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Abstract 19 

Fresh water is consumed during agricultural production. With the shortage of water resources, 20 

assessing the water use efficiency is crucial to effectively manage agricultural water resources. The water 21 

footprint is an improved index for water use evaluation, and it can reflect the quantity and types of water 22 

usage during crop growth. This study aims to establish a method for calculating the regional scale water 23 

footprint of crop production based on hydrological processes, and the water footprint is quantified in 24 

terms of blue and green water. This method analyzes the water-use process during the growth of crops, 25 

which includes irrigation, precipitation, groundwater, evapotranspiration, and drainage, and it ensures a 26 

more credible evaluation of water use. As illustrated by the case of the Hetao Irrigation District (HID), 27 

China, the water footprint of wheat, corn and sunflower were calculated using this method. The results 28 

show that canal water loss and evapotranspiration were responsible for most of the water consumption 29 

and accounted for 47.9% and 41.8% of the total consumption, respectively. The total water footprint of 30 

wheat, sunflower and corn were 1380-2888 m3 t-1, 942-1774 m3 t-1, and 2095-4855 m3 t-1, respectively, 31 

and the blue footprint accounts for more than 86%. The spatial distribution pattern of the green, blue and 32 

total water footprint for the three crops demonstrated that higher values occurred in the eastern part of 33 

the HID, which had more precipitation and was further away from the irrigating gate. This study offers 34 

a vital reference for improving the method used to calculate the crop water footprint. 35 

Key words 36 

SWAT model; Regional Scale; Water use process; Hetao Irrigation District  37 
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1 Introduction 38 

Human activities and climate change have serious effects on the availability of water resources 39 

(Nijssen et al., 2001; Haddeland et al., 2014). Agricultural production is major consumer of global water 40 

resources and accounts for 85% of the global blue water (surface or groundwater) consumption 41 

(Shiklomanov, 2000; Vörösmarty et al., 2010). In China, 63% of all water is used for agricultural 42 

production each year, and the area of irrigated farmland is 39.6% of the total arable land. Irrigation is the 43 

key to ensure agricultural production (NBSC, 2016). With the rapid development of China’s economy, 44 

the demand for water has increased in industrial production and in the lives of residents (Duh et al., 2008; 45 

Liu et al., 2008; Bao and Fang, 2012). Environmental pollution reduces water availability (Jiang, 2009; 46 

Schwarzenbach et al., 2010) and these changes place great pressure on regional water resources (Piao et 47 

al., 2010; Wang et al., 2014); meanwhile, climate change aggravates the situation (Elliott et al., 2014). 48 

With limited water resources, economic demand for water will inevitably and gradually take up the 49 

agricultural water use, which is a challenge for maintaining steady agricultural production (Chen, 2007; 50 

Khan et al., 2009), especially in the dry areas of northern China (Deng et al., 2006; Du et al., 2014). 51 

Strengthening agricultural water management and improving water use efficiency are significant aspects 52 

of handling water scarcity, and a reasonable evaluation of the water resource for crop production is the 53 

premise for developing an agricultural water management plan and implementing water saving measures. 54 

Therefore, how to precisely evaluate the effective utilization ratio of current agricultural water use, 55 

improve the utilization efficiency, and reduce the negative impact of the reduction of available 56 

agricultural water on agriculture production, are important issues that all countries need to address 57 

globally, which are also of vital importance for ensuring food production and reducing the pressure on 58 

water resources. The water footprint theory provides new insights and ideas to solve these problems 59 
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(Hoekstra, 2003). The water footprint is an indicator of freshwater use and can be used to quantify water 60 

consumption throughout the production supply chain. It reflects the amount of water, the green, blue and 61 

grey water that are consumed (Hoekstra et al., 2011). In the agricultural sector, it can also be used to 62 

evaluate whether a crop's water footprint is reasonable and whether it varies regionally. Since green water 63 

can be used in agricultural production, some measures can be taken to reduce the water footprint of crop 64 

production, especially to reduce the consumption of blue water, thereby easing the demand for blue water 65 

in agriculture. The accurate and precise quantification of crop production water footprint is the premise 66 

to achieving the above goals. 67 

Currently, based on two mainly methods proposed by Hoekstra et al. (2011), many scholars have 68 

quantified various levels of crop production water footprint, such as a global level (Mekonnen and 69 

Hoekstra, 2011), a national level, such as Europe (Vanham and Bidoglio, 2013) and China (Zhao et al., 70 

2009), and a regional level, such as Beijing (Sun et al., 2013a), Cremona province (Bocchiola, 2015) and 71 

Hetao (Luan et al., 2018). The first is the crop water requirement method (Cao et al., 2014; Sun et al., 72 

