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System dynamics simulation of soil water resources with
data support from the Yucheng Comprehensive
Experimental Station, North China
Changchun Zhou, Yi Luo and Melanie Zeppel

ABSTRACT
System dynamics (SD) is one of the most suitable methods available to simulate and quantify the
behaviour of complex systems due to it non-linear, multivariable, information feedback and temporally
changing characteristics. This paper has improved on Khan et al.’s established model (see Khan et al.
(2009) ‘Analyzing complex behavior of hydrological systems through a system dynamics approach’,
Environmental Modeling & Software 24, 1363–1372) by adding water production functions for three
main crops (winter wheat, summer maize and cotton) based on soil water balance at the ﬁeld level.
Conclusions based on the simulation were as follows. (1) The model could simulate the dynamics of
water balance components of winter wheat and summer maize relatively accurately through testing
and validation. (2) Two to four irrigations were needed for the water-use requirement for winter wheat
and summer maize when irrigation level was 75 mm each time. Cotton did not need to be irrigated
except for the addition of 60 mm pre-sowing water. (3) Exploiting groundwater as far as possible and
taking measures to reduce soil evaporation and at the same keeping irrigation unchanged was one of
the best ways for sustainable utilization of water resources in the upper reaches of the Panzhuang
District. (4) Water-use efﬁciencies were consistent with the regions’ measured results showing that
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the model could simulate the water cycle in the ﬁeld comparatively accurately.
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INTRODUCTION
System dynamics (SD) is a theory of system structure and a

diseases, from the arms race of the cold war to the interaction

methodology for representing complex systems and analysing

between HIV and the human immune system (Simonovic

their dynamic behaviour (Forrester ). It primarily

) and, in general, its application pervades various systems

explores how the behaviour pattern of a complex system

and extends to many ﬁelds (Wang et al. ).

changes with time (Khan et al. ). Its most important

In a rice ﬁeld system, Khan et al. () used SD to simu-

characteristic is to explain the endogenous structure of the

late water balance on a daily basis under aerobic conditions

system under research, to observe how the different elements

with provision of supplemental irrigation on demand.

of the system relate to each other, and to perform many

Advantages of their model were: (1) it combined with the

experiments with changing relationships within the system

mechanistic processes of the water balance based at a ﬁeld

when different choices are simulated (Simonovic ;

scale; (2) it was a physically based conceptual model; and

Khan et al. ). The relationship between structure and be-

(3) it was dynamic (Zhou & Luo ). But the model had

haviour forms the basis of information feedback and control

the following limitations: (1) its validity was veriﬁed only

in SD (Simonovic ). The application range of SD is very

based on paddy ﬁelds without validation on other types of

extensive, from company strategies to the dynamics of

farmland; and (2) it was unable to reﬂect water-use
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efﬁciency (WUE) without relating it to water production
functions.
The ultimate purpose of water-saving agriculture is to
improve the agricultural output efﬁciency of per unit water
resources. In the ﬁeld scale, this means increasing soil
WUE (Li et al. ). Highly efﬁcient utilization of water
resources would be to increase crop yield and water productivity comprehensively (Gao ).
Therefore, based on three main crops (winter wheat,
summer maize and cotton) and the ﬁeld water balance of
Yucheng Comprehensive Experimental Station (YCES)
within Panzhuang Irrigation District, the model established
by Khan et al. () was improved by adding water production functions. Through use of a ﬁeld scale simulation,
our purpose was to establish the foundation for application
of the model in the Panzhuang Irrigation District. We

Figure 1

Table 1

|

|

Location of the Yucheng Comprehensive Station in China (Fang et al. 2010).

Soil textures (Liu & Luo 2010)

wanted to quantitatively analyse the composition of soil
water consumption and suggest methods of increasing

Depth (m)

Sand (%)

Silt (%)

Clay (%)

Soil texture

WUE in the region, and ultimately to realize a reasonable

0–20

13.17

68.54

18.29

Sandy loam

allocation of the water resources of the irrigation district.

20–40

13.11

66.54

20.35

Sandy clay loam

The objectives of our study thus were as follows: (1) to

40–60

14.42

70.40

15.18

Sandy loam

validate the model and calculate cotton evapotranspiration

60–80

16.72

71.19

12.09

Sandy loam

(ET); (2) to study conditions of water consumption of

80–100

27.15

62.84

10.01

Sandy loam

winter wheat, summer maize and cotton within their grow-

100–120

38.57

55.50

5.93

Sandy loam

ing seasons; (3) to discuss interactions among various water
balance components through scenario simulation; and (4) to

Yucheng station is an agricultural experimental station

quantify water-use efﬁciencies of winter wheat, summer

with winter wheat and summer maize as the main crops,

maize and cotton.

and has crop rotation characteristic of the North China
Plain (NCP). Winter wheat is sown in mid-October and harvested in early June of the next year. Summer maize is sown

METHODS

in the middle of June and harvested in early October.

