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The distribution and driving factors of irrigation water requirements in
the North China Plain
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Abstract: In this study, we analyze the spatial and temporal distribution of irrigation water requirements in the North China Plain
using soil water balance, precipitation, and evapotranspiration. The soil parameters are taken from 76 sites, the precipitation data is
taken from 14 meteorological stations, and evapotranspiration is estimated by using the ETWatch model for the period from 2002 to
2007. We further analyze the quantitative relationships among irrigation water requirement, precipitation and the cultivated crop-area
by using multiple regression correlation analysis. The results show an increase in the irrigation water requirements from the coastal
to the piedmont regions of the study area. The average annual irrigation water requirements are 172 mm, 238 mm and 282 mm, respectively,
in the Taihang Mountain piedmont, the middle plain, and the coastal region. The main driving factors of irrigation water require-
ments are precipitation and the cultivated areas of wheat and vegetables. In the study area, precipitation is inversely related to
the irrigation water requirement. A high irrigation water requirement is found in counties with high cultivated areas of wheat and vegetables.
Meanwhile, a low irrigation water requirement is found in counties with high cultivated areas of cotton and soybean.
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1 INTRODUCTION

The maximum limiting production factor in the North China
Plain (NCP), which is the most important food production zones
in China, is the severe conflict between water supply and demand,
driven mainly by rapid population and socio-economic growth.
Particularly in Hai Basin, total average annual water resources are
41.9 billion m’, otherwise, per-capita water availability is only 335
m’®, which is less than 1/6 of the national average and 1/24 of that
of the world (Liu, 1989; Xia, 2002). Agriculture is the major water
user in the area which occupies more than 70% of the available
total water resources. With declining groundwater levels and a de-
teriorating water environment, it is vital to quantify the irrigation
requirements in space and time, and to determine the driving fac-
tors of irrigation for the effective management the additional
external water from the South-North Water Transfer (SNWT)
project (Yang, et al., 2001; Jia , et al., 2002; Wu, et al., 2007). The

analysis is of ultimate importance for the sustainable manage-
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ment of limited water resources, agricultural production and food
security in both the region and the country at large.

Estimation of large-scale irrigation water requirements could
be achieved via a combination of statistical analysis of cropping
structures and irrigation quotas, crop growth models, the FAO-
56 method, or remote sensing technology in hydrology. The
FAO-56 method, which is based on reference crop evapotranspi-
ration and crop co-efficiency, has been used widely to estimate
crop water requirements (Gunston, et al., 1983; Chen, et al.,
1995; Allen, et al., 1998; Liu, et al., 2003, 2005). However, the
main drawback with the FAO method lies in its simplicity, and
therefore, it fails to reflect adequately the specific effects of
the environment on irrigation. Crop growth models such as the
Clouds and the Earth’s Radiant Energy System maize (CERES-
maize) model (Jones, et al., 1986), the Environmental Policy
Integrated Climate model (EPIC)(Thomson, ef al., 2002), or the
World Food Studies model (WOFOST) (Vandiepen, et al., 1989)
also have been used (locally and internationally) to estimate

Foundation: The monitoring and assessing ecological environment with remote sensing in the regulation project in the Hai Basin (No. KZCX1-YW-08-
03-04); The international Collaborative Project fromthe Ministry of Science & Technology of China (N0.2009DFA21690).
First author biography: MA Lin (1983— ), male, Master degree candidate, majors in agricultural hydrology, water resources applications. E-mail:

malin@sjziam.ac.cn

Corresponding author: YANG Yanmin, E-mail: ymyang@ms.sjziam.ac.cn



MA Lin, et al.: The distribution and driving factors of irrigation water requirements in the North China Plain 325

crop water requirements. Though crop growth models run well
at the field scale due to the use of a range of field-measured pa-
rameters, they are sometime intensive in terms of labor and time
because they must be calibrated and validated for each different
region of application.