2013c). This method simulates the actual evapotranspiration (ET) of crops under optimal conditions with 73 

the potential ET calculated by the Penman-Monteith Equation (Allen et al., 1998) and the effective 74 

precipitation calculation provided by the United States Department of Agriculture Soil Conservation 75 

Service (USDA SCS) (Doll and Siebert, 2002). The green water consumption is the smaller value of total 76 

crop actual ET and effective precipitation. The blue water consumption is obtained through the difference 77 

between the total crops actual ET and effective precipitation. Finally, when combined with crop yields, 78 

the crop blue and green water footprint (m3 t-1) can be calculated. The second is the irrigation schedule 79 

method. This method is based on an empirical formula model such as the CROPWAT model (FAO, 2010; 80 

Mekonnen and Hoekstra, 2011) CropSyst (Bocchiola et al., 2013), the EPIC model (Williams et al., 1989; 81 
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Shi et al., 2017), the GEPIC model (Liu et al., 2007), and the AQUACROP model (Pasquale et al., 2009; 82 

Chukalla et al., 2015; Zhuo et al., 2016). The detail calculation process of these two methods are listed 83 

in Supplementary material. 84 

These methods can simulate actual ET throughout the crop growing period according to the soil 85 

water balance under optimal or suboptimal conditions. The blue water consumption is the smaller value 86 

of net irrigation water and the net irrigation water requirement. The green water consumption is equal to 87 

the total actual ET minus blue water. Both of the above methods are based on empirical formulas. A few 88 

scholars have attempted to calculate the regional scale water footprint, for example, Sun et al. (2013b) 89 

used the difference between diversion and drainage to calculate the water footprint of crop production in 90 

irrigated areas. However, these methods have certain shortages, which are as follows: 91 

First, the applicability of the empirical method has not been determined, that is, whether the method 92 

is applicable to the field scale or regional scale of water footprint calculation needs further study. These 93 

methods calculated the field scale water footprint with net irrigation water considered as irrigation water, 94 

and without considering water loss during transport, which definitely serves for crop growth. Therefore, 95 

these methods are field scale methods, whereas a regional scale method should include the above two 96 

losses. At present, irrigation water mainly refers to the net irrigation water used by crops in the field. 97 

Current irrigation water analysis methods have not considered water loss during water delivery and 98 

drainage. Therefore, the calculation of the water footprint at the field scale cannot be accurately applied 99 

to irrigated agriculture. However, there are still few methods to calculate the water footprint on the 100 

regional scale. 101 

Second, the irrigation data in these methods are simulation values and not based on the actual 102 

irrigation time and irrigation quota (the amount of water demanded for crop irrigation); therefore, these 103 
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data cannot reflect the real situation of the local water usage due to the incomplete simulation data. At 104 

the same time, the traditional method does not completely analyze the water footprint components of 105 

water resources in the process of water diversion, water transfer, irrigation and drainage. 106 

Third, the current regional scale method has not been appropriately established. The method that 107 

Sun et al. (2013b) used had these limitations which mentioned above. It included all of the water 108 

consumption, but it could not distinguish the specific source of blue water from canal loss, field actual 109 

ET or groundwater. Due to its low spatial resolution, only the water footprint of the entire irrigated area 110 

could be calculated instead of the difference inside this area. 111 

Currently, most studies focus on the field scale and lack systematic evaluation on the whole process 112 

of water consumption during crop growth. To overcome this problem, this study put forward an improved 113 

regional scale calculation method of the crop water footprint based on hydrological process analysis and 114 

used it to quantify the crop water footprint in HID. This method simulated the hydrological cycle of the 115 

region based on a physical hydrological model (SWAT). Based on the method, this study analyzed the 116 

water input and output during crop production, and calculated the water consumption in crop growth, 117 

field drainage and water loss during canal water transport. Combined with crop yields, the water footprint 118 

of crop production at the regional scale was quantified. This method will provide comprehensive 119 

information for the analysis of water consumption during crop production process and improve the spatial 120 

resolution of the regional distribution of water footprint of crop production. 121 

2 Materials and methods 122 

2.1 Study site 123 

The Hetao Irrigation District (HID) is located in the middle of the Yellow River basin in western 124 

Inner Mongolia (Fig. 1) and is one of the three largest irrigation districts in China. The HID has a 125 
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continental monsoon climate with the lowest temperature in January (average -10℃) and highest 126 

temperature in July (average 23℃). The average monthly precipitation is 37.5 mm (May to September), 127 

3.4 mm (October to next year April), and the average monthly potential evaporation is 290.6 mm (April 128 

to September), 77.2 mm (October to next year March). The area of the HID is 1.12×104 km2. 129 

Irrigation water is diverted from the Yellow River. The irrigation and drainage systems in the HID 130 

are composed of irrigation canals and drainage ditches; the irrigation system has a general main canal 131 