Study area

Model development

The YCES (36 570 N, 116 360 E) belongs to the Chinese EcoW

W

Conceptual model

system Research Network (CERN) and the China National
Ecosystem Observation and Research Network (CNEN)

Considering the effective root zone as a single layer, the soil

(Figure 1). It is located geographically in the southwest of

water balance at the ﬁeld level can be expressed according

Yucheng County, Shandong Province. This area is the

to storage as given below (all parameters expressed in

Yellow River alluvial plain, with an average altitude of

depth units) (Khan et al. ):

28 m, and is representative of typical conditions of the
Huang-Huai-Hai Plain. The soil type is an alluvial deposit

Wi ¼ Wi1 þ Pi þ Ii þ Egi  ETi  Pai  Rsi

(1)

of the Yellow River and is mainly composed of aquox and

where, Wi, Wi–1 are the soil water storage at the end of day i

salted aquox. The surface soil is rich in sandy loam (Table 1).

and i–1, respectively; according to Liu & Luo (),
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effective rooting depth is: winter wheat 1.5 m, summer

at ﬁeld capacity; b is the p value under the standard con-

maize 1 m, cotton 1.2 m; Pi is the precipitation on day i; Ii

ditions (ETm ¼ 5 mm/day), for winter wheat and summer

is the irrigation on day i; Egi is the capillary rise from the

maize, b ¼ 0.55; for cotton, b ¼ 0.65 (Allen et al. ); and

underlying water table on day i depending on the depth of

ETm is the largest ﬁeld evapotranspiration without water

the water table; ETi is the actual evapotranspiration on

pressure.

day i; Pai is the percolation on day i; and Rsi is the runoff
on day i (Zhou & Luo ).

Eg calculation

ET calculation

Capillary rise is estimated using the following exponential

Under unsaturated conditions (Khan et al. ; Zhou &
Luo ), actual evapotranspiration is calculated by:
ET ¼ KS × KC × ET0

relationship (Li & Dong ; Khan et al. ):
Eg ¼ ET × eaL

(2)

where KS is a dimensionless factor expressing the effects of
limiting soil moisture conditions on crop evapotranspira-

(6)

where a is a parameter that relates to the capacity of the soil
to transmit capillary ﬂuxes; and L is the depth of the water
table below the root zone.

tion; KC is the single crop coefﬁcient (Allen et al. );
and ET0 is the potential evapotranspiration.

Pa calculation

ET0 calculation: The concept and calculation formula of
ET0 are given in FAO Irrigation and Drainage Paper No. 56

Darcy’s Law was used to calculate the percolation (Khan

(Allen et al. ). It is calculated by the Penman–Monteith

et al. ):

equation using meteorological data from the YCES.
KC determination: Based on Zhou & Luo (), crop
coefﬁcients of winter wheat and summer maize were from

Pa ¼

(h(θ)  h) × K(θ)
L

(7)

Liu () and those of cotton were from The Cooperative
Group of Contour Maps of Main Crops Water Requirements

where h(θ) is negative pressure head; h is the groundwater

in China ().

head; and K(θ) is the unsaturated hydraulic conductivity.
h(θ) calculation: According to Wu (), h(θ) is calcu-

KS calculation: According to Allen et al. (),
2
KS ¼ 4

lated by the following soil water retention curve:
1
θ  θwp
θthreshold  θwp

θ  θthreshold
θwp  θ < θthreshold

(3)

θ¼

z×u
u þ jh(θ)jb

(8)

where z, u and b are coefﬁcients.
where θ is the volumetric water content; θwp is the water
content at wilting point; θthreshold is the threshold water content when water stress occurs:

K(θ) calculation:
K(θ) ¼ K × ef×h(θ)

(9)

where K is the saturated hydraulic conductivity; f is the
θ threshold ¼ (1  p)θfc þ pθwp

(4)

p ¼ b þ 0:04(5  ETm )

(5)

texture-speciﬁc empirical constant.

RS calculation

where p is the fraction of total available water that a crop

When the soil becomes saturated after irrigation or precipi-

can extract from the root zone; and θfc is the water content

tation, redundant water is discharged as surface runoff,

Downloaded from https://iwaponline.com/hr/article-pdf/44/4/690/370497/690.pdf
by guest

693

C. Zhou et al.

Table 2

|

|

System dynamics simulation of soil water resources

Hydrology Research

|

44.4

|

2013

The values of variables and parameters of the model

Category

Names and values

Shared parameters

Field capacity (m3/m3): 0.32
Water content at saturation (m3/m3): 0.42
a

The soil retention curve: θ ¼

0:473 × 307:28
307:28 þ jhj0:904

Unsaturated hydraulic conductivity ¼ saturated hydraulic conductivity × exp (  0:0198jhj)
Parameters of wheat and
maize

Water content at wilting point (m3/m3): 0.12
b
Values of a and saturated hydraulic conductivity (mm/min): Wheat: 2001–2002: 1.45 and 12; 2002–2003:
0.6 and 0.035; 2003–2004: 5 and 0.012; 2003–2005: 1.7 and 0.015. Maize: 2000: 20 and 15; 2001: 1 and
0.125; 2003: 0.85 and 100; 2004: 120 and 0.035; 2005: 3 and 0.8

Parameters of cotton

Water content at wilting point (m3/m3): 0.08
Values of a and saturated hydraulic conductivity(mm/min): Cotton: 2003–2006: 2c and 30d

a, capacity of the soil to transmit capillary ﬂuxes.
a

Soil retention and hydraulic conductivity curves are taken from Wu (1993).

b
c

Value range of saturated hydraulic conductivity is from Wu (1993), Yin (2005) and Lai (2009).
Li & Dong (1998).

d

Yang (2005).

which is given by (Khan et al. ; Zhou & Luo ):

Rs ¼

0
Wi  θS × RD

θ  θS
θ > θS :

(10)

where θS is water content at saturation; RD is the root depth;
and the other parameters have been deﬁned above.

