3/t) is the unit mass green 126 

water footprint and calculated as the green component in crop water use (CWUgreen, m3/hm2) 127 

divided by the crop yield (Y, t/hm2), WFblue' (m3/t) is the unit mass blue water footprint and 128 

calculated as the blue component in crop water use (CWUblue) divided by Y (t/hm2), they are 129 

calculated by Eq. (3) and (4). (Civit et al., 2018): 130 

Ygreengreen TotalWFWF ×= '
                            

(1)      131 

 Yblueblue TotalWFWF ×= '
                            

(2) 132 

Y

CWU
WF

green

green ='                               (3)      133 

  
Y

CWU
WF blue

blue ='                               (4) 134 

The CWUgreen and CWUblue (m3/hm2) are calculated by accumulation of daily 135 

evapotranspiration (ET, mm/day) over the complete growing period of the crop and calculated by 136 

Eq. (5) and (6), in which ETgreen (mm) represents green water evapotranspiration and ETblue (mm) 137 

is blue water evapotranspiration and are calculated as Eq. (7) and (8). The factor 10 is meant to 138 

convert water depths in millimeters into water volumes per land surface in m3/hm2. The 139 

summation is done over the period from the planting day (day 1) to the harvest day (lgp stands for 140 

length of growing period in days) (Hoekstra et al., 2011): 141 

∑
=

×=
plg

1

10
d

greengreen ETCWU                          (5) 142 
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∑
=

×=
plg

1

10
d

blueblue ETCWU

                        
(6) 143 

( )
effcgreen PETET ,min=                           (7) 144 

( )
effcblue PETET −= ,0max

                        
 (8) 145 

ETc (mm) is the actual crop evapotranspiration, Peff (mm) is the effective precipitation. ETgreen 146 

is calculated as the minimum of ETc and Peff with a time step of ten days. ETblue is equal to the ETc 147 

minus Peff, its value is equal to zero when effective rainfall exceeds crop evapotranspiration, also 148 

called field-evapotranspiration of irrigation water. We estimate ETc and Peff by means of 149 

CROPWAT8.0 (FAO, 2000). 150 

2.2.2. Grey water footprint estimation 151 

WFgrey (m³) is defined as the freshwater required to assimilate the load of pollutants, which 152 

expresses the degradative water use. With large usage of fertilizers in agricultural production, the 153 

pollution of surface and groundwater has been getting more and more serious (Lu et al., 2016). 154 

According to Table 1, the amount of nitrogen fertilizer consumption is the largest in Anyang. 155 

Nitrogen is the critical pollutant of agriculture in most areas (Muratoglu, 2020). In this paper, grey 156 

water footprint is the freshwater required to assimilate the load of nitrogen fertilizer. Here we use 157 

the following method that Hoekstra et al. (2011) recommended to estimate the annual WFgrey of 158 

agriculture (volume/time) (Mekonnen and Hoekstra, 2015a; Lu et al., 2016): 159 

natnat

grey
CC

Appla

CC

L
WF

−
×

=
−

=
maxmax                        (9)

 160 

WFgrey of a crop (WFgrey, crop, m3/t) is calculated as the chemical application rate (AR, kg/hm2) 161 

to the field per hectare times the leaching runoff fraction divided by the maximum acceptable 162 

concentration (Cmax, mg/L)) minus the natural concentration for the pollutant considered (Cnat, 163 

mg/L) and then divided by Y (t/hm2), following formula (Hoekstra et al., 2011):    164 

( )
Y

CCARa
WF nat

cropgrey

−×
= max

, 
                    (10) 

165 

In Eq.(9) and (10), L(kg) is the pollutant load for the total nitrogen, the variable Appl (kg/year) 166 

represents the application of chemicals on or into the soil in a certain process, α is the leaching 167 

runoff fraction, Cmax is the pollutant’s maximum acceptable concentration (mg/L) and Cnat is the 168 

natural concentration at the receiving water (mg/L). In our study, α is the average leaching runoff 169 

of agricultural nitrogen and assumed as 7.4% of applied N, and the α of winter wheat and maize is 170 