With the rapid development, the remote sensing technology in
hydrology increasingly is being used to estimate especially large-
scale evapotranspiration. The Surface Energy Balance Algorithm
for Land (SEBAL) model is developed by Bastiaanssen, ef al. (1985)
and provides a new way for studying distributed agricultural water
consumption. Mohamed, et al. (2004) used SEBAL-estimated evapotran-
spiration in conjunction with National Oceanic and Atmospheric
Administration/Advanced Very High Resolution Radiometer
(NOAA/AVHRR) RS images to monitor water storage fluctuations
in a Nile River wetland. Both SEBAL and the Surface Energy Bal-
ance System (SEBS) have been used to simulate evapotranspiration
in the North China Plain (Li, ef al., 2008; Wu, et al., 2008; Zhao, et
al., 2009). In addition to the SEBAL model, other RS-based models
have been used to simulate evapotranspiration. For example, Sun
(2007) estimated evapotranspiration using the National Aeronautics
and Space Administration (NASA) method and field-measured data
from the Yucheng Comprehensive Experimental Station of Chinese
Academy of Sciences. Mo (2005) used the Vegetation Interface
Processes (VIP) model (driven by GIS, RS, and meteorological
data) to simulate evapotranspiration of wheat and corn for the
period 1951 through 2006.

Though evapotranspiration can be estimated using RS-based
models, its impact on water resources is actually different from
that of irrigation water requirements. Therefore, a new method for
estimating irrigation water requirements is developed in this study
based on the combined use of soil water balance and ETWatch-
estimated evapotranspiration. The method is used to quantify the
spatial and temporal distribution of irrigation water requirements in
the North China Plain and to determine the factors driving the
distributed irrigation pattern in the region. In this study, we provide
an informed background that will assist researchers, decision-makers,
and grass-root implementers with improving water resource management
in the region and beyond.

2 MATERIALS AND METHODS
2.1 Study area

The study is conducted in the Hebei Plain (in northern NCP)
between 114.18°E —117.48°E and 36.03°N —39.34°N. The study
area has an average elevation of less than 100 m and covers a total
of 84 contiguous counties.

Mainly grown in the study area are winter wheat and summer
maize (in a rotational crop system). However, these crops are interspersed
widely with such economic crops as vegetables, fruits, cotton, and
soybeans.

2.2 Data collection

County-level data for planting and cultivated and irrigated land
areas of wheat, maize, cotton, and other crops are obtained from
the Statistical Yearbook of Hebei Province (2002—2007). Multiple
crop indices are calculated from county-based totals of plantings
and cultivated areas.

Evapotranspiration is estimated using the ETWatch model.
ETWatch is an operational evapotranspiration processing chain
starting from data pre-processing to application products. It utiliz-
es spatial information on climate, soil type, land use, vegetation
cover, land surface elevation and other RS-retrieved land surface
parameters. The SEBAL and SEBS models are integrated com-
ponents of ETWatch that facilitate the estimation of surface fluxes
for clear-sky conditions. The Penman-Monteith model retrieves
daily evapotranspiration via the surface resistance model, me-
teorological data, and RS-retrieved surface parameters. Details
of the method of estimating evapotranspiration by ETWatch are
documented in Wu, et al. (2008).

Precipitation data are obtained from the 14 weather stations
in Hebei Province and are interpolated in GIS using the IDW
interpolation method. Soil data used in the model are obtained
from 76 sampling sites distributed across the study area. The
soil properties are calculated from the soil textures (see Saxto &
Rawls, 2006).

The cropped land area for 2002 through 2007 is estimated from
the 1:100 000 land use maps. These maps are obtained from the
Chinese Academy and Environmental Science Data Resources
Center.

2.3 The irrigation water requirement model

In the study, initial soil moisture content (SWy; mm) is taken
at 60% of the soil effective moisture content (SW,; mm), as it was
difficult to measure for the various sites in 2002.

SW=0.6xSW, €))

SWi=hx(SW,—SW.,) @
where i, SW, and SW,, represent soil thickness (mm) with a model
set of 800 mm, field capacity (mm’/mm’), and wilting coefficient
(mm*/mm’), respectively. SW, and SW,, are calculated from soil
texture and organic matter content.

