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Quantifying diurnal patterns of water use efficiency (WUE) and radiation use efficiency (RUE)
for wheat and maize is important for assessing water use by plants and crop productivity. Water
and carbon dioxide fluxes from an irrigated wheat-maize double-crop field from November 2002
to October 2003 were measured using the Eddy Covariance method. Evident differences were
observed between the diurnal patterns of WUE for wheat and maize. The WUE values of wheat
peaked near 9, 15 and 12 mg CO2 g H2O in the morning, and then decreased linearly with time
and recovered in the late afternoon (4:00pm) before sunset in March, April and May,
respectively. The WUE of maize increased after sunrise and retained stable values of 6, 14
and 12 mg CO2 g H2O from mid-morning to mid-afternoon (10:00am �2:00pm) and then
decreased slowly with time until sunset in July, August and September, respectively. Similar
patterns were observed in the RUE of wheat and maize. Over the three months of the study,
averaged RUE was 1.76 g C MJ�1 for the wheat crop and 1.87 g C MJ�1 for the maize crop. A
coupled photosynthesis and transpiration model was used to simulate the diurnal variations in
WUE under variable climate conditions. Measurement results and sensitivity analysis show that
the difference in the diurnal variation pattern in WUE between wheat and maize resulted from
the different carbon fixing mechanisms of wheat and maize.

Keywords: water use efficiency; radiation use efficiency; wheat-maize double-crop system; Eddy
Covariance method

Introduction

The North China Plain (NCP), which has a
dominant wheat-maize double-crop system, is
the largest agricultural production area in
China. It provides more than 50% of the
nation’s wheat and about 33% of its maize
(State Statistics Bureau 1999). However, pre-
cipitation decreases from 910 mm y�1 in the
south to 470 mm y�1 in the north and about
70% is concentrated in the summer (Wu et al.
2006). Winter wheat needs irrigating especially

in the northern part of the NCP. Agriculture
irrigation uses about 70�80% of the total
water resources in the NCP (Wang et al.
2008). Increased irrigation has led to a rapid
decline of the groundwater table. Water short-
age has become a major limiting factor of
wheat-maize production in the NCP (Zhang
et al. 2005). Therefore, there is an urgent need
to improve resource use efficiency to ensure
the sustainability of agriculture production in
the NCP.
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WUE and RUE are two important para-
meters that reflect the resource usage of
cropping systems, and they are of special
importance in the assessment of resource use
efficiency and agro-ecosystem productivity.
A number of studies have analysed WUE and
RUE in wheat and maize in the NCP (Wang
et al. 2001; Fang et al. 2006; Li et al. 2008; Qiu et
al. 2008). These studies focused on WUE and
RUE at the leaf level by monitoring the ratios of
photosynthesis to transpiration and photo-
synthesis to intercepted photosynthetically ac-
tive radiation (PAR), and at the field level by
monitoring the ratios of biomass production to
evapotranspiration and biomass production to
intercepted photosynthetically active radiation.
Few studies have described continuous canopy
WUE and RUE due to limited measurement
data (Campbell et al. 2001; Zhao et al. 2007).
With the development of measurement techni-
ques, the FluxNet network now provides a
powerful platform for long-term and continu-
ous measurements of carbon dioxide (CO2),
water vapour and energy fluxes between var-
ious ecosystems and the atmosphere (Baldocchi
et al. 2001).

In the NCP, continuous flux data have been
measured at the Yucheng Comprehensive Ex-
periment Station since 2002. These data enable
a coupled analysis of CO2 and water fluxes and
quantification of crop radiation and water use
efficiency. Li et al. (2006) studied the annual
variation and control mechanism of carbon
fluxes in farmland using data collected over two
years. Zhao et al. (2007) studied seasonal
variations in the WUE of wheat and analysed
the effects of weather variables on WUE. The
results showed that photosynthetically active
radiation and vapour pressure deficit (VPD)
had a negative effect on WUE. However, few
studies have assessed the difference between
diurnal variations in WUE and RUE of
irrigated wheat and maize fields in the NCP
and analysed its control mechanism. Baldocchi
(1994) compared the WUE of a closed wheat
canopy with that of an open maize canopy and
found similar diurnal changes in wheat and
maize. However, this conclusion may be not
applicable to the NCP due to the different
climatic background and crop growth season.

