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Abstract 
The North China Plain (NCP) is the main grain-producing region in China, and water shortage is 
an important factor limiting regional grain production and socioeconomic development. Since 
2014, the fallow policy has been implemented in the NCP to reduce winter wheat and expand 
spring maize planting area. Studying the spatial and temporal distribution of regional 
evapotranspiration (ET), effective precipitation (PE) and effective irrigation (EI) in combination 
with crop types can evaluate the water saving benefits of fallow and help the rational allocation of 
agricultural water. In this paper, spatial calculations and analysis of ET and PE of different crops 
in the NCP from 2001 to 2016 were conducted based on the 500m spatial distribution rate of 
PML_V2 remote sensing ET products and precipitation data from meteorological stations, which 
led to the EI of different time scales in the NCP, and further analyzed the EI of each crop in 
combination with the planting areas of winter wheat, summer corn and spring corn. The average 
acreage of water savings under the typical fallow mode of switching from winter wheat-summer 
corn rotation to spring corn monoculture was compared. The results showed that with the growth 
of ET of the three crops and the shortage of PE makes the EI show an increasing trend, and the 
water saving benefit of fallow also shows an increasing trend, with a multi-year average value of 
199.3 mm, which provides a scientific basis for evaluating the irrigation water saving benefit of 
fallow on a regional scale. 
Keywords 
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1. Introduction 
The NCP is the main grain producing area in China, and the grain sowing area accounts for about 
80% of the total crop sowing area. For a long time, the NCP has been mainly produced under the 
biannual production system of winter wheat-summer corn, which makes the region one of the 
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typical irrigation areas for agricultural production due to poor natural water resources conditions 
and serious uneven distribution of soil and water resources (Chen et al. 2010), irrigation water 
withdrawal accounts for about more than 70% of total groundwater extraction (Zhang et al. 2018), 
and due to the long-term over-exploitation of groundwater resources, the NCP has become the 
largest groundwater leakage area in the world (Shi et al. 2011; Feng et al. 2013). In order to 
alleviate the over-exploitation of groundwater, China started to implement the winter wheat fallow 
policy in 2014 to suppress the winter wheat planting area in the groundwater over-exploitation 
area of the NCP, before which most farmers had already actively chosen to replace the double 
season system of winter wheat and summer maize with a single season system of spring maize 
(Wang et al. 2016). 
ET, also known as crop water demand, includes soil evaporation, vegetation evaporation and water 
surface evaporation (Zhang and Chen. 2017), and is the link between maintaining surface energy 
balance and land surface hydrological cycle (Zhao et al. 2020). Adequate understanding of the 
spatial and temporal variation of ET can help to grasp the variation pattern of crop water demand 
and make reasonable allocation of irrigation water resources. 
Precipitation is one of the important factors affecting the growth of crops and directly affects the 
water balance of different crops and irrigation needs. The amount of precipitation consumed to 
meet the evaporation of crops is called PE, which does not include runoff, seepage to areas other 
than the root zone and deep seepage needed to wash out the salts. 
Current research on fallow focuses on the benefits generated by social, economic and 
environmental aspects of fallow, with less research on the effects of water saving (Xie et al. 
2018).Our study started from ET and PE, and spatially calculated and analyzed ET, PE and EI for 
different time periods in the NCP from 2001 to 2016, we further analyzed the EI of specific crops 
in combination with the planting areas of winter wheat, summer corn and spring corn and 
calculated the Crop Water Surplus Deficit Index (CWSDI) of each crop. The irrigation water 
savings under this typical fallow pattern were derived by comparing the differences in EI for winter 
wheat-summer corn and spring corn. 
 