If dry-land and paddy-field areas accounted for over 90% of a
pixel, then the pixel is treated as farmland. Irrigation water require-
ments are quantified using ETWatch-estimated evapotranspiration
as follows.

SW,..=SW,—ET+P, 3
where i is the /" day, and SW,, ET, and P, represent soil water con-
tent (mm), evapotranspiration (mm), and precipitation (mm), re-
spectively. Since the study area (NCP) is a relatively flat terrain, the
equation omits surface runoff.

Soil water content is driven by three main conditions, and when
SW,,, > hxSW,, then Dr,,, represents leakage (mm), and the soil wa-
ter content SW,_, is calculated as follows.

Dr =SW,,—hxSW, “)

SW,=hxSW, )
when (hxSW +0.4xSW,) <SW,,, <SW,, soil water is assumed to
meet crop need, and the amounts of leakage and RIA are zero.
When SW,,, < (hxSW,+0.4xSW,), the field needed irrigation, and
RIA,,, (mm) and RIA are calculated as follows.

RIA;.=h*xSW.—SW,, (6)

RIA=RIA+ RIA,,, @)

In this study, required irrigation amount (RIA) refers to the mini-

mum irrigation needed to sustain current levels of agricultural

production, which is quantified for the study area using the above
chain of equations (Fig. 1).
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2.4 Analysis method

Whereas the evapotranspiration is estimated by the ETWatch
model, the pixel/county-based irrigation water requirement is cal-
culated by the above model and correlation coefficient analysis.
Irrigation water demand and the relevant driving factors of irriga-
tion are determined through multivariate regression and statistical
analysis in Statistical Package for Social Scientists ( SPSS).

3 RESULTS AND ANALYSIS

3.1 Spatial distribution of irrigation water requirements
based on region

The study shows that the irrigation water requirements for the
period of 2002 —2007 are high in the piedmont areas of Taihang
Mountain and low in the coastal regions of the NCP. The irrigation
water requirement trend gradually decreased from west to east (Fig. 2).

Annual average irrigation water requirements for the piedmont
regions of Taihang Mountain, the middle plains and the coastal
regions are 282 mm, 238 mm and 172 mm, respectively. The high-
est irrigation water requirements (300 to 450 mm) are in Xushui,
Wangdu, Nanhe, Ren, and Longyao counties. The requirements
are lowest (60 to 210 mm) in Huanghua, Cang, Qing, Dacheng,
Wen’an, Rengiu and Hejian counties.

3.2 Yearly variation in irrigation water requirements

The range of annual irrigation water requirement in the study
area is 178 mm to 308 mm (Fig. 3). A high fluctuation in annual
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Fig. 2 Distribution of annual required irrigation amount for 2002—2007
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irrigation water requirements is seen in the study area for 2002
through 2007.

For the dry years of 2002 and 2006, annual irrigation water
requirements are 304 mm and 308 mm, respectively. In other years,

the requirements are 177 mm to 229 mm, with an annual average of

211 mm. This shows that annual precipitation significantly influenced
irrigation water requirements in the study area.
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Fig. 3 Comparison of annual required irrigation amount (R/4),
precipitation (P), and evapotranspiration (ET) for 2002—2007

3.3 Spatial distribution of irrigation water requirement
based on basin

Table 1 Ratios of cultivated areas of wheat, corn, cotton, and
vegetables to total cultivated area, along with multiple crop index
(MCI) for 2002—2007 in different basins

Wheat Maize Cotton Vegetable Soybean MCI

castern Daging River ) o35 010 014 005 139
Plain

western Daqing River
Plain

Ziya River Plain 0.36 0.30 0.05 0.16 0.03 1.68

0.33 0.32 0.03 0.13 0.01 1.62

Heilonggang Plain 0.32 0.27 0.20 0.06 0.03 1.46

Fig. 4 shows that the annual average irrigation water require-
ments in front of Tathang Mountain are higher than in other areas. Annual
average irrigation water requirements are 280 mm (11.7x10° m’),
288 mm (22.8x10°m’), 206 mm (26.5x10°m?), and 195 mm
(11.0x10° m®), respectively, in the western Daging River Plain,
Ziya River Plain, Heilonggang Plain, and the eastern Daqing
River Plain. As seen in Fig. 4 and Table 1, local cropping struc-
ture dominated the annual average irrigation water requirements
in the study area.