2.7% and 12.1%, respectively, following previous study (Ju et al., 2009). Appl is the agricultural 171 

nitrogen application (kg/year), Cmax of nitrate is specified to be 10 mg/L based on environmental 172 

quality standards for surface water of China (GB 3838-2002) (MEE, 2002). Cnat is the 173 

concentration in natural water, assumed to be 0 mg/L (Wang et al., 2020a).  174 

 175 

 176 

 177 

 178 
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Table 1. Consumption of agricultural chemical fertilizer in Anyang 179 

Consumption of agricultural chemical fertilizer by 100% effective component 

in Anyang (unit: ton) 

Year Nitrogenous Fertilizer Phosphate Fertilizer Potash Fertilizer 

2005 130863 49285 18507 

2010 168457 66736 36737 

2019 136435 41343 24647 

2.3. Water resources ecological footprint (EFw) and water ecological carrying capacity (ECw) 180 

calculating methodology 181 

2.3.1. EFw and ECw estimation 182 

The calculation models of EFw and ECw are based on ecological footprint model (Wang et al., 183 

2020b; Xun and Hu, 2019), EBw (hm2) is water resources ecological surplus and deficit, and they 184 

are calculated as follows:  185 

∑
=

×=
n

i

wiw PWEF
1

/γ                             (11) 

186 

w

w
P

Qγ.EC ×××= ϕ40                         (12) 

187 

www EFECEB -=
                             (13) 

188 

Where, EFw (hm2) is the total ecological footprint of water resources, γ is the global balance 189 

factor of water resources, Wi is the sector i (agriculture, industry, consumption and ecological 190 

protection) water consumption (m3), Pw is the global average production capacity of water 191 

resources (m3/hm2). ECw (hm2) is the water resources ecological carrying capacity, 0.4 is water 192 

resources development and utilization coefficient because of the necessity of retaining 60% of the 193 

ECw to maintain the ecological environment. φ is the yield factor of water resources, Q (m3) is the 194 

regional total amount of water resources.  195 

EBw < 0 indicates an ecological deficiency and water supply is insufficient and is called water 196 

ecological deficit (EDw). The smaller the EDw, the more serious the water shortage. EBw > 0 197 

means an water ecological surplus and is called ESw. In this paper, the value of γ is 5.19, Pw is 198 

3140 m3/hm2, φ is 0.78 (Su et al., 2018; Huang et al., 2008). 199 

2.3.2. EFw of a crop estimation 200 

    In this paper, we calculate the EFw of a crop ( EFw, crop, hm2), the water consumption of a crop  201 

equal to its WF (m³), the formula is expressed as:  202 

( )
ww PWFWFEF /bluegreencrop, +×= γ                        (14) 

203 

Where, γ and Pw are the same as above. 204 

The WF, EFw and ECw assessment framework is illustrated in Fig. 2.  205 
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 206 

Fig. 2. Evaluation items and framework of this paper 207 

2.4. Data description 208 

The climate date during 1981-2010 including maximum temperature (°C) and minimum 209 

temperature (°C), relative humidity (%), average wind speed (km/d), the average temperature (°C) 210 

and annual precipitation (mm) were downloaded from weather stations (Linzhou, Neihuang, 211 

Tangyin, Anyang city and Huaxian) of National Meteorological Center. The average temperature 212 

(°C) in county level areas is the same as that in Anyang city. Agricultural production, crops sown 213 

areas (hm2), output (t) and agricultural chemical fertilize (t) of Anyang during 1990-2018 were 214 

obtained from Henan Statistical Yearbook (1991-2019). The above indicators of county level 215 

areas were obtained from Anyang Statistical Yearbook (2005, 2010 and 2018), the consumption of 216 

nitrogenous fertilizer of winter wheat and maize in county level areas was estimated by the 217 

proportion of the amount of nitrogen applied to the total amount of chemical fertilizer multiplied 218 

by the crop sown area. The regional total amount of water resources (Q, m3), water consumption 219 

of agriculture, industry, consumption and ecological protection (Wi, m3) were collected from 220 