2. Materials and Methods 
2.1 Study area 

The North China Plain is located at 32°08′N-40°24′N，112°50′-122°40′E, with the Bohai Sea and 

Yellow Sea to the east, the Taihang Mountains to the west, the Yanshan Mountains to the north, 
and the middle and lower reaches of the Yangtze River Plain to the south, covering an area of 4 × 
105 km2 , with a temperate continental monsoon climate, abundant light and heat resources, and 
large and concentrated interannual variation in precipitation (Lu and Fan. 2013), the main cropping 
system in this area is winter wheat-summer maize biannual system. In this study, 80 
meteorological stations in and around the study area were selected for precipitation data analysis 
and processing, and the distribution of the stations is shown in Figure 2-1. 
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Figure 2-1 Location of the North China Plain showing meteorological stations, rivers and 
provincial boundaries 
 
2.2 Data sources and processing 
The meteorological data were obtained from the National Meteorological Science Data Center of 
China, including daily precipitation data from 80 meteorological stations in and around the NCP 
from 2000 to 2016; the remote sensing ET data were obtained from the global PML_V2 dataset 
developed by Yongqiang Zhang and his team at the Institute of Geographical Sciences and 
Resources, Chinese Academy of Sciences. The global PML_V2 dataset, which is a global surface 
ET data calculated based on the Penman-Monteith-Leuning ET model in the GEE platform with a 
spatial resolution of 500 m and a temporal resolution of 8 d (Zhang et al. 2019) , He et al. evaluated 
the applicability of three international ET products (PML_V2, MOD16A2 and SSEBop_V4) with 
high spatial resolution and fast update in North China, and the results showed that the ET products 
of PML_V2 data were closest to the observations of eddy correlator in the NCP region (He et al. 
2020). The 2001-2016 land use data were obtained from the National Qinghai-Tibet Plateau Data 
Center, Li et al. identified the distribution of planting areas of six typical crop categories in the 
NCP from 2001 to 2018. The identification results were evaluated for accuracy after confusion 
matrix, comparison with winter wheat sowing areas from county statistical yearbooks, and 
comparison with Landsat extracted winter wheat share, and all performed well with high accuracy 
(Li et al. 2021). From this study, two types of features were obtained for each year: winter wheat-
summer corn and spring corn. In this paper, three different time scales were divided into winter 
wheat growing season (October to June), spring corn growing season (May to August) and summer 
corn growing season (July to September), and the annual values were synthesized from winter 
wheat growing season and summer corn growing season, and monthly ET was synthesized by 
Google Earth Engine and accumulated according to the three different time scales. 
 
2.3 Research Methodology 
2.3.1 Calculation of EI 

The soil water balance equation for irrigated farmland is as follows: 
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P I E ET R D W        (2-1) 

Where P is precipitation, I is irrigation, E is upward recharge of groundwater, ET is ET, R is 
surface runoff loss, D is soil infiltration, and △W is the change in soil water content. 
In general, the upward recharge of groundwater is negligible, E=0; the change in soil water storage 
averaged over several months is also negligible, △W=0; in addition, soil infiltration and runoff 
losses are related to rainfall and irrigation, and the relationship is complex, this paper uses the PE 
and EI after removing the two components of and R to represent the water input, and the simplified 
water balance equation is: 

PE EI ET   (2-2) 

This leads to the formula for calculating the EI: 
-EI ET PE  (2-3) 

Where the effective precipitation PE is calculated day by day using the formula recommended by 
the USDA (Fabregat-Safont et al. 2021): 

(4.17 0.2 )    8.3 /

4.17 0.1           8.3 /

P P P mm d
PE

P P mm d

 
     (2-4) 

Then, kriging interpolation was used to derive the PE of the region at different time periods. 
2.3.2 Slope trend analysis 
One-dimensional linear regression models are widely used to analyze trends in observed data 
(Wang et al. 2019): 
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where n is the number of observation years, and Xi is the observation value of the ith year. 
2.3.3 Mann-Kendalll trend test 
The Mann-Kendall nonparametric trend test is a method recommended by the World 
Meteorological Organization and is widely used for trends in climate and hydrological series (Burn 
and Elnur, 2002), and the statistic S is defined as: 
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The significance of the trend is determined by the Z-value obtained from the following equation: 
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Where Z is the statistical value, Z>0 indicates an increasing trend and Z<0 indicates a decreasing 
trend. absolute values of Z greater than 1.645, 1.960 and 2.576 indicate passing the significance 
test with 90%, 95% and 99% confidence levels, respectively. 
2.3.4 CWSDI calculation 
The Crop Water Surplus Deficit Index (CWSDI) characterizes the degree of water surplus and 
deficit during crop reproduction and is calculated as follows: 

PE ET
CWSDI

ET


  (2-9) 

CWSDI can better characterize the degree of wetness of farmland and crop drought and flood 
conditions. CWSDI > 0 indicates a water surplus, CWSDI = 0 indicates a water balance, and 
CWSDI < 0 indicates a water deficit at that stage of fertility. 
 