Model testing and validation
Model testing and validation aim at justifying the reliability
of the model and providing conﬁdence for model application (Shi & Gill ). As SD models seek to explain
how and why the problematic dynamics are created, it is
important that their structure should be a valid represen-

Table 2 lists the values of variables and parameters of
winter wheat, summer maize and cotton.

tation of real-life processes. This factor is very important
because the purpose of a SD study is to evaluate policy
alternatives in order to improve the behaviour. This pur-

Developing the system dynamics model

pose

Based on the model established by Khan et al. (), water
production functions were added using Vensim software

is

quite

different

than

that

of

a

statistical/

correlational ‘forecasting’ model. On the one hand, as far
as the ‘forecasting’ model is concerned, the main (often
the only) criterion of model validity is the match between

(Figure 2). Water production functions of winter wheat,

output and real data, as the purpose of the model is to pro-

summer maize and cotton were from Liu (), Wu et al.

vide an accurate forecast. On the other hand, for the SD

() and Yang (), respectively.

model, the main criterion of model validity becomes ‘structure’ validity, which refers to the validity of the set of

2

Winter wheat: Y ¼ 0:1633 ET þ 167:22 ET  35, 190
(11)

relations used in the model to represent the real-life pro-

Summer maize: Y ¼ (ET=4:573)2:02

(12)

also important, but it is different in two ways: ﬁrst, behav-

Cotton: Y ¼ 6:031 × ET  1, 738

(13)

cesses (Saysel & Barlas ). The validity of behaviour is
iour validity is meaningful only after the structure validity
is established (the ‘right behaviour for the right reasons’

where ET is the actual evapotranspiration of crop on year,

principle). Second, a point-by-point match between the

mm year–1; and Y is the economic yield of crop, kg hm–2

model behaviour and the real behaviour is not as impor-

–1

year .
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is material ﬂow or

is rate variable;

is source or leakage; others are auxiliary variable/constant variable/exogenous variable, and b, u, z, f are coefﬁcients or parameters.

important in SD methods is that the model produces the

2001 to 2005 were collected to validate the model. Soil

major dynamic patterns of concern to the system (such

water content moisture is measured once every 5 days and

as exponential growth, collapse, asymptotic growth, S-

additional measurements are carried out after every rainfall

shaped growth, damping or expanding oscillations, etc.;

and before and after irrigation.

Khan et al. ).

Crop water requirement (ET) was an emphasis of the

Testing the validity of the model structure usually uses

simulation.

The

simulated

results

were

evaluated

indirect structure testing; extreme conditions and behaviour

with the data measured by a weighing lysimeter at the

sensitivity tests are the two most powerful and practical

YCES of the CAS from 2000 to 2005. The weighing

ways of indirect structure tests (Barlas ; Sterman ).

lysimeter was built in the middle of a 1.0 × 106 m2

Extreme-condition tests refer to assigning extreme

cultivated ﬁeld in 1990 and put into use in 1991 (Luo

values to selected model parameters or variables and com-

et al. ). Yang et al. () described in detail the

paring the model-generated behaviour to the expected

structure, functions and principles of the lysimeter.

behaviour of the real system under the same extreme con-

The goodness-of-ﬁt of the simulations was assessed

dition

(Saysel

&

Barlas

).

Structural

ﬂaws

or

with the help of three estimators, which are the Nash–

inconsistencies would be found by such tests if the model

Sutcliffe efﬁciency (NSE), R 2 and the root mean square

hides them (Barlas ).

error (RMSE).

Behaviour sensitivity test refers to determining sensitive
model parameters and asking whether these sensitivities
would make sense in real life (Saysel & Barlas ).
Model validation refers to using primary data from ﬁeld
data collection and from the existing literature to test the
reliability and accuracy of the simulated results. In the present study, the data of soil volumetric water content from
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For ET simulation, the estimation for the goodness-of-ﬁt
of winter wheat was ‘good’, and for summer maize was

Model testing and validation

‘slightly inferior’ (Figure 4 and Table 3).

Extreme condition I – No irrigation (rain-fed)

Cotton ET calculation

We took the wheat data from 2003 to 2004 as an example.