Henan Water Resources Bulletin (2000-2019).  221 

3. Results 222 

3.1. ETc during the growth periods of crops 223 

The planting area of winter wheat and maize in Anyang were 325.73 and 250.22 thousand 224 

hm2 accounted for 54.6% and 41.9% of the total sown area of grain crops in 2018 (HPBS, 2019). 225 

As is shown in Table 2, the multi-year average values (1981-2010) of total ETc (mm/year) during 226 

the whole growing stage of winter wheat, maize, peanut, soybean and cotton in Anyang were 227 

518.6, 474.4, 502, 382.7 and 737.5 mm, respectively. The total ETc of cotton was the highest, the 228 

total ETblue of winter wheat was the largest, followed by cotton, which indicates that winter wheat, 229 

cotton and soybean consumed a large amount of groundwater resources.  230 

 231 

 232 

 233 

 234 

 235 
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Table 2. The multi-year average value for the crop water requirements (1981-2010) in Anyang city  236 

Crop water requirements (mm/year)  

Crops Total ETc  Total ETgreen  Total ETblue 

Winter Wheat 518.6 138.6 380.2 

Maize 474.4 318 156.3 

Peanut 502 334.1 167.8 

Soybean 382.7 162.2 220.6 

Cotton 737.5 391.9 341.7 

The ETc (mm/dec), Eff rain (effective rainfall) and Irr. Req. (irrigation requirement) of crops 237 

during the growing period are illustrated in Fig. 3. The temporal variation curves of ETc and Irr. 238 

Req. of five crops show similar evolutionary trends, but the temporal variation of Eff rain and ETc 239 

shows the opposite trend. The ETc (mm/day) shows first rise then descend trend. The ETc 240 

(mm/day) of winter wheat presents a daily average of 2.16 mm/day, and the maximum and 241 

minimum values are 0.94 mm/day (December-2) and 4.95 mm/day (April-3), respectively. The 242 

maximum ETc (mm/dec) of winter wheat, maize, peanut, soybean and cotton are 49.5 (April-3), 243 

56.2 (July-3), 54.6 (June-3), 63.6 (June-2) and 60.8 (June-2,3). The ETc, Eff rain curves of spring 244 

crops, including maize, peanut, soybean and cotton have the similar trend. It is found that there is 245 

a significant reduction in ETc and irrigation requirement with the increase of effective rainfall 246 

during the middle and late stages of crop growth. 247 

 248 

Fig. 3. Changes in the ETc, Eff and Irr.Req. during the growth periods of five kinds of crops under sufficient 249 

irrigation condition in Anyang 250 

3.2. Temporal variation of total WF  251 

The green, blue and grey water footprints of Anyang in the 28-years from 1990 to 2018 are 252 
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illustrated in Fig. 4. The agricultural WFgrey in Anyang fluctuates significantly from a low of 511 253 

million m³ to a high of 1010 million m³ in 2018 with an average increase of 17.8 million m³ per 254 

year, and grey water footprint per agricultural area increases from 830.78 m³/hm2 in 1990 to 255 

1323.15 m³/hm2 in 2018 with an average increase of 17.58 m³/hm2 per year. The WFgrey of winter 256 

wheat is significantly lower than maize in Anyang. In 2018, the WFgrey, winter wheat was 98.42 m³/t 257 

decreased by 32.84 % on the basis of 1990. The WFgrey, maize increased from 419.44 m³/t (1990) to 258 

447.21 m³/t (2018), which has increased by 6.7%. The WFgrey of winter wheat and maize adds up 259 

to about 98.4% of the total WFgrey in Anyang, and the planting area of the two accounts for 260 

96.55%. The result indicated that winter wheat and maize are the targeted pollutant which needs to 261 

be controlled. On the whole, the WFgreen and WFblue showed an upward trend, from 1188 and 1560 262 

million m³ in 1990 to 1440 and 1736 million m³, respectively. The total WF of five crops in 263 

Anyang was approximately 4186 million m³, of which 34.4% was WFgreen, 41.5 % was WFblue and 264 