Analysis of the difference helps to understand
the mechanism of water and carbon dioxide
exchange processes between C3 and C4 plants
and the atmosphere at the canopy level. Simul-
taneously, mathematical models have been
widely used to understand the biophysical and
physiological processes of leaf and canopy
photosynthesis and water use (Wang et al.
2007). Here, we used a coupled photosynthesis
and transpiration model to analyse the re-
sponse of WUE to the change in environment
and crop factors.

Therefore, the objectives of this study were:
first, to quantify the diurnal patterns of water,
CO2 fluxes and resource use efficiency in the
wheat-maize double cropping system in the
NCP using continuous flux measurements;
second, to compare the resource (radiation
and water) use efficiencies of wheat and maize
and analyse factors contributing to the diurnal
variations; and third, to simulate the response
of the diurnal variations in WUE to variable
climate and crop factors.

Materials and methods

Site description

Field experiments were conducted from
November 2002 to October 2003 at Yucheng
Comprehensive Experiment Station in the NCP
(36840? N, 116822? E, 28 m above sea level),
which is a farmland site of ChinaFLUX. It has
a warm-temperate, semi-humid and monsoon
climate. The annual mean air temperature is
13.18C and the mean temperatures in January
and July are �38C and 26.98C, respectively.
The mean annual precipitation is about
610 mm, and nearly 70% of it is concentrated
in the summer months from June to August.
The dominant soil type is a silt loam with a
bulk density of 1.28 g cm�3 at 0�20 cm depth,
1.39 g cm�3 at 20�65 cm and 1.41 g cm�3 at
65�104 cm. The main cropping system in the
region is a wheat-maize rotation with summer
maize from late June to late September,
followed by winter wheat from middle October
to early June.
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Experimental design and measurements

Winter wheat (variety Keyu 13) was planted on
15 October and harvested on 8 June. Summer
maize (variety Ludan 981) was planted on 14
June and harvested on 27 September. During
the wheat growth season, 225 mm of irrigation
was applied using the surface flood method
through plastic pipes and recorded with a water
meter to prevent drought. Before planting
winter wheat, 84.4 kg ha�1 of nitrogen (N)
fertilizer as urea was applied and another
172.5 kg ha�1 of N fertilizer was applied in
stem elongation. During the maize growth
season, 281.3 kg ha�1 of N fertilizer was
applied in stem extension. During the growing
season of wheat and maize, 20 plants were
randomly harvested at 5-day intervals. The leaf
area index (LAI) was measured using an LI-
COR 3100 instrument and crop height was
measured using a metre ruler. Biomass samples
were weighed after the material of each com-
ponent had been dried in an oven at 808C for
20 hours. Crops were harvested at maturity.
More detailed descriptions of the experimental
results are given in Li et al. (2006).

An energy, water vapour and CO2 flux
measurement system was set up in the field.
The Eddy Covariance method was used to
measure the CO2, sensible and latent heat fluxes
at 2.1 m above the ground, and the height of
eddy covariance system was adjusted during the
growing season of maize. The system consisted
of a fast-responding infrared gas analyser (LI-
7500, LI-COR Inc, Lincoln, NE, USA) to
measure CO2 flux and a three-dimensional sonic
anemometer (CSAT-3, Campbell Scientific Inc,
UT, USA) to measure sensible and latent heat
fluxes. Data were recorded with a data-logger
(CR23X, Campbell Scientific Inc, USA) and the
sampling frequency was 20 Hz for each channel.
Average values were calculated and recorded
every 30 minutes. There was a fetch of more
than 200 m for winds from all directions in the
growing periods of winter wheat and maize.