The SD model can be used to calculate cotton ET because

Soil water decreased 6.9%, ET and yield dropped by

water balance components of winter wheat and summer

22.0 and 31.4% under the scenario of no irrigation respect-

maize have been simulated comparatively accurately. Due

ively. This ﬁnding illustrated that no irrigation signiﬁcantly

to the lack of daily crop coefﬁcient, we simulated them

decreased yield.

per month. For ease of comparison, growth periods were
all set at 180 days. In total, 60 mm pre-sowing water was

Extreme condition II – No irrigation and no precipitation

supplied 10 days before sowing. Antecedent soil water contents are from Yang () in 2003 and 2004 and the China–

Compared with no irrigation (rain-fed) and the normal situ-

Japan cooperation project of Yucheng Station in 2005 and

ation (irrigation and precipitation as usual), soil water

2006.

decreased 8.7 and 15.0% and ET dropped 25.8 and 42.1%

Simulation results showed that in 2003 water consump-

under the scenario of no irrigation and no precipitation,

tion of cotton was 496.2 mm. The simulated ET values were

respectively. The results revealed that severe soil water def-

675.0, 646.0 and 644.9 mm from 2004 to 2006, respectively.

icit inﬂuenced booting and ﬂowering of winter wheat and

The 4-year mean ET value was 615.5 mm.

led to no yield.

Water requirement intensity curve presented a parabola

In this paper, effects of parameters such as p, root depth

type change that was characteristic of cotton growing either

(RD), water content at fc (θfc), saturated hydraulic conduc-

openly or as plastic mulching cultivation; at seedling stage

tivity (K) and crop coefﬁcient (KC) on yield are analyzed

thr value was low, then rose and reached a peak at ﬂowering

primarily. The wheat data from 2003 to 2004 are still used

stage, and then decreased.

as an example.
Table 2 results showed that abnormal ﬂuctuations

Soil water balance

of winter wheat yields were not found as a result of
minimal parameter change. Yield change was also related

Tables 4 and 5 listed the observed and simulated values of

to water product function as well as parameters themselves

the water balance components of wheat and maize in their

and was most sensitive to change in crop coefﬁcients.

growing seasons from 2000 to 2005.

The indirect structure tests revealed that the model

Irrigation range was 101.4–226.4 mm during wheat

structure produced meaningful behaviour under extreme

growing periods from 2001 to 2005. Therefore, two to

parameters values and model behaviour displayed meaning-

three irrigations were needed for each season of winter

ful sensitivity to crop coefﬁcients.

wheat if the irrigation dose was 75 mm per each time; irriga-

Figure 3 showed that the observed soil volumetric water
content for the experimental ﬁeld and the simulated values

tion time was primarily when plants were turning green,
head-ﬂowering and/or grain-ﬁlling stage.

basically followed the same trend. The determination coefﬁ-

Compared with 86.5 mm in 2005, the irrigation value

cients (R 2) between the observed and simulated values were

was zero in the maize growing seasons from 2000 to

0.608, 0.792, 0.786 for winter wheat from 2002 to 2005 and

2004. Therefore, maize usually did not need to be irri-

0.879, 0.769, 0.721 for summer maize in 2001, 2003, 2004,

gated. If needed, irrigation took place mainly at the

respectively and suggested that the improved SD model

sowing or seedling stage. Rainfall in 2005 was actually

could simulate the dynamics of water balance components

more than that in 2000 and 2003, which indicated that

comparatively accurately.

the irrigation schedule of summer maize depended not
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Comparisons of the observed and simulated soil volumetric water content values of winter wheat and summer maize.

only on total rainfall amount but also on rainfall time

Maize generally did not need to be irrigated, more rainfall

distribution.

resulted in more percolation and less capillary rise.

Consequently, irrigation water requirement for winter

Soil water gradually decreased and was consumed

wheat and summer maize ranged from 101.4 to 312.9 mm.

primarily during the growth period of winter wheat. How-

Two to four irrigations were needed for winter wheat and

ever, in the maize growing season, it seldom decreased as

summer maize if the irrigation dose was 75 mm per each

it was recharged by rainfall. Wheat and maize soil water pri-

time. We found that implementation of the optimized irriga-

marily ﬂuctuated with irrigation and rainfall, respectively.

tion schedule, one application of surface irrigation during

As there were no observed values for cotton water bal-

wet years, two in normal years and three in dry years for

ance components, we set the model parameters according

winter wheat and once for summer maize would achieve

to Li & Dong () and Yang (). In this way, we

relatively high yields.

obtained the values of cotton water balance components

As shown in Tables 4 and 5, wheat water consumption

from 2003 to 2006 (Table 6).

was primarily from precipitation and irrigation, least con-

As can be seen from Table 7, cotton water consump-

sumption was due to capillary rise, and mid consumption

tion was primarily taken from rainfall, secondarily from

was due to the contribution of soil water storage. Water con-

capillary rise, and thirdly from soil water storage. Usually

sumption of maize was mainly from rainfall, secondly from

the crop did not need to be irrigated. Thus, water was

irrigation and soil water storage, and least from capillary rise.

not the main limiting factor for cotton production in

In the wheat growing seasons, less precipitation plus

Yucheng City, as natural rainfall could satisfy the water

irrigation usually resulted in an increase in capillary rise.
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The simulated and observed ET of winter wheat and summer maize.