24.1 % was WFgrey in 2018.  265 

 266 

Fig. 4. Temporal variation of the WF and crops WFgrey change in Anyang city 267 

3.3. Temporal variation and proportion of crops WF  268 

The proportion of crops blue and green WF as a whole of Anyang in 2005, 2010 and 2018 are 269 

shown in Fig. 5. The results show that the WFgreen and WFblue proportion of soybean, peanut and 270 

cotton drop except winter wheat and maize of Anyang in three years. Winter wheat, maize and 271 

peanut are the three leading crops in both green and blue water consumption, accounted for 272 

31.35% (451.5 million m³), 55.25 % (795.7 million m³) and 12.23% (176.1 million m³) of the total 273 

WFgreen in 2018, respectively. The WFblue proportions of the above three crops were 71.32% 274 

(1238.4 million m³), 22.52% (391.1 million m³) and 5.09% (88.5 million m³), of which winter 275 

wheat is the largest, followed by maize.  276 
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 277 

Fig. 5. Compositional proportion of crops WFgreen and WFblue of Anyang in 2005, 2010 and 2018 278 

Fig. 6 shows the temporal variation of WFgreen, WFblue (m³) and WFgreen', WFblue' (m³/t), and 279 

the average WF' of the five crops. Over the past 28 years (1990-2018)：the WFblue of winter wheat 280 

is 2.7 times its WFgreen, and the total WFblue is higher than the total WFgreen. Therefore, water 281 

consumption of winter wheat come mainly from irrigation. However, the WFgreen of maize and 282 

peanut are double their WFblue, which is because the rapid growth stage of maize and peanut is 283 

basically synchronized with the rainy season (July-September) in Anyang. The precipitation is 284 

able to meet most of the water needs of crops in this period, thus reducing irrigation water 285 

requirements and WFblue. The WFgreen of both soybean and cotton are approximately equal to their 286 

WFblue.  287 

It is found that the average WFgreen' and WFblue' of five crops in the period between 1990 and 288 

2018 show reduction trend and present specific values from 1472 and 1372 m³/t to 1067 and 990 289 

m³/t, respectively. The main reasons for the downtrend of the WF' are the urbanization of farmland, 290 

the increase in crop yields and the significant decrease in the cotton planting area. In 2018, the 291 

WFgreen' of winter wheat, maize, peanut, soybean and cotton are 224.9, 480.9, 700.9, 655.7 and 292 

3275.2 m³/t, and cotton is approximately 14 times greater than winter wheat. The WFgreen' of these 293 

crops are 617.1, 236.4, 352.03, 891.8 and 2855.6 m³/t, respectively, and the WFblue' of cotton is 294 

about 12 times greater than maize.  295 
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 296 

Fig. 6. Temporal variation of the change of crops WFgreen and WFblue in Anyang city during 1990 to 2018 297 

3.4. Spatial distribution of winter wheat and maize WF  298 

   It can be seen that (Fig. 5), the WFgreen of maize is found to be highest followed by winter 299 

wheat, and the winter wheat is determined to have utmost WFblue due to extensive planting area. 300 

The spatial distribution of green and blue WF & WF' of winter wheat and maize among the county 301 

areas of Anyang are provided in Fig. 7 and 8. WFgreen' and WFblue' (m³/t) are relative indexes, 302 

WFgreen' demonstrates the best relative use of rainwater and WFblue' reflects the relative use of 303 

irrigation water.  304 

It is observed that the WFgreen and WFblue are both maximized at the eastern regions (Huaxian, 305 

Neihuang and Anyang counties) due to high planting area of winter wheat (Fig. 7(a) and (b)). In 306 

contrast, the WFgreen' and WFblue' in the west of Anyang are significantly higher than those in east. 307 

The WFgreen' of winter wheat in Linzhou is 460.25 m³/t (2005), 409 m³/t (2010) and 373.36 (2018) 308 

m³/t, which shows a reduction trend (Fig. 7(c)) because the wheat yield per unit area increases 309 

from 3.24 t/hm2 (2005) to 3.65 (2010) and 3.99 t/hm2 (2018). However, the winter wheat yield per 310 

unit in Linzhou is the lowest and per hectare is 3.32 t lower than that of Huaxian County in 2018. 311 