A radiometer (CNR-1, KIPP&ZONEN,
The Netherlands) was installed at a height of
1.86 m above the ground to measure downward
and reflected components of shortwave and
longwave radiation. Incident photosynthetically
active radiation was measured at the same

height with a quantum sensor (LI-190SB,
LI-COR Co, USA). Air temperature and rela-
tive humidity were measured with temperature/
humidity probes (HMP45C, VAISALA Co,
Finland) and wind speed was measured with
an anemometer (A100R, Vector Ins, England)
at a height of 2.05 m above the ground.

Two heat flux plates (HFP01SC, Hukseflux,
The Netherlands) were set 0.05 m below the
ground at row and aisle positions to measure
soil heat flux. Soil water content was measured
with TDR sensors (CS615-L, Campbell Scientific
Inc, USA) at soil depths of 0.01 m and 0.03 m,
and soil temperatures were measured with
five thermocouple sensors (TSAV, Campbell
Scientific Inc, USA) at depths of 0.02, 0.05,
0.10, 0.20 and 0.50 m below the ground.

Data processing

Corrections were made in CO2 and latent heat
flux measurements for density effects due to
heat and water vapour transfer (Webb et al.
1980). To investigate the influence of the
underlying terrain on fluxes, 3-D coordinate
rotation was conducted during the growing
seasons of winter wheat and summer maize.
The threshold of friction velocity (u*) was
determined according to the correlation be-
tween nocturnal CO2 flux and friction velocity
(Falge et al. 2001) and nocturnal flux data were
discarded when u*B0.15 m s�1. Moreover,
abnormal flux data (such as data measured
with Net Ecosystem Exchange [NEE] greater
than 2.5 mg m2 s�1) as a result of instrument
malfunction or inaccurate calibration of the
system were discarded, as were flux data
collected during the precipitation periods.

Calculation of canopy resource use efficiency

WUE (mg CO2 g H2O) was calculated as the
ratio of net ecosystem productivity (NEP) and
latent heat flux (LE):

WUE�NEP=LE (1)

Radiation use efficiency (g CO2 mol�1) was
calculated as the ratio of NEP to absorbed
photosynthetically active radiation by canopy
(APAR):

Diurnal variations in water and radiation use efficiencies in wheat-maize 121
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RUE�NEP=APAR (2)

in which APAR was estimated using the data of
the incident PAR (mmol m�2 s�1) and leaf area
index (LAI):

APAR�PAR(1�a)(1�EXP(�h�LAI)) (3)

in which a is the albedo (taken as 0.15 in this
study) and h is the extinction coefficient, taken
as 0.45 (Olesen et al. 2000).

Coupled photosynthesis and transpiration model

The framework of the coupled canopy photo-
synthesis and transpiration model was origin-
ally developed by Wang et al. (2006), which
included a canopy evapotranspiration module,
a canopy photosynthesis module, and a soil
water and heat transfer module. Several pro-
cesses have been revised and simplified for this
study as set out below.

Canopy evapotranspiration module

Two-layer water and heat transfer submodel The
evapotranspiration was calculated by the S-W
equation, which separates soil evaporation
and plant transpiration into two layers
(Shuttleworth and Wallace 1985).
The resistance submodel Aerodynamic resis-
tance (ra

a) from the top of canopy to the
reference height (z) was calculated for neutral
conditions (Monteith & Unsworth 1990):

ra
a�

fln[(z � d)=z0g
2

k2u
(4)

where z0 is the roughness length for heat, d is
zero plane displacement, k is the von Karman
constant and u is wind speed at measurement
height z.

Aerodynamic resistance between the sub-
strate and canopy source height (ra

s) was
calculated by (Shuttleworth & Wallace 1985):

rs
a�

h exp(n)

nKh

f1�exp[�n]g (5)

where h is crop height, n is the Eddy diffusivity
decay constant in the crop and Kh is the Eddy
diffusion coefficient at the top of the crop given
as (Choudhury & Monteith 1988):

Kh�ku�(h�d) (6)

and u* is the friction velocity given by:

u��
ku

ln[(z � d)=z0]
(7)

The values of zero plane displacement (d) and
roughness length (z0) are given by the expres-
sions (Mehrez et al. 1992):

d�0:63sah (8)

z0�(1�sa)zb�
sa(h � d)