3. Results 
3.1 Spatial and temporal distribution characteristics and trends of ET, PE and EI in the NCP 
As can be seen from Figure 3-1, the ET in the NCP from 2001 to 2016 ranged from 577.4 to 688.7 
mm, with an average of 624.4 mm, and the results of the trend analysis showed that the overall 
annual scale ET showed a non-significant increasing trend with a rate of 3.86 mm/year during the 
study period; the ET in the winter wheat season ranged from 311.5 to 374.5 mm, with an average 
value of 345.0mm, showing a non-significant growth trend and a rate of 0.40mm/year; the ET of 
summer corn season ranged from 230.2 to 314.2 mm, with an average value of 279.4 mm, showing 
a significant growth trend and a rate of 3.47 mm/year, the ET of spring corn season ranged from 
334.4 to 415.4 mm, with an average value of 383.7 mm, showing a significant growth trend and a 
rate of 4.12 mm/year. The winter wheat season, summer corn season, and spring corn season 
accounted for 55.3%, 44.8%, and 61.5% of the annual ET, respectively. 
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Figure 3-1 Spatial distribution of ET in the North China Plain at different time periods from 2001 

to 2016 (a: winter wheat season; b: summer corn season; c: spring corn season; d: year） 

 
The annual mean ET of the North China Plain shows a pattern of high in the south and low in the 
north. In the front plain of Taihang Mountains of Hebei and the southeastern part of Henan, Anhui 
and Shandong, where the winter wheat-summer maize rotation is concentrated, the ET is generally 
high, and the low value areas are mainly distributed in Bohai Bay and urban areas. The spatial 
distribution of winter wheat seasonal ET and annual average ET is basically the same, and the high 
value area of summer maize seasonal ET is mainly concentrated in the irrigation area along the 
Yellow River and the front plain of Taihang Mountains. Since the area planted with spring maize 
is smaller and has less influence on regional ET patterns, there is no significant spatial variation 
in ET patterns during the spring maize season, with most areas concentrated in the range of 350-
450 mm. 
 The spatial distribution characteristics of ET at different time scales and significance tests were 
obtained by MK trend test, as shown in Figure 3-2. The test results of the annual average ET are: 
about 90.1% of the area showed an increasing trend, of which 46.6% showed a significant increase, 
mainly in the irrigation area along the Yellow River, 9.9% showed a decreasing trend, mainly in 
the front plain of Taihang Mountains, and only 1.5% showed a significant decrease. Wheat season 
ET was up in 54.1% of the areas, of which 9.9% showed significant growth, mainly in Henan and 
the front plain of Taihang Mountains, and down in 45.9% of the areas, of which only 4.2% showed 
significant decline, mainly in the junction of Shandong and Hebei. In summer corn season, 97.4% 
of the area showed an increasing trend in ET, with a significant increase of 68.4%, and the 
increased area occupied almost the entire NCP. The spring corn season also showed an increasing 
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trend in ET over 97% of the area and a significant increase of 68.6%, indicating that the increasing 
trend in ET throughout the year was mainly contributed by the corn season. 