(228.9 km) and 12 main canals (total 755 km), and the drainage system has a general main ditch (227 132 

km) and 12 main ditches (total 523 km). The main crops include wheat, corn and sunflower (Fig. 1). 133 

 134 

Fig. 1. Location of the Hetao Irrigation District (HID) in China 135 

2.2 Model description 136 

The SWAT (soil and water assessment tool) model is a semi-distributed physical hydrological 137 

model. The model was developed by USDA Agricultural Research Center and it used climate, soil, 138 

topography, plants and land management practices to simulate hydrologic, sediment, crop growth and 139 
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nutrient cycle. The model partitions a watershed into sub-basins by topography and then partitions the 140 

sub-basins into hydrologic response units (HRU) based on soil type and land use to assess soil erosion, 141 

non-point pollution, and hydrologic processes (Haverkamp et al., 2002).The water balance equation 142 

governed by the hydrologic component of the SWAT model (Neitsch et al., 2011) is as follows: 143 

 0

1

t

t day surf a seep gw

i

SW SW R Q E W Q


                ( 1 ) 144 

where SWt is the final soil water content (mm H2O), SW0 is the initial soil water content (mm H2O), t is 145 

the time (days), Rday is the amount of precipitation on day i (mm H2O), Qsurf is the amount of surface 146 

runoff on day i (mm H2O), Ea is the amount of actual ET on day i (mm H2O), Wseep is the amount of 147 

percolation and bypass flow exiting the bottom of the soil profile on day i (mm H2O), and Qgw is the 148 

amount of return flow on day i (mm H2O). 149 

2.3 Data collection 150 

The data required by the SWAT model includes a digital elevation model (DEM), soil data, land 151 

use, and hydrological and climate data (Table 1). The climate data were obtained from five weather 152 

stations in the HID. 153 

The water efficiency of the canal system in this model was obtained from local agricultural 154 

administrations (AHID, 2015). To divide the sub-basins, we defined the drainage ditch as the stream 155 

(AHID, 2015) and burn-in into the DEM, and the simulation results were verified by the discharge of the 156 

drainage ditch. 157 

The model generated 5 outlets and 73 subbasins, and the measured data of the first outlet in the 158 

study area was obtained. Therefore, this study chose the area controlled by this outlet as the study area. 159 

The crops’ yields (wheat, corn and sunflower) required for the calculation of the water footprint was 160 

obtained from the Statistical Yearbook of the local agricultural administrations (AHID, 2015). 161 
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Table 1 Data used in the study and the resources 162 

Dataset Data description Resolution Data sources 

DEM — 30×30 m Geospatial Data Cloud (CAS, 2009a) 

Soil Soil type map, 

Soil physical and chemical 

properties 

1:1000000 China Soil Scientific Database (CAS, 

2009b) 

Land use — 1:100000 

(2010) 

Data Center for Resources and 

Environmental Sciences (CAS, 2010) 

Weather Precipitation, Wind speed, 

Solar radiation, 

Maximum temperature, 

Minimum temperature, 

Relative humidity 

Daily 

(1980-2012) 

China Meteorological Data Network 

(NMIC, 2015) 

The Administration of Hetao Irrigation 

District (AHID, 2015) 

Hydrologic Stream map, 

Discharge 

Monthly 

(2003-2012) 

The Administration of Hetao Irrigation 

District (AHID, 2015) 

Crop 

parameter 

data 

Dates of plant and harvest, 

Dates of irrigation, 

Irrigation quota 

— The Administration of Hetao Irrigation 

District (AHID, 2015) 

 163 

 164 

Fig. 2. Subbasins and study areas 165 
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2.4 Calibration and validation 166 

The Sequential Uncertainty Fitting (SUFI-2) algorithm in SWAT-CUP was applied for calibration 167 

and validation (Abbaspour et al., 2007; Abbaspour, 2012) by comparing the simulated stream discharge 168 

from the model with the measured discharge data. The global sensitivity analysis integrated within SUFI-169 

2 was used to evaluate the hydrologic parameters for the discharge simulation and then the optimal 170 

simulation was established by adjusting the sensitivity parameters and through multiple iterations. The 171 

calibration period was from 2006-2009, and the validation period was from 2010-2012. The result of the 172 

SWAT calibration and validation process is satisfactory, the detailed process is available in 173 

Supplementary material. 174 

2.5 The regional scale water footprint calculation method 175 

Based on the water footprint theory framework provide by Hoekstra et al. (2011), this study suggests 176 

a new way of quantifying the regional scale water footprint of crop production (Fig. 3). 177 