The WFblue' of winter wheat in Linzhou, Anyang county and Neihuang decreases obviously during 312 

2005, 2010 and 2018. The WFblue' in Linzhou is the highest (742.45 m³/t) and Huaxian is the 313 

lowest (358.05 m³/t) in 2018 (Fig. 7(d)). The result means that the relative use of irrigation water 314 

of Huaxian is the highest.   315 
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 316 

Fig. 7. Spatial distribution of winter wheat WFgreen, WFblue (m³) and WFgreen', WFblue' (m³/t) in 2005, 2010 and 2018 317 

The WFgreen and WFblue of maize in three years show increase trend (Fig. 8(a) and (b)), them 318 

in Huaxian are both the highest between 2005 and 2018. The WFgreen in Neihuang is the lowest in 319 

three years, and the WFblue in Linzhou is the lowest in 2018. It can be seen that the WFgreen and 320 

WFblue in Huaxian are around 221% and 274% higher than those of Neihuang and Linzhou, 321 

respectively due mainly to the high planting areas of Huaxian which is nearly three times of 322 

Linzhou and Neihuang in 2018.  323 

The WFgreen' and WFblue' of maize in counties of Anyang are provided in Fig. 8(c) and (d). 324 

Generally, the WFgreen' shows decrease trend with time due to the increasing production of maize. 325 

The variation of maize WFgreen' decreases between -19.89 and -96.34 m³/t from 2005 to 2018. For 326 

instance, it decreases 84.3, 44.78 m³/t (2005-2018) in Linzhou and Huaxian, respectively (Fig. 327 

8(c)). The eastern of Anyang represents the lower WFgreen' as a result of relatively lower ETgreen 328 

and higher yield per unit area. Also, the WFblue' presents downtrend on the whole. In 2018, Anyang 329 

county exhibits highest amount of WFblue' (280.58 m³/t) contributed by high ETblue (annual average 330 

156.2 mm). On the contrary, WFblue' in Huaxian is the lowest (178.41 m³/t) because of relatively 331 

low ETblue (annual average 142.7 mm) and the highest yield per unit area. Consequently, the 332 

values of WFgreen and WFblue in Huaxian are both low and found having relatively higher water 333 

efficiency. 334 
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 335 

Fig. 8. Spatial distribution of maize WFgreen, WFblue (m³) and WFgreen', WFblue' (m³/t) in 2005, 2010 and 2018 336 

3.5. WF areal variation of peanut, soybean and cotton   337 

The green and blue WF & WF' of peanut, soybean and cotton in Linzhou, Anyang county, 338 

Tangyin, Huaxian, Neihuang and urban areas are provided in Fig. 9, 10, 11. Fig. 5 shows the total 339 

WFgreen and WFblue proportion of peanut in 2005 are 15.31% and 6.13%, decreasing 12.23% and 340 

5.09% in 2018. The WFgreen of peanut in Huaxian is the highest and obtained to be 110.4 (2005), 341 

111.76 (2010) and 88.9 (2018) million m3 corresponding to the relatively low WFgreen' of 780.54 342 

(2005), 754.18 (2010) and 735.91 (2018) m³/t (Fig. 9 (a)), which confirms the improved use of 343 

rainwater in Huaxian for peanut production due to increasing crop productivity. However, the 344 

WFgreen' of Linzhou is the highest, which suggests a low rainfall water utilization. On the other 345 

hand, the WFblue of peanut in Huaxian is the highest, meanwhile the value decreases from 46.32 346 

million m3 in 2004 to 37.28 million m3 in 2018 at a decreasing rate of 19.52 % because of the 347 

decline in sown area of peanut. Linzhou, Anyang county and the urban areas of Anyang are 348 

determined to have relatively higher WFblue' due to the low yield per unit area of peanut and high 349 

ETblue. The WFblue' of Neihuang and Huaxian are 289.81 and 308.64 m³/t (Fig. 9 (b)). The result 350 

indicates that the use of irrigation water in Neihuang and Huaxian is relatively higher than that of 351 

Linzhou. 352 
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 353 

Fig. 9. WFgreen, WFgreen' and WFblue, WFblue' of peanut in county-level areas in 2005, 2010 and 2018 354 