The soil water consumption curves for cotton showed

antecedent soil moisture, there was a very large differ-

diversity and were related primarily to rainfall. In dry

ence for percolation, although precipitation was almost

years, soil water consumption was so high that its curve indi-

the same in some years. In spite of this factor, there

cated a decreasing trend; in wet years, soil water was

was comparatively good positive correlation between per-

recharged and showed an increasing trend; rainfall was

colation and rainfall during the growth periods of maize

uneven one year, soil water may have fallen initially and

and cotton. Percolation water was stored in subsoil or

then risen (Figure 5).

groundwater ﬁrstly, and then recharged to the crop

Percolation was related to distribution of precipitation

or

irrigation,

precipitation
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Yield sensitivity analysis on the parameter changes

Parameter changes (%)

Yield changes (%)

Parameter changes (%)

Yield changes (%)

Parameter changes (%)

Yield changes (%)

aþ5

–0.00

pþ5

þ0.22

RD þ 5

þ 0.00

a þ 10

–0.00

p þ 10

þ 0.27

RD þ 10

þ 0.00

a þ 15

–0.00

p þ 15

þ0.13

RD þ 15

þ 0.00

a–5

þ 0.00

p–5

–0.42

RD–5

–0.00

a–10

þ 0.00

p–10

–1.04

RD–10

–0.00

a–15

þ 0.00

p–15

–1.85

RD–15

–0.00

θfc þ 2.5

–0.48

Kþ5

–0.00

KC þ 1

þ 0.07

θfc–2.5

þ 0.24

K–5

þ 0.00

KC–1

θfc þ 5

–1.22

K þ 10

–0.16

KC þ 2

θfc–5

þ 0.25

K–10

þ 0.17

KC–2

–0.09
þ 0.13
–0.19

θfc, water content at ﬁeld capacity; a, capacity of the soil to transmit capillary ﬂuxes; K, saturated hydraulic conductivity; KC, single crop coefﬁcient; p, fraction of total available water crop
extracted from the root zone; RD, root depth.

Table 4

|

crop growth. In this way, water was used completely or

Assessment of the ET simulation

partly.
Year

R2

NSE

RMSE

It is very important to estimate accurately different

(a) Winter wheat

water balance components of winter wheat, summer

2001–2002

0.783

0.808

0.789

maize and cotton for utilization of reasonable water

2002–2003

0.880

0.898

0.866

resources management strategies based on water supply

2003–2004

0.854

0.858

0.875

and crop water requirement, in order to realize the aims of

2004–2005

0.883

0.885

0.934

water-saving and of WUE increase.

2000

0.316

0.477

1.254

2001

0.386

0.550

1.266

2003

0.364

0.388

1.584

2004

0.313

0.455

1.315

(b) Summer maize

Water-use efﬁciencies of winter wheat, summer maize
and cotton
Different irrigation levels and different conﬁguration
modes of water resources (P þ I þ Eg þ ΔW ) (where ΔW

2

ET, evapotranspiration; NSE, Nash–Sutcliffe efﬁciency; R , determination coefﬁcent; RMSE,
root mean square error.

Table 5

|

refers to the soil water content change in the wheat or

The observed and the simulated values of soil water balance components of wheat

2001–2002

2002–2003

Observed

P

115.2

I

101.38

ET

387.07

397.31

505.61

516.84

Eg

75.17

73.54

23.13

Pa

12.22

12.20

3.8

RS
ΔW

0

Simulated

Observed

2003–2004

Component (m)

Simulated

180.4

0

0

2004–2005
Simulated

198.2

124.65

þ119.39

Observed

124.34

226.43
500.68

569.52

584.59

22.85

8.55

3.37

0.61

7.76

1.41

1.40

0.44

30.48

3.09

0

0

0

0

þ170.82

þ, Consumption of soil water.
Eg, capillary rise from underlying water table; ET, evapotranspiration; I, irrigation; P, precipitation; Pa, percolation; RS, runoff; ΔW, soil water content change.
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127.6

528.76

þ192.31

Observed

0
þ232.25
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The observed and simulated values of soil water balance components of maize

Component (mm)

2000
Observed

2003
Observed

P

450.46

303.4

659.7

I

0

0

0

Simulated

2004
Observed

Simulated

Simulated

2005
Observed

Simulated

575.2
86.53

ET

420.28

420.52

359.41

327.83

427.69

440.09

412.43

426.76

Eg

0

0

55.02

55.39

0.26

0.50

19.48

19.03

Pa

149.57

141.93

13.25

10.55

146.19

163.43

127.82

127.29

RS

0

0

0

219.06

0

0

ΔW

0

0

þ111.99

–20.41

þ162.38

–126.71

þ, Consumption of soil water; –, recharge to soil water.
Eg, capillary rise from underlying water table; ET, evapotranspiration; I, irrigation; P, precipitation; Pa, percolation; RS, runoff; ΔW, soil water content change.