In the Ziya River Plain, wheat planting and vegetable plant-
ing areas account for 46% of the total cultivated area, and the
multiple crop index is as high as 1.62. In the western Daqing
River Plain, wheat planting and vegetable planting areas account
for 49% of the total cultivated area, and the multiple crop index
is as high as 1.69. The annual irrigation water requirements are
lowest in the eastern Daqing River Plain. The lowest annual ir-
rigation water requirements are relative to cropping structure,
which is the lower ratio (0.39) of wheat and vegetable, the high-
est ratio (0.33) of maize, and the lowest multiple crop index
(1.39) (Tablel).

RIA/mm
L] 105

1 206
M 250
B 288

Fig. 4 Annual average irrigation water requirements in different
basins (A, B, C, D respectively represent western Daqing River plain
Ziya River plain Heilonggang plain eastern Daqing River plain)

3.4 The driving factors of irrigation water requirements

3.4.1 Precipitation

As seen in Fig. 3, precipitation for 2002 to 2007 is 338 mm to
596 mm. While precipitation is lowest for 2002 (338 mm), irrigation
water requirements are second highest (304 mm) for that period.
The highest precipitation (596 mm) in 2003, coincided with the
least irrigation water requirements (178 mm).

In the study area, evapotranspiration is in the range of 597 mm
to 651 mm for the period of 2002—2007 fluctuating only slightly
for the entire simulation period. Generally, an inverse correlation
exists between irrigation water requirements and precipitation. A
similar trend exists between the spatially distributed irrigation
water requirement and evapotranspiration. While the correlation
trends between irrigation water requirement and precipitation are
different for different counties in the study area (e.g. Zhao, Ningjin,
Baixiang, Ren & Nanhe counties), irrigation is generally high for
relatively high precipitation in such counties as Linzhang, Wei,
and Daming. Moderate irrigation under high precipitation is
found in several of the 84 counties(Fig. 5). The overall linear cor-
relation between precipitation and irrigation water amount is
RIA = 455.08-0.45P, where RIA is annual irrigation water require-
ment (mm) and P is precipitation.

The F,,, test shows the correlation between irrigation water
amount and precipitation is not only significant but inverse, as well
(R*= —0.591). The analysis further shows that spatial variations in
irrigation water requirements in the study area cannot be explained
entirely by precipitation, suggesting that some other factors influ-
enced irrigation in the study area.

3.4.2  Cropping structure

(1) Temporal trend of cropping structure

Fig. 6 shows a gradual increase in the area of land under maize
for 2002 through 2007. Whereas a slight decrease occurred in the
area of land under wheat in 2003 and 2004, a rebound to the origi-
nal cultivated area is observed in other years. Minimal variations
are seen in the areas of land under cotton, vegetables, and soybean.
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Fig. 6 Variation in cultivated areas of wheat, maize, cotton, vegetables (Veget), and soybean (Soyb) in the study area from 2002 through 2007

(2) Spatial distribution of cropping structure

Wheat dominates in counties located in ten of the piedmont
plains, including Wuji, Jinzhou, Ningjin, Baixiang, Ren, Nanhe,
Pingxiang, Guangping, Wei and Daming. In these counties, wheat
planting area accounts for 43% to 47% of the total cultivated area.
A similar spatial distribution exists for irrigation water requirements
in the study area. A multi-regression equation including wheat
planting area, precipitation, and irrigation water requirements is
constructed as RIA = 327.116—0.442P+238.5W, where RIA is average
annual irrigation water amount (mm), P is precipitation (mm), and
W is wheat planting area.