 178 

Fig. 3. The flowchart for calculating the regional scale water footprint 179 

In this study, green water consumption is the effective precipitation during crop growth process. 180 
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Blue water consumption includes canal water loss during delivery, the ET produced by consumption of 181 

irrigation water and groundwater for crops growth, and the drainage in the fields. To calculate the canal 182 

water loss, an extra model needs to be established according to the HID situation, and the other can be 183 

simulated and obtained by the SWAT model. 184 

2.5.1 Calculation of water consumption factors in the fields 185 

Water consumption in the fields consists of 4 parts including the actual ET of precipitation, 186 

irrigation water, groundwater utilized by crops, and field drainage. This study set up two scenarios and 187 

calculated the above water consumption by changing the sources of water in the SWAT model. In 188 

scenario 1 (S1), crop water consumption was derived from precipitation and irrigation water (irrigation 189 

systems and irrigation quotas are based on local irrigation methods), i.e., the actual situation of crop 190 

water use. In scenario 2 (S2), crop water consumption was only derived from precipitation without 191 

irrigation. The S2 was used to calculate the consumption of green water. In this study area (HID), because 192 

of less rainfall, the effective precipitation formed by precipitation is all used for crop growth. Therefore, 193 

the consumption of green water for crops is equal to the effective precipitation, which means that green 194 

water is reflected by calculating the effective precipitation stored in soil by SWAT model. The 195 

calculation formula is as follows. 196 

   
g b

g b

W W
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where WF is the water footprint of crop production (m3 t-1), WFg is the green footprint (m3 t-1), WFb is 203 

the blue water footprint (m3 t-1), Wg is the green water consumption during the crop growth period (m3), 204 

Wb is the blue water consumption during the crop growth period (m3), Y is the crop yield (t), PRECIPs2 205 

is the precipitation during the crop growth period in Scenario 2 (m3), SUPQs2 is the surface runoff during 206 

the crop growth period in Scenario 2 (m3), LATQs2 is the soil lateral flow during the crop growth period 207 

in Scenario 2 (m3), Qc is the amount of water loss in the canal system (m3), Qf is the actual ET of field 208 

irrigation water (m3), Qd is the field discharge (m3), It,s1 is the total amount of irrigation water diversion 209 

in Scenario 1 (m3), and If,s1 is the actual amount of water irrigated in the field in Scenario 1 (m3). ks1 is 210 

the effective utilization coefficient of canal water in Scenario 1(Obtained from the local Water resources 211 

management department), ETs1 is the crop actual ET during the crop growth period in Scenario 1 (m3), 212 

WYLDs1 is the total amount of water leaving the HRU in Scenario 1 (m3). The data of parameters 213 

PRECIPs2, SUPQs2, LATQs2, It,s1, ETs1, WYLDs1 were obtained from the SWAT model. 214 

2.5.2 Calculation of water loss during delivery 215 

Water transfer loss is a kind of water loss in the process of channel water delivery, and it is an 216 

important part of blue water consumption in crop production. For a piece of cultivated land, the water 217 

loss during the process of the crop production includes the loss of water from the water source to the 218 

field flowing through the canal system. In the Hetao Irrigation District, irrigation canal is composed of 219 

seven grades (general main canal, main canal, sub-main canal, branch canals, lateral canals, field canals, 220 

and sub-lateral canals). Because of the complex distribution of canal system and the lack of hydrological 221 

data in irrigation districts (the lack of effective utilization coefficient of canal water below the main 222 

canal). Therefore, in calculating the water loss of canal system during crop production process, we 223 

generalized Hetao Irrigation District into a model similar to the histogram (Fig. 4). 224 
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We divide the total water loss of canal system into two parts. Part A is the loss of the main canal 225 

and canal, and Part B is the loss of the remaining canal system (the water loss of the sub-main canal and 226 

its sub-channels at all levels). The calculation of water loss in part A is as follows: first, the water loss of 227 

each section is calculated by dividing the main canal into equal distances (10 km). Then the water transfer 228 

loss of each section of the canal is allocated to each field downstream [Equation 10], thereby obtaining 229 

the water transfer loss in the crop production process on the field block. Therefore, the actual water loss 230 

caused by irrigation in a field is the sum of the water loss of the transfer canal and the canal in the 231 

upstream. We assign the actual water loss of the field by irrigation (Qji, equation 11) to the midpoint of 232 

each section, and use Kriging interpolation in ArcGIS to obtain the water loss distribution map of the 233 

figure a (Part A). 234 

Due to the lack of the effective utilization coefficient of canal water and the distribution map of the 235 

canals at all levels and below, the calculation process of the water loss in Part B is as follows: the 236 

remaining canal loss in each irrigation canal is divided by the main canal irrigation and the unit area loss 237 

of the canal control area is obtained. Then, the amount of water loss per unit area within the control range 238 

of each main canal in the irrigation area (Qj, equation 15) is obtained, and the data is brought into ArcGIS 239 

for the water loss distribution map of figure b (Part B). Finally, the figure a and the figure b are 240 

superimposed and calculated in the ArcGIS using the map algebra module of the spatial analysis tool to 241 

obtain the water loss distribution map of the canal system in HID. The formulas are as follows: 242 
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B c AW Q W                                           (13) 248 

where Qji is the actual amount of water loss per unit area of the i section of the jth main canal in Part 249 