Table 7

|

Cotton water balance components values

policy alternatives in order to improve behaviour in policy

2003

2004

2005

2006

(Saysel & Barlas ). Through scenario simulation, inter-

Component (mm)

Simulated

Simulated

Simulated

Simulated

actions among various water balance components were

P

475.4

794.7

621.1

373.2

revealed and provided a reference for water-saving and for
improving ﬁeld WUE. Winter wheat data from 2003 to

0

0

0

0

ET

496.19

674.95

645.95

644.88

Eg

10.38

323.74

60.45

13.74

An important concept of ‘real water-saving’ is introduced

Pa

0.25

187.46

12.94

9.04

in order to realize the objective of sustainable utilization of

RS

0

261.31

0

0

water resources during the implementation of the World

ΔW

þ10.66

þ5.28

–22.66

þ266.98

Bank-ﬁnanced China Water Conservation Project. Real

I

þ, Consumption of soil water; –, recharge to soil water.
Eg, capillary rise from underlying water table; ET, evapotranspiration; I, irrigation; P, precipitation; Pa, percolation; RS, runoff; ΔW, soil water content change.

2004 were taken as an example.

water-saving means reducing ET water consumption in the
project area (in the hydrological cycle, only ET is real
reduction of water amount). The essence of agricultural
water-saving is to reduce inefﬁcient consumption during

maize growing season) led to different water consumption

crop growth. It has been documented that inefﬁcient

levels and yields of crop, namely different water-use

consumption can be the result of loss due to soil evaporation

efﬁciencies.

(Kang & Cai ; Tang et al. ; Shan et al. ).

The simulated mean WUE of winter wheat was
–3

In regions of North China, ratios of soil evaporation

(Table 8), mean WUE of summer maize

to ET were found to be 1:3 to 1:2 (Wang et al. ,

was 2.1 kg m–3 (Table 9) and cotton’s mean WUE was

; Xiao et al. ; Zhou & Xu ; Liu & Wang

1.4 kg m

0.3 kg m–3 (Table 10).

; Pei et al. ; Zhang & Yang ; Dong et al.
; Zhou ; Sun et al. ; Allen et al. ;
Yu

DISCUSSION

).

But,

relatively

little

research

has

been

undertaken as to what extent soil evaporation can be
reduced.

Interactions among various water balance components
Decreasing 10 and 20% of the soil evaporation
The most important function of SD is to simulate the
dynamic feedback of complicated problems in complex sys-

When soil evaporation was decreased by 10% (we assume

tems. The aim of the SD study was to evaluate all possible

that transpiration was unchanged), soil water increased by
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Changes of cotton soil water from 2003 to 2006.

Water-use efﬁciency (WUE) of winter wheat

Elements

Table 10

|

Water-use efﬁciency (WUE) of cotton

2001–2002

2002–2003

2003–2004

2004–2005

P þ I þ E þ ΔW (mm)

409.51

520.81

501.12

614.68

P þ I þ E þ ΔW (mm)

496.44

1,123.72

658.89

653.92

ET (mm)

397.31

516.84

500.68

584.59

ET (mm)

496.19

674.95

645.95

644.88

2,157.68

2,151.31

0.33

0.33

2

Yield (kg/hm )

5,470.48

7,614.71

WUE (kg m–3)

1.38

1.47

7,597.6

|

2003

2004

6,758.13

2

Yield (kg/hm )

1,254.53

1.16

WUE (kg m–3)

0.25

1.52

E, capillary rise; ET, evapotranspiration; I, irrigation; ΔW, soil water content change.
Table 9

Elements

2005

2,332.6
0.35

2006

E, capillary rise; ET, evapotranspiration; I, irrigation; ΔW, soil water content change.

Water-use efﬁciency (WUE) of summer maize

Elements

2000

2003

2004

downstream will probably reduce the amount of irrigation

2005

required upstream of the Panzhuang Irrigation District.

P þ I þ E þ ΔW (mm)

562.45

ET (mm)

338.38

420.52

327.83

Yield (kg/hm2)

9,256.35

5,597.61

WUE (kg m–3)

2.20

1.71

603.52
440.09
10,147

554.05
426.76
9,536.08

2.31

Reducing 10 and 20% of the irrigation amount

2.24

E, capillary rise; ET, evapotranspiration; I, irrigation; ΔW, soil water content change.

When irrigation amount was reduced by 10%, the soil water
dropped by 0.8%; when irrigation amount was reduced by

0.9–1.4% in the wheat growing season; when soil evapor-

20%, soil water dropped 1.5%. Therefore, it was necessary

ation decreased by 20%, soil water increased by 1.9–2.9%.

to keep the irrigation levels unchanged as far as possible.

Judging by the above ﬁgures, we are fully justiﬁed in the

Groundwater application amount will rise in the upper

view that it is important to reduce soil evaporation as a

reaches of the irrigation district represented by Yucheng

means of water-saving.

Station when the irrigation amount is unchanged and sur-

Gradual reduction of water diversion from the Yellow
River and in the future balancing water shortage needs
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615.5 mm. Cheng et al. () held that mean annual
water consumption of cotton was 500–700 mm in the

When groundwater depth was increased 10%, soil water

Huang-Huai-Hai Plain. According to the co-operative

dropped by 0.04%; when groundwater depth increased

group of contour maps describing the water requirements

20%, soil water dropped 0.07%. Groundwater depth is shal-

of main crops in China (1993), multi-year average water

low in Yucheng Station, the variable range is 1–4 m and the

requirement was 671 mm for northern Shandong Province.

mean value is 2.3 m. Hence, the inﬂuence of an increase of

Consequently, simulated results were credible.