The planting area of soybean in Anyang decreases from 11.25 thousand hm2 in 2005 to 4.38 355 

thousand hm2 in 2018. During the same period, the cotton planting area of Anyang in the past 13 356 

years decreases from 40.34 thousand hm2 to 1.85 thousand hm2. The proportion of WFgreen and 357 

WFblue of soybean and cotton are only 0.53%, 0.64% and 0.6%, 0.46% in 2018 (Fig. 5), 358 

respectively. The WFgreen and WFblue of soybean in Linzhou and them of cotton in urban areas are 359 

both the highest in 2018 (Fig. 10). The WFgreen' and WFblue' of cotton are found to be quite 360 

considerable in the whole study areas which are higher than 1000 m³/t and show decreasing trend. 361 

Specifically, a big decrease from 9993 and 4792.5 m³/t to 3450 and 1654.58 m³/t of cotton WFgreen' 362 

and WFblue' in Linzhou between 2005 and 2018 (Fig. 11), this reduction is driven by the 363 

rationalization of irrigation and the effective use of rainfall.  364 

 365 

Fig. 10. WFgreen, WFgreen' and WFblue, WFblue' of soybean in county-level areas in 2005, 2010 and 2018 366 
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 367 

Fig. 11. WFgreen, WFgreen' and WFblue, WFblue' of cotton in county-level areas in 2005, 2010 and 2018 368 

   Fig. 12 shows the water ecological footprints (EFw) of winter wheat, maize, peanut, soybean 369 

and cotton of Anyang in 2018. The EFw of winter wheat, maize and peanut are 785.6, 659.4 and 370 

208.6 thousand hm2 of Huaxian, respectively and higher than other counties.   371 

 372 

Fig. 12. EFw of winter wheat, maize, peanut, soybean and cotton of Anyang in 2018 373 

3.7. Agricultural EFw, ECw and EDw in Anyang    374 

Table 3 indicates that the water ecological footprint and per capita of Anyang increase from 375 

2.16 million hm2 in 2000 to 2.45 million hm2 in 2018, and the value of per capita EFw is ranged 376 

between 0.54 hm2 and 0.36 hm2. Agricultural EFw is the highest, which makes up more than half 377 

of the total EFw. The EFw proportions of agriculture, industry, consumption and ecological 378 

protection are 64.18%, 12.46% and 23.36% in 2018, respectively. The EFw of consumption & 379 

ecological protection shows increasing trend since 2000, which means that the water for 380 

agriculture will be even more scarce. Water ecological capacity is just a quarter of EFw, per capita 381 

ECw is about 1.0 hm2.  382 

The difference between EFw and ECw determines whether deficit, which can then be used to 383 

identify that what extent the local water availability can support the local water consumption (Su 384 
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et al., 2018). The total EFw is consistently larger than ECw during 2000-2018. The ECw in 2016 is 385 

the highest with a specific value of 8.5 hm2, that mainly because the rainfall in 2016 (808.2 mm) is 386 

35.8% higher than annual precipitation and the total water resources is 26.5% higher than the 387 

multi-year average. ECw of Anyang decreases 22.08 % from 0.8 million hm2 in 2000 to 0.62 388 

million hm2 in 2018 associating within an decrease in its EDw from -1.37 million hm2 in 2000 to 389 

-1.83 million hm2 in 2018. The data imply that Anyang imports a large number of water resources 390 

from other areas for its consumption. The per capital EDw decreases from -0.26 hm2 in 2000 to 391 