3
(9)

where zb is the roughness length of bare soil,
and sa is a momentum partition coefficient
given by the expression (Shaw & Pereira 1981):

sa�1�(
0:5

0:5 � LAI
)exp(�

LAI2

8
) (10)

Canopy boundary layer resistance (ra
c) was

calculated from the following expression
(Farahani & Bausch 1994):

rc
a�rbl=(2LAI) (11)

where rbl/2 is the mean leaf boundary layer
resistance. The leaf boundary layer resistance is
described by (Shuttleworth & Gurney 1990):

rbl�(100=n)(Lw=u)1=2[1�exp(�n=2)]�1 (12)

in which Lw is the average leaf width.
The soil resistance (rs

s) in the model is given
in the form (Lin & Sun 1983):

rs
s�a1(

usc

uc

)b1 �c1 (13)

in which usc is surface saturated soil-water
content, uc is surface soil-water content and
a1, b1 and c1 are empirical constants.

Canopy photosynthesis module

Coupled photosynthesis and stomatal conduc-
tance model for C3 and C4 plants Collatz et al.
(1991) developed a coupled leaf photosynthesis
and stomatal conductance model for C3 plants
based on the biochemical model of leaf photo-
synthesis for C3 plants (Farquhar et al. 1980)
and the leaf stomatal conductance model (Ball
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et al. 1987). Furthermore, Collatz et al. (1992)
proposed a coupled leaf photosynthesis and
stomatal conductance model for C4 plants. In
these models, the gross photosynthetic rate (P)
is expressed as a function of intercellular partial
pressure of CO2 (Pi), the incident photosyn-
thetic photon flux density (Qp) and leaf
temperature (Tl):

P:min
Je; f (Qp; a;Pi;Tl)
Jc; f (Vm;Pi;Tl)
Js; f (Tl;Vm)

8<
:

9=
; (14)

in which Je is the rate limited solely by the
regeneration capacity of ribulose bisphosphate
(RuBP), which is for the substrate enzyme
Rubisco; Jc is the assimilation rate limited by
the activation and kinetic properties of the
enzyme Rubisco alone; Js is the capacity for
the utilization of the products of photosynthesis
(for C3 plants), or PEP-carboxylase limitation
on photosynthesis (for C4 plants); and Vm is the
maximum rate of carboxylation at an ambient
oxygen concentration of 21%.

Because the transition from the limitation
by one factor to the limitation by another
appears to be gradual, to allow for some co-
limitation between Jc, Je and Js, Collatz et al.
(1991) solved the following quadratics for their
smaller roots:

b1J
2
p�Jp(Je�Jc)�JeJc�0 (15)

b2P
2�P(Jp�Js)�JpJs�0 (16)

where Jp is an intermediate variable which
represented the smaller one of Jc and Je, and
b1 and b2 are convexity coefficients that
describe the transition between limitations,
and are close to 1. The Rubisco-limited rate
of photosynthesis is defined as (Collatz et al.
1991, 1992):

Jc�
Vm(Pi � G)

Pi � Kc(1 � O=Ko)
for C3 plants (17)

Jc�Vm for C4 plants (18)

where O is the partial pressure of O2 in the
intercellular air space of the leaf, G is the CO2

compensation point, and Kc and Ko are

Michaelis-Menten kinetic parameters for CO2

and O2.
RuBP regeneration is controlled by the rate

of electron transport/photo-phosphorylation
which is given by (Collatz et al. 1991, 1992):

Je�a3Qa

(Pi � G)

(Pi � 2G)
for C3 plants (19)

Je�a4Qa for C4 plants (20)

where a3 and a4 are the intrinsic quantum
efficiencies for CO2 uptake of C3 plants and
C4 plants, respectively, and Qa is leaf-absorbed
PAR.

The capacity for the export or utilization of
the products of photosynthesis in the case of C3

and the CO2 limited capacity for C4 photo-
synthesis are defined as (Collatz et al. 1991,
1992):

Js�
Vm

2
for C3 plants (21)

Js�2�104VmPi for C4 plants (22)

Vm depends on leaf temperature (Collatz et al.
1991, 1992):

Vm�V 0
mf1�exp[(�a�bTl)=(RTl)]g

�1 (23)

where:

Vm0�V0Q

TL�25

10

10 (24)

in which a and b are parameters (here a�
220 kJ mol�1 and b�703 J mol�1 K�1) and
Vm0 is an intermediate variable. V0 is Vm0 at
258C and R is the universal gas constant.