A(m3 ha-1), Wjn is the water loss per unit area of the section of the jth main canal in Part A (m3 ha-1), j is 250 

the number of the main canal, i is the number of the equidistance sections in the jth main canal, n is the 251 

total number of the sections in the jth main canal, m is the total number of the main canals, WA is the 252 

amount of water loss in Part A (m3), kj is the coefficient of the water distribution from the general main 253 

canal to the jth main canal, Sjn is the area of each sections in the jth main canal (ha), It,s1 is the amount of 254 

total irrigation water diversion in Scenario 1(m3), kgc is the water conveyance efficiency of the general 255 

main canal, kmc is the water conveyance efficiency of the main canal, Sj is the area controlled by the jth 256 

main canal (ha), Qj is the water loss per unit area of the jth main canal in Part B (m3 ha-1), WB is the 257 

amount of water loss in Part B (m3), and Qc is the amount of water loss in the canal system (m3). 258 

 259 

Fig. 4. Model for calculation of water loss in canal system 260 

Note: Sjn is the area of each sections in the jth main canal, Wjn is the water loss per unit area of the 261 
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section of the jth main canal in Part A, Qji is the actual amount of water loss per unit area of the i 262 

section of the jth main canal, Sj is the area controlled by the jth main canal, kj is the coefficient of the 263 

water distribution from the general main canal to the jth main canal, Qj is the water loss per unit area of 264 

the jth main canal in Part B, kgc is the water conveyance efficiency of the general main canal, kmc is the 265 

water conveyance efficiency of the main canal, j is the number of the main canal, i is the number of the 266 

equidistance sections in the jth main canal. 267 

3 Results 268 

3.1 Analysis of the process of crop production and the quantification of hydrological elements 269 

in each link 270 

Fig. 5 shows the average water input and consumption of the study area in the process of water 271 

diversion, transportation, irrigation and drainage from 2006 to 2012. In HID, the water input for irrigation 272 

for the three crops in the study area was 3177106 m3, water loss during transportation in the canals was 273 

1652106 m3, the actual field irrigation water was 1525106 m3, precipitation in the farmland was 510 274 

106 m3, the actual ET of the farmland was 1442106 m3, the field discharge was 352106 m3, and the 275 

groundwater was not considered because the consumption was small. Precipitation and irrigation are the 276 

water input items in the process of crop production, and the canal water loss, field actual ET and field 277 

drainage are the water output items. For water input, precipitation and irrigation accounted for 25.1% 278 

and 74.9%, respectively. For water output, channel water loss, field actual ET and field drainage 279 

accounted for 47.9%, 41.8% and 10.3%, respectively. Irrigation is the main water source in the irrigated 280 

district, and the water loss in the canals and actual ET are the main water output in the irrigated district. 281 
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 282 

Fig. 5. The amount of water during crop growth (106 m3) 283 

Green water is the precipitation used for crop growth; therefore, the green water footprint is highly 284 

correlated with precipitation in its growth period. Wheat’s growth period is from April to July, whereas 285 

that of corn and sunflower is from May to September. During the growth period of wheat, the mean 286 

precipitation from 2006 to 2012 was 108.9 mm, and for corn and sunflower, the corresponding mean 287 

precipitation was 176.1 mm. The green footprint of wheat during the growth period was lower than that 288 

of corn and sunflower because of the lower mean precipitation in the wheat growth period. The green 289 

water consumption of corn was close to the value of sunflower. The average green water consumption 290 

of wheat, corn and sunflower were 895 m3 ha-1, 1441 m3 ha-1 and 1419 m3 ha-1 (Fig. 6 a1, b1, c1), 291 

respectively. Meanwhile, green water consumption in the high precipitation area was larger, for instance, 292 

the precipitation during the wheat growth period in Wuyuan reached 116.3 mm, and the green water 293 

consumption in this region was the largest (up to 995 m3 ha-1). In the growth period of corn and sunflower, 294 

the precipitation in Wulateqianqi reached 199.4 mm, and the green water consumption in this area was 295 

again the largest, reaching 1785 m3 ha-1 and 1765 m3 ha-1, respectively. 296 
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 297 

Fig. 6. Spatial distribution of the different water consumption of three crops (m3 ha-1) 298 