-0.31 hm2 in 2018. During the same period, there is little change of agricultural per capital EFw in 392 

the past 18 years, which decreases from 0.3 hm2 to 0.26 hm2 and is 2 and 2.6 times bigger than the 393 

per capital ECw in 2000 and 2018, respectively. 394 

Table 3. EFw, ECw and EDw in Anyang from 2000 to 2018 395 

 396 

5 Discussion and conclusions 397 

5.1. Discussion 398 

5.1.1 Comparison with previous studies 399 

Different indexes, standards and area characteristics in the calculation of the WFgrey would 400 

produce different results. The grey WFs in Mekonnen and Hoekstra (2014) and Li et al. (2020a) 401 

were all chose 10% as the nitrogen leaching loss value of fertilizers and 10 mg/L as the 402 

permissible limit for water environmental standards. Next, we take the WFgrey per unit product of 403 

wheat and maize as examples comparing the WFgrey per unit product of crops in the present study 404 

with those from earlier studies (Table 4). The WFgrey, winter wheat (m³/t) in our study is smaller than 405 

that of Mekonnen and Hoekstra (2014), Brueck and Lammel (2016) and Nazari et al. (2020). 406 

While the WFgrey per unit product of maize in 2017 is approximately equal to Li et al. (2020a) 407 

research, but the result is higher than the global average (Mekonnen and Hoekstra, 2014). The 408 

estimated annual averages for WFgrey of maize are different on the temporal scale (Fig. 4) and 409 

regional scale (Table 4). This difference may be a result of the method, crop yield, scale detail 410 

(Severo Santos, et al., 2020) and the characteristics of rainfall et al..  411 

In terms of the green and blue WF of crops, Severo Santos and Naval (2020) estimated 412 

interannual averages for green WF of soybean in the Brazilian Savannah ranged from 981 m³/t to 413 

1774 m³/t during 1999-2018, and the Amazon biome presented an annual average green WF per 414 
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unit product of 1139 m³/t for soybean cultivars between 2010 and 2014 (Costa et al., 2018). 415 

Local-scale studies in different biomes of Brazil showed great spatial and temporal variability of 416 

the WFgreen per unit product. The WFgreen per unit product of soybean in the present study ranges 417 

from 545.89 m³/t to 887.02 m³/t during 1990-2018 smaller than those in Severo Santos and Naval 418 

(2020) and Costa et al. (2018). That mainly due to the differences in rainfall, the average annual 419 

rainfall of present study area is only 595.16 mm lower than 1000 mm of Brazil (Mekonnen et al., 420 

2015b). 421 

Table 4. Comparison between documented values on WFgrey of crop per unit product with the current study 422 

The WFgrey, crop (m³/t) of comparison between previous studies and this study  

Crops 
Previous research This study 

Scholars Study area/period Results Study area/period Results 

Wheat 

Mekonnen 

and Hoekstra 
Global average/1996-2005 208 none none 

Nazari et al. Qazvin (Iran) average/2004-2015 166~230 none none 

Winter 

wheat 

Brueck and 

Lammel 

NW-European/2013 180±8 Anyang city/2013 97.34 

NW-European/2012 130±15 Anyang city/2012 97.83 

Maize 
Mekonnen 

and Hoekstra 
Global average/1996-2005 194 

Anyang city 

average/2000-2018 
465.74 

Maize Li et al. Nong’an County (China) /2017 487 Anyang city/2017 470.52 

5.1.2 Contributions to Anyang  423 

Different from existing studies, this study establishes an analysis framework between water 424 

footprint (WF) and water ecological footprint (EFw) for a crop so that crops EFw can be identified.  425 

Therefore, the EFw evaluation results can detail to specific crops, which is able to trace the EFw 426 

accurately. Based upon the results in this study (Fig. 12), the total EFw of five crops of Anyang is 427 

5.59 million hm2 and 3.6 times of agricultural EFw. These differences reveal the importance of 428 

agricultural EFw to be quantified at more detailed scales. The total EFw of winter wheat, maize, 429 

peanut, soybean and cotton of Anyang is 5.59 million hm2 and 3.56 times of the agricultural EFw 430 