10 and 20% in the groundwater depth for the soil water was
small.

Crop water-use efﬁciency

From the above discussion, we infer that exploiting
groundwater as far as possible and taking measures to

According to the Equation (11) and Table 7, wheat

reduce soil evaporation at the same time under the con-

water consumption was about 500 mm when yield and

dition of keeping irrigation amount unchanged was one of

WUE were the largest. This result was consistent with

the best strategies for sustainable utilization of water

ﬁnding by Hong & Xie (), Wu et al. () and Liu

resources upstream of the Panzhuang District.

().

Model validation and analysis

1.4 kg m–3, a value that matched well the observed values

The simulated mean WUE of winter wheat was
of the lysimeter in recent years. This value was higher comGrowth under scenario Extreme condition I, no irrigation,

pared with Wu et al. () who had a calculated result of

was found to signiﬁcantly decreased yield, a result that

1.1 kg m–3, based on lysimeter data from 1986 to 1996.

was comparable with experimental results of Zhang et al.

However, there was on a small difference in comparison

(). Under the scenario of Extreme condition II, severe

with WUE (1.4–1.6 kg m–3) for Luancheng Station, Hebei

soil water deﬁcit inﬂuenced booting and ﬂowering of

Province (Zhang et al. ).

winter wheat and led to no yield, a ﬁnding similar to the
experimental result of Yucheng Station.

Mean WUE of summer maize was 2.1 kg m–3, which
was consistent with the result calculated by Li et al.

Based on the behaviour sensitivity test, change of yield

() for conditions without irrigation treatment. Our cal-

was most sensitive to change of crop coefﬁcients, which

culated mean WUE was higher when compared with that

agreed with results of Satti et al. ().

calculated by Wu et al. () (1.9 kg m–3) based on

For ET simulation, the goodness-of-ﬁt result of winter

lysimeter data from 1989 to 1994. Our results were also

wheat was ‘good’, summer maize was found to be

higher compared with WUE values for wheat and maize

‘slightly inferior’ (Figure 4 and Table 3), a ﬁnding that

under the well managed experimental sites in the NCP,

was consistent with the calculated results of Liu & Luo

and which ranged from 1.0 to 1.9 km m–3 (Wang et al.

() who used the dual crop coefﬁcient (DCC) method

; Deng et al. ). But compared to maize WUE of

proposed in FAO-56 for calculating the actual daily ET

straw mulching (Zhang et al. ; Yu et al. ), our

of the main crops (winter wheat and summer maize) in

simulated result was similar.

the NCP.
To sum up, the model was valid and simulated results

The mean WUE for cotton was 0.3 kg m–3, a value that
was basically the same as the experimental results of Zuo

were credible through validation and analyses.

et al. () in Lingxian, Shandong Province.

Cotton evapotranspiration

and showed that the model could simulate the transform-

Field WUE matched the results measured for the region,
ation

process

of

ﬁeld

water

amount

comparatively

Cotton ET was 496.2 mm in 2003, which was very close to

accurately. At the same time, it proved that SD was an

the simulated result of Yang () (527.4 mm) using the

appropriate technique for simulating complex problems in

COTTON2K model. The 4-year mean ET value was

integrated water resources and seeking best management
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solutions while keeping track of the whole system response,

tillage promoted inﬁltration; in wet years it could effectively

and was consistent with Khan et al. ().

utilize natural precipitation to recharge groundwater
through increasing drainage, but in dry years crop seedling

Methods of increasing WUE

growth might face the potential threat of drought. The subsoiling practice of cotton is possibly a good choice due to

The above results illustrated that WUE had room for

plenty of rainfall in summer. Whether NT should be

improvement in Yucheng Station, although some improve-

implemented for winter wheat and subsoiling tillage

ment had been achieved in the past 30 years. There are

should be carried out for summer maize need to be further

several measures and research priorities needed in order

researched.

to further increase WUE at the ﬁeld level.

In recent years, computer simulation techniques

Irrigation should be improved, as crop water consump-

offered the most reliable method of calculating soil

years.

water balance components in that they permitted a rela-

Experimental results of the different regions indicated that

tively detailed analysis in a short time. At the same

water consumption was due to, from highest to lowest:

time, agricultural system models used in computer simu-

ﬂood irrigation > furrow irrigation > border irrigation >

lation had been used to study soil water balance and

tion

strongly

depends

on

irrigation > trickle

irrigation

in

dry

the

WUE under the different soil, climate and management

improvement of irrigation methods is an effective way to

conditions in the NCP (Yu & Wang ). Wang et al.

use water resources reasonably and increase its economic

() analysed the effect of irrigation management on

beneﬁt (Cheng et al. ).

crop growth and soil evaporation using a process-based

sprinkler

irrigation.