Blue water is the surface water used for crop growth in this study. In blue water consumption, the 299 

farther away from the watershed inlets the longer the canal was and the larger the water loss of the three 300 

crops. Northeast of the irrigation area (parts of Wuyuan and Wulateqianqi) and due to the far distance 301 

from watershed inlets, canal water loss in these places was much higher than that in other areas, and the 302 

maximum canal water loss of wheat, corn and sunflower reached 8977 m3 ha-1, 8929 m3 ha-1 and 9951 303 

m3 ha-1, respectively. 304 

The actual ET and the discharge of the three crops was higher in the east than in the west, which 305 

was due to the higher evaporation in the east than in the west. Meanwhile, Fig. 6 shows that the actual 306 

ET in the field was complementary with discharge. The higher the actual ET, the smaller the discharge 307 

and vice versa. 308 

3.2 The regional green water footprint of crop production 309 

The spatial difference of the green water footprint of wheat, corn and sunflower in HID was obvious 310 

(Fig. 7). It can be seen from the figure that the overall distribution of the green water footprint of the 311 

three crops was higher in the east than it was in the west. However, the distribution of green water 312 
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footprint was somewhat different for each crop. Wheat had the largest green water footprint in Wuyuan 313 

(197 m3 t-1) and the lowest in Dengkou (132 m3 t-1). Corn had the largest green water footprint in 314 

Wulateqianqi (186 m3 t-1) and the lowest in Hangjinhouqi (119 m3 t-1), but in Dengkou, it was 315 

approximate to that in Linhe, ranging from 133 to 139 m3 t-1. Sunflower had the largest green water 316 

footprint in Wulateqianqi (538 m3 t-1) and the lowest in Linhe (325 m3 t-1). 317 

 318 

Fig. 7. The spatial distribution of the green water footprint of crop production in the HID (m3 t-1) 319 

3.3 The regional blue water footprint of crop production 320 

The blue water footprint of the crops is produced by blue water that is consumed during crop growth. 321 

The blue water consumption during crop growth mainly includes the loss during transportation, actual 322 

ET and field drainage. Fig. 8 shows the spatial variability of wheat, corn, and sunflower in HID. The 323 

overall distribution of the total water footprint of the three crops was higher in the east than in the west 324 

and higher in the north than in the south. However, the specific distribution was somewhat different for 325 

each crop. Wheat had the largest blue water footprint in Wulateqianqi (2714 m3 t-1) and the lowest in 326 

southern Linhe (1233 m3 t-1). Corn had the largest blue water footprint in northern Wulateqianqi (1588 327 

m3 t-1) and the lowest in southern Hangjinhouqi (820 m3 t-1). Sunflower had the largest blue water 328 

footprint in northern Wulateqianqi (4317 m3 t-1) and the lowest in southern Linhe (1765 m3 t-1). 329 
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 330 

Fig. 8. The spatial distribution of the blue water footprint of crop production in the HID (m3 t-1) 331 

3.4 The regional total water footprint of crop production 332 

The total water footprint of crop production consists of both blue and green water footprint during 333 

the crop growth period. Fig. 9 shows the total water footprint of crop production and spatial variability 334 

of wheat, corn, and sunflower in HID. The overall distribution of the total water footprint of the three 335 

crops was higher in the east (Wulateqianqi and Wuyuan) than it was in the west (Dengkou), followed by 336 

the central region (Hangjinhouqi and Linhe) and was higher in the north than in the south. However, the 337 

specific distribution was somewhat different for each crop. Wheat had the largest total water footprint in 338 

the east (Wulateqianqi, 2888 m3 t-1) and the lowest in southern Linhe (1380 m3 t-1). Corn had the largest 339 

total water footprint in the east (Wulateqianqi, 1774 m3 t-1) and the lowest in southern Hangjinhouqi (942 340 

m3 t-1). Sunflower had the largest total water footprint in the east (Wulateqianqi, 4855 m3 t-1) and the 341 

lowest value was in southern Linhe (2095 m3 t-1). The total water footprint of crop production also varied 342 

across crops. The largest of the average total water footprint in the HID was sunflower, followed by 343 

wheat and corn. The blue water footprint of wheat, corn and sunflower accounted for 89%, 87% and 86% 344 

of the total water footprint, respectively. 345 

 346 
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Fig. 9. The spatial distribution of the total water footprint of crop production in the HID (m3 t-1) 347 