 
Figure 3-2 Spatial distribution of significant changes in ET in the North China Plain during 
different fertility periods from 2001 to 2016 (a: winter wheat season; b: summer maize season; c: 
spring maize season; d: year. SI: significant increase; NSI: non-significant increase; SD: 
significant decrease; NSD: non-significant decrease) 
As can be seen from Figure 3-3, the PE in the NCP from 2001 to 2016 ranged from 206.1 to 294.5 
mm, with an average of 242.8 mm, and the results of the trend analysis showed that the annual 
scale PE in the study period showed an overall trend of non-significant decrease with a decline 
rate of 1.28 mm/year; the PE in the winter wheat season ranged from 74.8 to 147.4 mm, with an 
average of 123.5 mm, showing a trend of non-significant decrease, with a decline rate of 0.99 
mm/year. The PE in summer corn season ranged from 76.2 to 152.6 mm, with an average value of 
119.3 mm, showing a trend of non-significant decrease and a decline rate of 0.29 mm/year. The 
PE in the spring corn season ranged from 112.3 to 170.4 mm, with an average value of 143.6 mm, 
showing a non-significant decreasing trend and a decreasing rate of 0.90 mm/year. The winter 
wheat season, summer corn season and spring corn season accounted for 50.9%, 49.1% and 59.1% 
of the annual PE, respectively. 
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Figure 3-3 Spatial distribution of effective precipitation in the North China Plain during different 
fertility periods from 2001 to 2016 (a: winter wheat season; b: summer maize season; c: spring 
maize season; d: year) 
 
The annual average PE in the NCP shows a decreasing trend from south to north and from east to 
west, and the spatial distribution pattern at different fertility scales is basically consistent with the 
annual average, with the high value areas distributed in a band in Henan, Anhui and Jiangsu, and 
the low value areas distributed in Beijing, Tianjin and around Hebei. 
 The MK test results show (Figure 3-4) that the PE in the vast majority of areas at different time 
scales shows a trend of non-significant changes, with 36.2% of the annual average PE area not 
significantly increasing and 62% not significantly decreasing, with the increasing area mainly 
located in the northern part of the NCP and the remaining areas mostly showing a decreasing trend. 
The rising area of winter wheat season has a wide range of shrinkage compared with the whole 
year, and only 14.3% of the area shows a rising trend, while the rising areas of summer corn season 
and spring corn season account for 33.9% and 37.7% respectively, which are basically consistent 
with the spatial distribution and percentage of the whole year, thus it can be seen that the rising 
trend of annual PE is also mainly contributed by the corn season. 
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Figure 3-4 Spatial distribution of significant changes in effective precipitation in the North China 
Plain during different fertility periods from 2001 to 2016 (a: winter wheat season; b: summer maize 
season; c: spring maize season; d: year) 
 
As can be seen from Figure 3-5, the EI in the NCP from 2001 to 2016 ranged from 283.4 to 455.7 
mm, with an average of 381.7 mm, and annual scale EI showed a non-significant increasing trend 
with a rate of 5.13 mm/year; the EI in the winter wheat season ranged from 169.7 to 258.2 mm, 
with an average of 221.5 mm, with an overall non-significant growth trend and a rate of 1.39 
mm/year. The EI of summer corn season ranged from 78.2 to 216.5 mm, with an average value of 
160.3 mm, showing an overall non-significant growth trend and a rate of 3.74 mm/year. The EI in 
spring corn season ranged from 165.2 to 290.4 mm, with an average value of 240.2 mm, showing 
a significant growth trend and a rate of 5.02 mm/year. The winter wheat season, summer corn 
season, and spring corn season accounted for 58.0%, 42.0%, and 62.9% of the annual EI, 
respectively. 
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Figure 3-5 Spatial distribution of effective irrigation in the North China Plain during different 
fertility periods from 2001 to 2016 (a: winter wheat season; b: summer maize season; c: spring 
maize season; d: year) 
 