(1.57 million ha) calculated by fresh water consumption of agriculture in 2018. The result 431 

indicates that the agricultural ecological footprint of water resources calculated by fresh water 432 

may be lower than the actual situation. The study area located in the North China Plain has a 433 

serious shortage of freshwater resources, and crop production consumes approximately 70% of the 434 

region’s water. Groundwater consumption accounts for more than 50% of the total water 435 

consumption. It can be seen from Fig. 13 that the per capital water resources, per capital EFw and 436 

per capital agricultural EFw of Anyang only are approximately 3.4 %, 39% and 35% of the world, 437 

respectively. On the other hand, the agricultural EFw proportions of Anyang, China and the world 438 

are 66.7%, 61.4% and 70%. Therefore, the agricultural EFw proportions in Anyang and China are 439 

lower than the global average because freshwater scarcity has become a threat to social 440 

development.   441 

5.1.3 Limitations and future improvements  442 

The WFgrey calculation methodology in this paper is similar with the majority of the 443 

agricultural grey water footprint studies (Muratoglu, 2020; Hoekstra et al., 2011), nitrogen is the 444 

known as the most critical contaminant of the study Area. WFgrey is defined as the total water 445 

volume to dilute the critical contaminant having highest concentration (Section 2.3). The paper 446 

first estimates the grey water footprint of winter wheat and maize of Anyang by WFgrey calculation 447 
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methodology. Increasing yield and fertilizer use efficiency would be a solution to increase the 448 

sustainability level of Anyang. An estimation of the agricultural WFgrey with 7.4%, and the WFgrey 449 

of winter wheat and maize with 2.7 and 12.1% nitrogen loss could reflect an approximate situation 450 

of water dilution demand. Accordingly, the present study is expected to contribute to the 451 

agricultural and fresh water management and planning works. In future, a field experiment should 452 

be conducted to assess the impact of crop production on the water environment if the conditions 453 

permit (Li et al., 2020a) and considering the self-purification capacity and decay process of the 454 

water body (Li et al., 2019). On the other hand, this work calculates the blue and green water 455 

components of crops cultivated in irrigated cropland by means of crop water requirements model. 456 

Although the results of the model simulating the field water consumption of crops are credible, the 457 

blue WF could be better linked with irrigation management when addressing the process of blue 458 

water withdrawal (Cao et al., 2020b). 459 

 460 

Fig. 13. Comparison among the world, China and Anyang city EFw in 2018 461 

5.2 Conclusions  462 

Water pollution and water shortage have received more attentions worldwide. This study 463 

reveals for the first time spatio-temporal evolution of the water footprint (WF) of five kinds of 464 

crops production in county-level areas of Anyang in the North China Plain from 1990 to 2018. It 465 

also unprecedentedly quantifies water ecological footprint (EFw) of crops on the basis of crops 466 

water footprint. Regional time series analysis reveals that the consumption of green, blue water 467 

and grey water to supply agricultural production has gradually increased over the past 28 years, 468 

but the agricultural water ecological footprint remains relatively stable. The per capital EDw 469 

decreases from -0.26 hm2 in 2000 to -0.31 hm2 in 2018. The data imply that Anyang has been 470 

imported a large number of water resources from other areas for its consumption. The study shows 471 

that the WFgreen proportion of maize in Anyang city is 55.25% and the highest in 2018. Also, the 472 

WFblue proportion of winter wheat is 71.32% and the highest. The WFgreen and WFblue proportions 473 

of soybean, peanut and cotton drop, but that of the winter wheat and maize in Anyang increases in 474 

2005, 2010 and 2018. Spatial distribution analysis at the sub-regional scale reveals that the total 475 
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green WF and blue WF of winter wheat in Huaxian is the highest, and the consumption increases 476 

over time. Similarly, the total of green WF and blue WF of maize in Huaxian is the highest. On the 477 

whole, the green and blue WF of winter wheat and maize of Anyang both show increasing trend, 478 

while the peanut, soybean and cotton show decreasing trend.  479 

This work reveals the important role of the precipitation of crops growing stage and blue 480 

water footprint，and the research of spatial-temporal evolution of crops EFw and WFgrey is the most 481 

important contributions. The pollution of water resources caused by the use of agricultural 482 

fertilizers and the spatial-temporal differences in the water consumption of crops are analyzed. 483 

The results have important contributions to the optimization utilization of agricultural water 484 

resources and water pollution control in Anyang city. It is significant to focus on the impact of 485 

planting structure factors on agricultural green and blue water footprint to seek more inclusive 486 

water management strategies in the future. Although this study takes Anyang city as a case study 487 

area, the proposed framework can be applied in other regions with similar problems. 488 
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