4 Discussion 348 

4.1 The regional scale and field scale methods for calculating crop production water footprint 349 

In this paper, the calculation method for calculating crop production water footprint is divided into 350 

the field scale and regional scale method, according to the calculation boundary of water consumption in 351 

crop growth process. The field scale water footprint is composed of the transpiration of crops and the 352 

evaporation of soil, and the water loss during transportation is not included. The regional scale water 353 

footprint calculation method considers all of the water consumption related to crop growth from the water 354 

source to the field. It not only includes the ET from the field but also the water loss during transportation 355 

in the canal system and the water loss discharged out of the region. 356 

 357 

Fig. 10. Irrigation agriculture and rainfed agriculture 358 

Currently, irrigated farmland occupied 39.6% of the total arable land in China (NBSC, 2016). 359 

Globally, irrigated area accounted for 20.6% of all arable land (FAO, 2016). Overall, the yields of 360 

irrigation agriculture are much higher than that of rainfed agriculture. Fig. 10 illustrates the water sources 361 

and use conditions of two types of agriculture. In irrigated agriculture, water (blue water) goes through 362 

the following processes from water source to field: water diversion, water transportation (canal system 363 

or pipeline), different methods (surface irrigation, sprinkler irrigation, drip irrigation, etc.) to irrigate 364 

crops, and excess water discharged from the field. In irrigated agricultural production, especially in areas 365 
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where water is transported through channels for irrigation, a large amount of water is lost (canal leakage 366 

or water evaporation) during the transportation process, which is indirectly used for crop production. The 367 

transportation process generates a large amount of cost (energy, machinery, facilities, management, etc. 368 

for water diversion). Therefore, this water loss is also a part of the crop production water footprint. In 369 

China, the irrigation water consumption was 360109 m3, and the effective utilization coefficient of 370 

irrigation water was 0.53 (MWR, 2015), which indicated that about 169.2109 m3 of water resources 371 

were lost in the process of transportation and irrigation. It is necessary to include the amount of blue 372 

water loss during irrigation into the crop production water footprint. Fig. 11 is the calculation range of 373 

the regional scale and field scale method of crop production water footprint. Consequently, the 374 

calculation method on regional scale can comprehensively calculate all the water consumption in the 375 

crop production process, and the calculated results of water footprint are more accurate, while the field 376 

scale method only calculates part of the water consumption in the process (Zhao et al., 2009; Bocchiola 377 

et al., 2015). At the same time, the calculation method on regional scale proposed in this study improves 378 

the resolution of the water footprint results. It can also reflect the variation of the water footprint within 379 

the region, and more effectively discover the water footprint hotspots, and avoid the shortcomings that 380 

can only reflect the mean value of the regional results due to low resolution (Vanham and Bidoglio, 2013; 381 

Zhuo et al., 2016). These two advantages of the regional scale approach can help local authorities to 382 

develop more rational water allocation and management policies. 383 
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 384 

Fig. 11. The different scales of calculating water footprint 385 

4.2 Comparison of the results of two methods 386 

For the field scale method, the calculated value was less than the actual value because it did not 387 

consider the loss of water during transportation or discharge, and the actual water footprint of irrigation 388 

agriculture cannot be precisely assessed. At present, most studies use field scale method (e.g. CROPWAT 389 

model) (Lovarelli et al., 2016), so these studies mainly focus on agricultural water use at field scale, 390 

lacking an analysis of the entire process of agricultural production water use, which is also the 391 

shortcomings of the current research on the crop production water footprint. Therefore, using the regional 392 

scale method to calculate the crop water footprint, especially in irrigation agriculture, is the basis for a 393 

comprehensive and accurate evaluation of a crop production water footprint in China and other regions 394 

or countries. 395 

In HID, the water footprint of three crops (wheat, corn and sunflower) calculated by regional scale 396 

method were 1380-2888 m3 t-1, 942-1774 m3 t-1, and 2095-4855 m3 t-1, respectively. These values were 397 

higher than the results calculated by the field scale method. Cao et al. (2014) calculated the average crop 398 

water footprint of irrigation agriculture in China from 1998 to 2010 and the average value of many crops 399 

in the Inner Mongolia autonomous region (including HID) was 1556 m3 t-1. Sun et al. (2013b) calculated 400 

the average water footprint of HID by using regional scale method and water balance principle and the 401 
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result was 3910 m3 t-1. The proportion of blue water and green water was 90.9% and 9.1% respectively. 402 

This result was the average water footprint of many crops, and the value was approximate to our results. 403 

Qin et al. (2016) calculated the water footprint of sunflower in Jilin province by using field scale method 404 

and found that the water footprint of sunflower in this area from 2006 to 2008 were 1280 m3 t-1, 1684 m3 405 

t-1 and 1726 m3 t-1, respectively, which was smaller than this study. This is because Jilin's water footprint 406 

is mainly composed of green water footprint, which reached 95%, and its blue water footprint is smaller. 407 