The high value of the annual average EI in the NCP is mainly concentrated in the irrigation area 
along the Yellow River and the front plain of Taihang Mountains, and the low value is mainly 
concentrated in the coastal plain and southeastern Shandong, while the annual average EI in most 
other areas is 350-450 mm. The EI in the winter wheat season is consistent with the annual average 
distribution pattern, and the EI in the summer corn season is mainly concentrated in most areas 
north of the Yellow River, while the high value of the EI in the spring corn season is reduced in 
northern Henan compared with the annual average, and the rest is basically consistent. 
The MK test results show (Figure 3-6) that 93.3% of the annual average EI shows an increasing 
trend, of which 34.7% shows a significant increase, the area with significant increase is mainly 
concentrated in Shandong Peninsula, 6.0% of the area shows a decreasing trend, mainly distributed 
in the front plain of Taihang Mountains, only 0.7% of the area shows a significant decreasing 
trend, the area showing an increase in the winter wheat season has The area that showed an increase 
in the winter wheat season was reduced, accounting for 70.6%, and the reduced areas were located 
in the southern part of the NCP and the front plain of Taihang Mountains, while the area that 
showed an increase in the summer and spring corn seasons both exceeded 95%, which shows that 
the trend of increasing EI is also contributed by the corn season. 
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Figure 3-6 Spatial distribution of significant changes in effective irrigation in the North China 
Plain during different fertility periods from 2001 to 2016 (a: winter wheat season; b: summer maize 
season; c: spring maize season; d: year) 
 
The box line graphs of ET, PE and EI for different time periods are shown in Figure 3-7. From the 
graphs, it can be seen that the fluctuation of ET is smaller in summer than in winter, while the PE 
is the opposite, and the fluctuation of EI is larger than that of ET and PE. 

 
Figure 3-7 Box line plots of ET, PE, and EI for different fertility periods in North China Plain 
from 2001 to 2016 
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3.2 Trends of ET, PE and EI of three major crops and evaluation of water saving benefits of 
fallow 
 
According to the land use data, two types of spring corn and winter wheat-summer corn were 
extracted from them, and their sown areas from 2001 to 2016 year by year are shown in Figure 3-
8. As can be seen from the figure, the interannual fluctuation of the sown area of spring corn is 
larger, the largest area was sown in 2005, accounting for 17% of the cultivated area, while it 
plummeted to a nadir of 1.27% in 2006, with a multi-year average of 5.74%, and the interannual 
fluctuation of the sown area of winter wheat-summer corn is smaller, the largest area was sown in 
2006 with 45.87% and the smallest in 2003 with 37.7%, with a multi-year average of 42.02%. The 
sown area of spring maize and winter wheat-summer maize complement each other, and the sum 
of their areas basically accounts for half of the cultivated area. 

 
Figure 3-8 Area and proportion of spring and winter wheat-summer corn planted in the North 
China Plain from 2001 to 2016 
 
The multi-year average of winter wheat ET was 388.4 mm, which increased at a non-significant 
rate of 0.56 mm/year, the multi-year mean ET of summer maize was 287.3 mm, which increased 
significantly at a rate of 3.80 mm/year, and the multi-year mean ET of spring maize was 353.2 
mm, with a non-significant decrease at a rate of 2.49 mm/year. The mean value of ET of winter 
wheat-summer corn rotation was 675.7 mm, which increased significantly at a rate of 4.36 
mm/year. 
The multi-year average PE for winter wheat was 134.6 mm, with a non-significant decrease at a 
rate of 1.14 mm/year, the multi-year average PE for summer maize was 122.4 mm, with a non-
significant decrease at a rate of 0.74 mm/year, and the multi-year average PE for spring maize was 
133.9 mm, with a non-significant increase at a rate of 0.47 mm/year. The multi-year average of 
PE was 257.0 mm, with a non-significant decrease at the rate of -1.88 mm/year. 
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The multi-year average of EI for winter wheat was 253.8 mm, with a non-significant increase at a 
rate of 1.70 mm/year, the multi-year average of EI for summer maize was 164.9 mm, with a 
significant increase at a rate of 4.54 mm/year, and the multi-year average of EI for spring maize 
was 219.4 mm, with a non-significant increase at a rate of 2.02 mm/year. The EI of winter wheat-
summer corn rotation was 418.7 mm, which increased significantly at the rate of 6.24 mm/year. 
The box line graphs of ET, PE and EI for different crops are shown in Figure 3-9. From the graphs, 
it can be seen that the fluctuation trend of ET, PE and EI for a single crop is smaller than that for 
the entire NCP at the fertility stage of that crop. Comparing the ET, PE and EI of the three crops 
with those of the NCP in the same period, it can be seen that the changes of winter wheat and 
summer corn are more consistent with those of the whole region, mainly due to the large sowing 
range of winter wheat-summer corn, which has a greater impact on the overall distribution pattern, 
while the impact of spring corn on the whole is relatively small. The significance of the spring 
corn season and the EI of cultivated land sown with spring corn in the NCP levels were not 
consistent, and even the PE within the spring corn cropland and the whole NCP had opposite 
trends. 