In comparison with the F,, test, the correlation coefficient
(R* =0.751) shows a drastic increase. This suggests that the irriga-
tion water requirement is greatly influenced by the wheat planting
area. An inverse correlation exists between maize and cotton plant-
ing areas. Counties where maize cultivation is relatively high ac-
count for 42% to 48% of the study area(Fig. 7). Most of these coun-
ties, including Rongcheng, Anxin, Xiong, Dacheng, and Botou, are
in the northern region of the study area. On the contrary, counties
where maize cultivation is relatively low account for 45% to 61%
of the study area. Most of these counties, including Guangzong,
Wei, Qiu and Nangong City, are in the southern region of the study

area. The low irrigation water requirements in these counties could
be explained in terms of the cropping year-to-year mode. Vegetable
production takes place largely in metropolitan environs. The main
cultivated crops in the northeastern region of the study area are
maize, cotton, and soybean. In this same region (including Huan-
ghua City, Cang County, Qing County, Dacheng County, Wenan
County, Renqiu City and Hejian City), lower irrigation water re-
quirements are noted. The low multiple crop index for the region is
due to the year-to-year cropping mode. The spatial distribution of
the high-irrigation water requirement regions is in agreement with
that of the high-multiple crop index. This is mainly in the piedmont
plains where the winter wheat with summer corn double cropping
mode is prevalent.

(3) Driving factors

Precipitation strongly influences irrigation. To illustrate
the influence of the various driving factors of irrigation water
requirement, the simulation period is subdivided into three dif-
ferent periods: dry period (2002 and 2006), normal period (2003,
2004, 2005 and 2007), and the entire period (2002—2007). A
stepwise regression relation among irrigation water requirements,
cultivated area (for wheat, maize, soybean, cotton, vegetables, oil
crops and rice), and precipitation is developed for the three sub-
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Fig. 7 Ratios of cultivated areas of wheat, corn, cotton, and vegetables to total cultivated area, along with multiple crop index (MCI)
for the period of 2002—2007

periods.

The results of the regression analysis indicate a significant posi-
tive correlation between irrigation water requirements and
planting areas of both wheat and vegetables under normal peri-
ods (Table 2). On the other hand, a negative correlation is found
among irrigation water requirements, precipitation, and planting
areas of cotton, soybean and maize. The planting areas of wheat
and vegetables significantly influence irrigation water require-
ments, as these crops require high irrigation. As most of the
other crops are under a single-cropping system, they generally
require less irrigation.

Two possible explanations exist for the negative correlation between
irrigation water requirement and the planting area of maize. One
reason is the large overlapping planting area between maize and
wheat, and another is the single cropping practiced in the eastern
plain region. For the dry period, the influence of the various factors
on irrigation water requirement is similar to that of the normal
period. However, an insignificant negative correlation is found
between irrigation water requirements and cotton planting area.
The probable reason is the high cotton irrigation water require-
ments during dry periods. The degree of influence (standard coef-
ficient) of various factors on irrigation water requirements diftered
from year to year. Based on the standard regression coefficient for
normal periods, it can be seen that the degree of the influence on

irrigation water requirement declines in the listed order: the wheat
planting area, cotton planting area, precipitation, maize planting
area, soybean planting area and the vegetable planting area. During
the dry periods, the degree of influence declines in the listed order:
wheat planting area, precipitation, soybean planting area, and maize
planting area.

Table 3 shows the measures of the identified driving factors
of irrigation water requirements and the correlations among the
factors. Based on the correlations among the irrigation water
requirements and the various driving factors, significant positive
correlations are found among irrigation water requirements, planting
areas of wheat, maize, vegetables, and multi-cropping index, which
are 0.482, 0.261, 0.237 and 0.434, respectively. The positive
correlation between irrigation water requirements and maize planting
area is driven by the high correlation between the planting areas of
maize and wheat. The main cropping mode is the winter wheat and
summer maize rotation system, and the correlation coefficient be-
tween the planting areas wheat and maize is as high as 0.616. The
correlation coefficient between wheat planting area and multi-cropping
index is also as high as 0.772. The correlation between irrigation
water requirements and maize planting area indicates an increasing
influence of multi-cropping index on irrigation water requirements.