Dark respiration (Rd) is proportional to Vm

(Collatz et al. 1991):

Rd�rVm (25)

in which r is a proportionality constant. Then
leaf net photosynthetic rate (An) is obtained by
the expression:

An�P�Rd (26)

Soil respiration (Rs) was calculated as a func-
tion of soil temperature using (Lee and Hu
2002):

Rs�R0Q
(Ts�25)=10
10 (27)
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in which R0 is soil respiration at reference
temperature, Ts is average soil temperature
between 0�10 cm and Q10 is the temperature
constant. The CO2 flux above the canopy (Fc) is
given by the follow expression:

Fc�Anc�Rs (28)

in which Anc is canopy net photosynthetic rate.
Stomatal conductance (gs) was calculated

by the expression (Wang et al. 2007):

gs�m
An

(Cs � G)(1 � VPDs=VPD0)
f (cl)

�g0 (29)

in which Cs is CO2 mole fraction, VPDs is water
vapour deficit over the leaf surface, VPD0 is a
parameter reflecting the response of stomata to
atmospheric vapour saturation deficit, and m is
the slope parameter (taken as 8 for wheat and 4
for maize [Collatz et al. 1991, 1992]) and g0 is
the cuticular conductance. f(cl) is a limiting
factor of leaf water potential on stomatal
conductance:

f(cl)�
cl � cw

cf � cw

(30)

cl is the leaf water potential, cw and cf are the
leaf water potential at the wilting point and
maximal leaf water potential, respectively. The
change in leaf water potential was calculated
from water absorption and water loss (Yu et al.
2007):

c
d(Cs �Cl)

dt
�Tr�

cs � cl

Rsl

(31)

in which c is specific water capacitance, cs is the
average soil water potential in the root zone, Tr

is the transpiration rate and Rsl is the resistance
of water transfer from soil to leaf. Detailed
descriptions of parameters and validation of the
equation were given by Yu et al. (2007).

The main input data of the model included
air temperature, water vapour pressure, wind
speed, net radiation, soil heat flux, surface
soil water content, averaged soil temperature
at 0�10 cm depth, leaf area index and crop
height. The main outputs were CO2 flux, soil

evaporation, crop transpiration and canopy
water use efficiency.

We verified the model by comparing the
measured values and the simulated values of
CO2 flux, latent heat flux and WUE. Sensitivity
analyses were performed to see the response of
the model to variable climate and crop factors.

Results

Diurnal variation of weather variables, carbon
dioxide and water vapour fluxes

Fig. 1 displays the diurnal variation of half-
hour averaged solar radiation (Q), air tempera-
ture (Ta) and VPD on typical clear and cloudy
days over the winter wheat and summer maize
growing seasons. On typical clear days, the
lowest air temperature (10.48C on 15 April and
11.98C on 11 August) occurred at 6:00am, and
increased over the daytime with solar radiation
and reached the highest value (278C on 15 April
and 31.88C on 11 August) at 3:00pm. The
difference between the highest and the lowest
values of VPD on 15 April and 11 August was
14.8 hPa and 25.5 hPa, respectively. On typical
cloudy days, the diurnal variation in VPD was
not as significant as on clear days. The
difference between the highest and the lowest
values of VPD was 4.5 hPa on 11 April and
3 hPa on 17 July, respectively.