 
Figure 3-9 Box line plots of ET, PE and EI for different crops in North China Plain from 2001 to 
2016 
 
The CWSDI is the main index to reflect the moisture content of farmland and the state of water 
deficit and water saturation of crops. The results showed that the average CWSDI of winter wheat, 
summer corn and spring corn were -65.3%, -56.5% and -61.9%, respectively (Figure 3-10), where 
winter wheat decreased at a rate of 0.4%/year, summer corn decreased at a rate of 0.9%/year and 
spring corn decreased at a rate of 0.1%/year, and the average annual CWSDI of winter wheat-
summer corn rotation was -61.8%, decreasing at a rate of 0.5%/year and they all have non-
significant downward trends. Overall, the PE during the reproductive period of all three crops was 
severely deficient and the dependence on irrigation was high for all three crops, with summer corn 
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being slightly less dependent on irrigation, followed by summer corn, and winter wheat being the 
highest. The winter wheat-summer corn rotation being longer than spring corn, along with a higher 
dependence on irrigation water, all of which resulted in more water consumption. 

 
Figure 3-10 Trends of Crop Water Surplus Deficit Index for different crops from 2001 to 2016 
 
The EI of winter wheat-summer corn was subtracted from the EI of spring corn to obtain the 
irrigation water saving benefit of switching from double cropping of winter wheat-summer corn 
to single cropping of spring corn, as shown in Figure 3-11, from which it can be seen that the 
irrigation water saving of fallow shows a trend of non-significant growth, and the multi-year 
average of saving is 199.3 mm, which is close to the field survey data of 261 mm of water that can 
be achieved by fallowing, as presented in the "Monitoring and Evaluation Report on the Quality 
of Farmland in the Seasonal Fallow Pilot Areas of Hebei Province 2017-2019" released by the 
Hebei Farmland Quality Monitoring and Protection Center, indicating that it is feasible to evaluate 
the irrigation water saving benefits of fallow on a regional scale and providing a scientific basis 
for the sustainable implementation of the fallow system. 
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Figure 3-11 Trends in differences in effective irrigation for spring and winter wheat-summer corn 
from 2001 to 2016 
 