Multi-regression analysis shows a negative correlation between
maize planting area and irrigation water requirements (Table 2).
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Table 2 Results of multi-regression analysis of the effect of the driving factors of irrigation on required irrigation amount

. . . . Adjusted Determination . . Sample
Dependent Variable Regression Equation and Standard Coefficient Coefficient Significance Number
Equation RIA,=390W -0.50P-561S8 -123M+79V +353 0.637 0.000 156
RIA(W. P. S« M. V)
Sc W:0.752 P:—0.429 S:-0.311 M:-0.231 V:0.164
Equation RIA,=190W -0.28P+35V-147C -376S —115M+347 0.517 0.000 312
RIA,(W- P. Vs C. S\ M)
Sc W:0.479 P:—0.368 V:0.079 C:-0.369 S:-0.203 M:-0.248
Equation RIA,=-0.43P+260W-417S +44.528V-139M-109C+401 0.630 0.000 468

RIA(P. W+ S« V. M. C)

Se¢ P:-0.555 W:0.506 S:-0.191 V:-0.082 M:-0.240 C:-0.215

ps: sc: standard coefficient, driving factors P, W, V, S, M, C represent precipitation and planting areas of wheat, vegetables, soybeans, corn, and cotton.

Highly significant negative correlations are noted among the
planting areas of soybean and cotton and irrigation water require-
ments, which are —0.162 and —0.348, respectively. Two reasons are
found for the negative correlation. One reason is that soybeans and
cotton are grown during the rainy season (during which irrigation
water requirements are lowest) and are harvested in autumn. Another
is increased planting areas of soybeans and cotton along with
decreased planting areas of wheat and vegetables (which are
water-intensive crops). This is very much supported by Fig. 3 and
Fig. 4. Except for very dry periods, irrigation water amounts are
low for Nangong, Guangzong, Wei and Qiu counties, where cotton
planting areas are relatively large.

Table 3 Results of correlation analysis of required irrigation

amount and planting area of crops and crop indices

Variable =~ Wheat  Maize Soybean Cotton Vegetable Crop index RIA

Wheat 1

Maize 0.616" 1
Soybean  —0.002  0.048 1
Cotton  —0.463" —0.658" —0.273" 1
Vegetable  0.081  0.1347 —0.159" —0.331" 1
Cropindex 0.772" 0.560" —0.071 —0.4317 0.545" 1

RIA 0.482" 02617 -0.162" —0.348" 0.237"  0.434" 1

** Highly significant reached 0.01.

4 CONCLUSIONS

In this study, the spatial and temporal distributions of irrigation
water requirements are calculated using the ETWatch-driven irriga-
tion water requirement model. Next, the driving factors of irrigation
are analyzed via such statistical methods as multi-regression and
partial regression analysis.

A decreasing tendency of irrigation water requirements is noted
from the western to the eastern regions of the study area. Irrigation
water requirements are high in the piedmont regions of Taihang
Mountain and low in the coastal areas. The annual average irrigation
water requirements in the piedmont regions of Taihang Mountain,
the middle plains, and the coastal areas are 282 mm, 238 mm and
172 mm, respectively. The annual irrigation water requirements
ranged from 177 mm to 308 mm, with a large year-to-year fluctuation.
During 2002 and 2006, when precipitation is low, the average irriga-
tion water requirement was 211 mm. For all the other years in the

study area, the average was 306 mm.

The main driving factors of irrigation water requirements are
precipitation and the cultivated areas of wheat and vegetables. Pre-
cipitation is negatively related to irrigation requirements. Higher
irrigation water requirements are found in counties with relatively
high cultivated areas of wheat and vegetables. On the other hand,
counties with relatively high cultivated areas of cotton and soybean
had low irrigation requirements.
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