Therefore,

In order to reduce soil evaporation, measures may be

model Water Atmosphere Vegetation Energy and Solutes

adopted which include: low-pressure water–groundwater

(WAVES), and concluded that mulching can reduce soil

pipeline conveyance systems or ‘small white dragon’ (plastic

evaporation up to 50% and save about 80 mm of water

hoses); mulching of plastic ﬁlm or straw, intertillage for

during a wheat growth period in the NCP. Mo et al.

moisture conservation, etc. The notion of ‘real water-

() simulated regional WUE of 1.2–1.6 kg m–3 for

saving’ proposed and implemented by the World Bank

winter wheat and 1.1–1.9 kg m–3 for summer maize

was to decrease the ﬁeld ET (soil evaporation; Department

using the Soil-Vegetation-Atmosphere-Transfer (SVAT)

of Irrigation, Drainage and Rural Water Supply of Ministry

model with remotely sensed data, and conﬁrmed that

of Water Resources, China Irrigation and Drainage Devel-

their studies would implicate a new view for regional agri-

opment Center ). The ET approach focused on actual

cultural and water resources management by assessing

water consumption of crops, encouraged more efﬁcient

regional crop yield, water consumption and WUE consist-

use of water and adopted more water-saving technologies

ently based on modelling biophysical processes with the

and methods, thus it could signiﬁcantly improve the sustain-

aid of remote sensing. Yang et al. () used a Decision

able utilization of the water resources in agricultural areas,

Support System for Agrotechnology Transfer (DSSAT)-

especially in the NCP. As a result, ET-based water resources

wheat model to simulate water use of winter wheat, and

management should be promoted by governments (The

was found to save 76 mm of ET (WUE is improved from

International Bank of Reconstruction and Development,

1.3 to 1.5 kg m–3) and 99.5 mm irrigation water without

the World Bank ).

much yield reduction based on a 12-year simulation

No-tillage (NT) basically has been implemented in both

period. Irrigation practice was according to the following

winter wheat and summer maize in Yucheng Station.

three principles: (1) as a moderately low growth in the

According to research by Xu et al. (), NT was a good

leaf area index (LAI) of wheat does not result in low

option as it could maintain relatively high soil moisture

yield, moderate water deﬁcits in March can save water,

during the early part of the growing season and reduce per-

and therefore, the aim should be to avoid irrigation in

colation losses of irrigation in the growth period, but led to

March; (2) depending on the soil water condition, irriga-

increased risk of waterlogging in wet years. Subsoiling

tion in mid-November is recommended to obtain a good
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growth of LAI and to create a moderate condition for

relatively high precision was achieved, which would provide

water stress in March; and (3) after the start of the

reference for water-saving, especially for increasing WUE in

growth of the ears (around 15 April), water deﬁcits

the NCP.

should be avoided to ensure there is no inﬂuence on ear

The simulation results are as follows:

growth and grain ﬁlling. Fang et al. (a) applied a

1. Results of testing and validation showed that the model

2-year experiment with four irrigation levels to calibrate

could simulate components of soil water system com-

and validate the Root Zone Water Quality Model

paratively accurately.

(RZWQM) and ran the model by utilizing weather data

2. As there were no daily crop coefﬁcients, ET values of

from 1961 to 1999 to explore irrigation scheduling. They

cotton were simulated based on a monthly scale. The

thought it possible to achieve the highest WUE and the

analysis indicated that results were credible.

least water drainage by allocating 80% of water to the

3. Two to four irrigations were needed for water consump-

critical wheat growth stages and 20% at maize planting.

tion requirements for winter wheat and summer maize

Based on long-term weather conditions, Chen et al.

if the irrigation amount given was 75 mm each time.

() studied the effects of climate variations and irriga-

Cotton did not need to be irrigated except for 60 mm

tion on crop yield and WUE using the Agricultural

water pre-sowing.

Production Systems Simulator Model (APSIM), and ana-

4. The strategy of exploiting groundwater as far as possible

lysed the different irrigation amounts in the wet,

and taking measures to reduce soil evaporation at the

medium and dry seasons. Applying the Crop Environmental Resource Synthesis (CERES) wheat and maize
models, Guo et al. () found that yield and WUE for
wheat and maize were both affected by the projected cli-

same time under the condition of keeping irrigation
unchanged was one of the best ways of sustainable utilization of water resources in the upper reaches of the
Panzhuang Irrigation District.

mates, and they believed that wheat response to CO2

5. Mean values of WUE of winter wheat, summer maize

fertilization was higher than in maize. These modelling

and cotton were 1.4, 2.1 and 0.3 kg m3 in Yucheng

studies extend experimental results in space and time

Station, upstream of the irrigation district, respectively.

and recommend improvements in irrigation efﬁciency

Water-use efﬁciencies were consistent with the actual cal-

and water productivity thereby providing useful guidance

culated results for the region, and again showed that the

for management of limited water resources (Fang et al.

model could reﬂect the transformation process of ﬁeld

b).

water amount comparatively accurately.

In the NCP, agricultural water supply will unavoidably
decrease with the increasing demands of domestic and
industry. In order to cope with the above challenge, it is crucial to enhance agricultural WUE at ﬁeld and regional scales
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