In addition, these studies all showed the water footprint of the region, which cannot distinguish the spatial 408 

distribution of the crop production water footprint within the region, and has a limited impact on the 409 

improvement of local water resources management. 410 

This method also has limitations. The method requires more data types (e.g. DEM, land use, soil 411 

data, climate data, hydrological data, and crop management data), and higher data resolution. Therefore, 412 

the method is not applicable to areas where the above data are lacking. 413 

4.3 Strategies for adjusting the crop production water footprint 414 

The water footprint of crop production is affected by crop species. Different crops have different 415 

water use characteristics and different growth periods. Therefore, adjusting the crop planting structure 416 

can change the water supply in the region (Fasakhodi et al., 2010), which in turn affects the water 417 

footprint of crop production. At the same time, changing the crop pattern, planting crops which growth 418 

periods are consistent with the precipitation period can increase the utilization of green water, reduce the 419 

consumption of blue water, and reduce the pressure on local water resources (Liu et al., 2018). This study 420 

found that in the HID, the growth period of sunflower is basically the same as the precipitation period. 421 

Consequently, expanding the planting area of sunflower can make better use of local precipitation 422 

resources and reduce the use of blue water. 423 
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Crop yield is an important factor affecting the water footprint of crop production. Selecting crop 424 

varieties with high yields and improving agricultural management measures play an important role in 425 

increasing crop yields. Sun et al. (2013b) found that improving agricultural management measures is an 426 

important factor to increase crop yield and reduce water footprint of crop production. Liu et al. (2014, 427 

2015) discussed the water use situation and virtual water flow in Hetao Irrigation District and found that 428 

crop yield had an important impact on the water footprint of crop production, and with the increasing of 429 

crop yield per unit area, the water footprint of crop production had declined. 430 

The efficiency of irrigation system is affected by the way of water transportation, the condition of 431 

canal system, the irrigation technology and so on. Therefore, the water use efficiency of the regional 432 

irrigation system can be improved by changing the water delivery method (from the channel to the 433 

pipeline) and the irrigation method (such as dropper, sprinkler and other advanced irrigation 434 

technologies). For the study area, the results show that more than half of the water resources were lost 435 

during the process of canal water transport and irrigation. Therefore, adopting anti-seepage measures to 436 

reduce the leakage of canal system, and adopting advanced irrigation technology to reduce the amount 437 

of irrigation water will help to reduce the water footprint of crop production in this region. 438 

5 Conclusions 439 

In this study, we proposed an improved regional scale method for calculating crop production water 440 

footprint. This method was based on the hydrological model (SWAT model), combined the irrigation 441 

parameters of the irrigation area (water conveyance efficiency of canal), and calculated the crop 442 

production water footprint. 443 

The method provided whole hydrological processes analysis for water use during crop production, 444 

including water diversion, irrigation/precipitation, field evapotranspiration and drainage, Therefore, the 445 
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method contributed to establish a more comprehensive calculation of water consumption during the crop 446 

growth period and more precisely quantify crop production water footprint. The method can be applied 447 

to calculate the crop production water footprint at both the field and regional scale. In HID, the main 448 

water consumption occurs during the crop growth period; the canal water loss was 1652106 m3, and 449 

actual ET in the field was 1442106 m3, which accounted for 47.9% and 41.8% of the total used, 450 

respectively. 451 

The regional climate, the condition of irrigation system and the crop yield are the main factors that 452 

affect the water footprint of crop production. The area with higher crop yield per unit area, higher 453 

efficiency of irrigation water use, less irrigation water loss and closer to source of water has lower crop 454 

production water footprint. Water loss during transportation increased with the increasing distance of the 455 

canals, and the farther away from the watershed inlets they were, the more water was lost, the values 456 

were higher in the east than they were in the west in the study area. 457 

Due to special climatic conditions, crops in Hetao Irrigation District mainly depend on irrigation 458 

water in the production process. Overall, in the composition of water footprint in Hetao Irrigation District, 459 

blue water footprint accounts for more than 86%. Therefore, applying water-saving irrigation technology, 460 

increasing channel lining rate and reducing the loss of irrigation water are the main ways to adjust and 461 

control the water footprint of crop production in this area. 462 

Based on the SWAT model, this paper analyzed the utilization and consumption of water 463 

resources during crop production in irrigated areas, which provided a hydrological mechanism for 464 

quantifying the water footprint of crop production. However, the SWAT model does not consider the 465 

relation of groundwater flow between different subbasins. At the same time, the shallow groundwater 466 

evaporation is based on the soil as a medium and directly into the atmosphere, the model cannot 467 
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accurately quantify the recharge of shallow groundwater to soil water. Consequently, the SWAT model 468 

cannot accurately simulate the shallow groundwater consumption of crops. Therefore, combining the 469 

groundwater model, analyzing the flow of water in the process of regional agricultural production, and 470 

then quantifying the water footprint of crop production is the direction of further research.  471 
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