4. Discussion 
4.1. Spatial and temporal distribution patterns and causes of ET, PE and EI in the NCP 
There is obvious spatial heterogeneity in the distribution pattern and trend changes of ET in the 
NCP. The ET of urban land is basically below 500 mm, which is mainly due to the impermeable 
layer underneath the towns, poor water storage capacity and weak transpiration, resulting in low 
ET. The low value of ET in Bohai Bay is due to the fact that the region is full of saline land and 
less agricultural production. The ET is increasing due to the greening of cities such as Beijing and 
Tianjin, the saline land in the coastal plain is transformed into arable land after treatment, and the 
winter wheat-summer corn growing area is expanding, while Shandong is the main vegetable 
growing area, and with the development of vegetable industry, more water is needed to meet the 
irrigation demand, so the ET in this area shows a significant increasing trend. 
The PE in the NCP showed a decreasing trend from southeast to northwest, and the PE in Beijing, 
Tianjin and Hebei showed low values at all times, while the trend of annual PE was reversed, 
showing an increase in the north and a decrease in the south, and the range of the increasing trend 
in the spring and summer corn seasons was further expanded, indicating to some extent that the 
increase of annual PE occurred mainly in summer. 
The EI in the NCP showed high values in the irrigation areas along the Yellow River and the front 
plain of Taihang Mountains in Hebei, reflecting the result of diversion irrigation, which mainly 
relies on the exploitation of groundwater for irrigation, which is the main cause of groundwater 
leakage in North China. In the northern part of the NCP, irrigation water is at high values in all 
time periods due to relatively low precipitation, especially in the spring and summer corn seasons, 
where the irrigation water is significantly higher north of the Yellow River than south of the 
Yellow River. In terms of the change trend, the annual is mainly increasing, and the decreasing 
area is mainly concentrated in the front plain of Taihang Mountains in Hebei, while the decreasing 
area is further expanded from the winter wheat season, reflecting to a certain extent the 
effectiveness of groundwater over-extraction management in the leakage area of North China. 
4.2. Evaluation of water saving benefits of fallow 
A large number of studies have been conducted on crop water use in the North China Plain. Liu et 
al. (Liu et al. 2002) used data from a large scale weighing percolator to show that the average 
annual irrigation volume for the wheat-corn rotation in the front plain of Taihang Mountains from 
1995 to 2000 was 495 mm, and Zhang et al. (Zhang et al. 2006) observed in a long-term wheat-
corn rotation from 1997 to 2005 that the irrigation volume was 434 mm and 238 mm under full 
and deficit irrigation, respectively. Sun et al. (Sun et al. 2010) used meteorological data and crop 
coefficients collected in the field from Luancheng station from 1984 to 2005 to calculate the 
irrigation water requirement for a normal year of wheat-corn rotation to be about 479 mm. yang et 
al. (yang et al. 2010) used the DSSAT and COTTON2K crop models to calculate the irrigation 
water requirement of 458 mm for winter wheat-summer maize rotation in North China from 1986 
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to 2006 on a regional scale, and these studies are close to the irrigation water requirement of 419 
mm for winter wheat-summer maize rotation calculated in this study. 
Among the three major crops in the NCP, winter wheat has the highest irrigation demand due to 
its higher crop water demand and less precipitation. In contrast, maize consumes less irrigation 
water than winter wheat because it receives more precipitation during its growing season (Li et al. 
2005; Sun et al. 2011). Comparing the EI of winter wheat-summer maize with that of spring maize, 
it can be seen that the multi-year average of irrigation water saved by fallow is 199.3 mm, which 
is near to the survey results, and this supports the evaluation of water saving benefits of fallow at 
the regional scale. 
 
5. Conclusion 
This study explored the spatial and temporal distribution characteristics and trends of ET, PE and 
EI at different time scales across the NCP from 2001 to 2016 based on the high-precision ET 
product PML_V2, and further analyzed the trends of ET, PE and EI with three major crops, 
evaluated the dependence of different crops on irrigation by calculating the water gain/loss index, 
compared the differences in EI between winter wheat-summer maize rotation and spring maize 
monoculture, and thus evaluated the water saving benefits from fallow, with the following main 
conclusions: 
(1) The average annual ET in the NCP is 624.4 mm, showing an upward trend, the average annual 
PE is 242.8 mm, showing a downward trend, and the average annual EI is 381.7 mm, showing an 
upward trend, and all three elements have obvious seasonal differences and are shown as spring 
maize season > winter wheat season > summer maize season. On the spatial scale, both ET and 
PE show a pattern of high in the south and low in the north, the high value area of EI is mainly 
concentrated in the irrigation area along the Yellow River. 
(2) Further combined with crop types, ET all showed an increasing trend for winter wheat 
(388.4mm) > spring corn (353.2) > summer corn (287.3mm). PE showed that winter wheat (134.6 
mm) > spring maize (133.9) > summer maize (122.4 mm), except for spring maize which showed 
an increasing trend while others showed a decreasing trend. EI all showed an increasing trend for 
winter wheat (253.8 mm) > spring corn (219.4 mm) > summer corn (164.9 mm). 
(3) The CWSDI of winter wheat, summer corn, spring corn and winter wheat-summer corn rotation 

were -65.3%、-56.5%、-61.9 and -61.8%, respectively, and the CWSDI of all three crops showed 

a decreasing trend. 
(4) EI savings from winter wheat-summer corn rotation to spring corn monoculture showed an 
increasing trend and a multi-year average of 199.3 mm. 
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