Fig. 2 shows the monthly average diurnal
variation of CO2 flux (Fc) over the wheat-maize
double-cropping field. At the early growth
stage of winter wheat (November to February),
Fc was mainly soil respiration due to low crop
LAI and canopy photosynthesis. Soil respira-
tion was also very low because of low soil
temperature. Fc remained close to zero during
the night-time and showed a small diurnal
variation with a net CO2 release during the
daytime. In the vigorous wheat growth stage
(March to May), Fc was positive during the
night due to soil and dark respiration, and
reached a maximum negative value between
11:00am and 12:00pm in accordance with
incoming PAR. The minimum values of Fc

were �0.157, �0.756 and �0.911 mg CO2

m�2 s�1 in March, April and May, respectively.
The diurnal variations of Fc during the maize
season were similar to those of winter wheat. Fc

124 J Wang et al.
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was positive during the early growth stage
(after 25 June) and the post-growth stage
(October). At the vigorous maize growth stage,

the minimum values of Fc were �0.454,
�1.129 and �0.631 mg CO2 m�2 s�1 in July,
August and September, respectively.

Fig. 1 Diurnal variations of half-hourly averaged solar radiation (Q), air temperature (Ta), vapour pressure
deficit (VPD) on typical clear and cloud days over the growing season of winter wheat and summer maize.

Fig. 2 Diurnal variations of monthly averaged half-hourly CO2 flux (Fc) from November 2002 to October
2003 in a wheat-maize field at Yucheng. Bars indicate the standard deviation of particular half-hourly
average values.
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The monthly averaged half-hourly latent
heat fluxes (LE) are shown in Fig. 3. From
November to February, the diurnal variation
range of LE was small because of the small
daily changes in Rn, Ta and wind speed. With
the increase in LAI, Ta and Rn from March
onwards, LE showed a clear diurnal variation
pattern, with a value close to zero in the night-
time, and then increasing sharply after sunrise
to a maximal value between 1:00pm and
3:00pm. On average, the maximum value of
LE ranged from 2.4 MJ m�2 d�1 in December
to 21.6 MJ m�2 d�1 in May and 18 MJ m�2 d�1

in August, corresponding to evapotranspiration
rates of 1.0, 8.8 and 7.3 mm d�1, respectively.

Diurnal variations in wheat and maize WUE

Monthly averaged diurnal changes in canopy
WUE during the wheat season (March to May)
and the maize season (July to September) are
presented in Fig. 4. The WUE of wheat peaked
near 9, 12 and 15 mg CO2 g H2O in the
morning (8:00�9:00am) and then decreased
with the increase in solar radiation and VPD.
It then recovered in the late afternoon (4:00pm)
before sunset in March, April and May. The
WUE of maize increased after sunrise and

retained a stable value of 6, 12 and 14 mg
CO2 g H2O from mid-morning to mid-after-
noon (10:00am�2:00pm) and then decreased
slowly with time until sunset. The difference
between the WUE of wheat and maize was
caused by physiological differences in the
response of canopy photosynthesis to environ-
mental factors. PAR reached the light satura-
tion point of wheat very soon after sunrise.
High air temperature and VPD increased crop
transpiration and led to a decline in stomatal
conductivity, and therefore WUE decreased
significantly. Because of maize’s higher light
saturation point and higher optimal tempera-
ture of canopy photosynthesis, the WUE of
maize changed gently during the daytime.
Baldocchi (1994) found similar patterns of
diurnal WUE variation in wheat and maize at
Boardman, OR (45840? N, 119840? E). The
diurnal WUE variation of wheat was close to
the results of our study. But there was a
significant difference in the WUE of maize
between the two studies. Because the latitude of
the study sites and water and fertilizer manage-
ment practices were similar in the two studies,
this difference was caused by the different
development stage of maize. In Baldocchi’s
study, the maize was planted in April and

Fig. 3 Diurnal variations of monthly averaged half-hourly latent heat flux (LE) from November 2002 to
October 2003 in a wheat-maize field at Yucheng. Bars indicate the standard deviation of particular half-
hourly average values.

126 J Wang et al.

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
W
a
n
g
,
 
J
i
n
g
]
 
A
t
:
 
0
2
:
0
4
 
6
 
J
u
l
y
 
2
0
1
0



measurements were taken in May (Julian Day
165), at which time the maize absorbed less
PAR due to sparse canopy than in the growth
season of maize in this study.

Diurnal variation of RUE of wheat and maize

Monthly averaged diurnal changes of canopy
RUE during the wheat season (March to May)
and the maize season (July to September) are
presented in Fig. 5. The RUE of wheat reached
nearly 2.3, 1.5 and 1.4 g CO2 mol�1 APAR in
the morning (8:00�9:00am) and then decreased

with the increase in solar radiation. It reached
its lowest value of the day around noon (12:00�
1:00pm) and then increased with the decreasing
PAR in March, April and May. However, the
RUE of maize increased after sunrise and
retained a stable value of 1.3, 1.9 and 1.3 g
CO2 mol�1 PAR from mid-morning to mid-
afternoon (10:00am�4:00pm). It then decreased
slowly with time until sunset. The difference
was caused by the different physiological
response of canopy photosynthesis to environ-
mental factors. The difference between the
amplitude of the RUE of maize and wheat

Fig. 5 Diurnal variations of monthly averaged radiation use efficiency (RUE) during the vigorous growth
periods of wheat (March, April and May) and maize (July, August and September) from 2002 to 2003 in a
wheat-maize field at Yucheng.

Fig. 4 The diurnal variations of monthly averaged WUE during the vigorous growth periods of wheat
(March, April and May) and maize (July, August and September) from 2002 to 2003 at Yucheng.
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was due to the different photosynthetic
pathways*C4 in maize and C3 in wheat
(Tesfaye et al. 2006).

The three-month average RUE was 1.35 g
CO2 mol�1 APAR for the wheat crop, corre-
sponding to 1.76 g C MJ�1 APAR. For the
maize crop it was 1.44 g CO2 mol�1 APAR,
corresponding to 1.87 g C MJ�1 APAR. These
results were similar to those of other studies
(Sinclair and Muchow 1999).

The relationship of WUE in wheat and maize to
PAR and VPD

Fig. 6 shows the relationship between the WUE
of wheat and VPD on typical clear days. WUE

decreased exponentially with increasing VPD
and retained a stable low value when VPD was
above 1.5 kPa, suggesting that VPD was the
control factor for diurnal WUE variation on
typical clear days.

The WUE of wheat decreased linearly with
increasing VPD on cloudy days but the R2

value was only 0.38 (Fig. 7a). Fig. 7b shows
that the variation of WUE was also sensitive to
light intensity on cloudy days. WUE increased
with increasing light intensity when PAR was
lower than 300 mmol m�2 s�1.

Fig. 8 presents the relationship between the
WUE of maize and PAR and VPD on typical
clear days during three development stages of
maize. The WUE of maize increased with light

Fig. 6 The relationship between VPD and WUE of wheat on typical clear days during the growth season of
wheat at Yucheng.

Fig. 7 The relationship between VPD, PAR and WUE of wheat on typical cloudy days during the growth
season of wheat at Yucheng.
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intensity when PAR was lower than 600 mmol
m�2 s�1. The variation in the WUE of maize
was relatively insensitive to VPD on typical
clear days, which was consistent with the

finding by Baldocchi (1994). This result shows
that other environmental factors also played
significant roles in determining the diurnal
variation of canopy WUE of maize. Higher

Fig. 8 The relationship between PAR, VPD and WUE on typical clear days during the growing season of
maize at Yucheng.

Fig. 9 Comparison between simulated and observed values of CO2 flux and latent heat flux (LE) over winter
wheat and summer maize canopy at typical clear days in 2003.
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optimal temperature and light saturation
point of canopy photosynthesis for C4 crop
(maize) than C3 crop (wheat) may lead to the
difference.

Test and sensitivity analysis of the model

The comparisons between simulated and mea-
sured half-hourly averaged CO2 flux, latent
heat flux and WUE on typical clear days during
the growing season of winter wheat and sum-
mer maize are shown in Figs. 9 and 10. The
observed and the simulated CO2 flux, latent
heat flux and WUE are in good agreement
indicating that the model could effectively
simulate diurnal variation of water, carbon
fluxes and WUE in wheat-maize cropping
system.

Fig. 11 shows the simulated response of
CO2 flux, LE and WUE of winter wheat and

summer maize to change in air temperature
(5�408C), PAR (100�1900 mmol m�2 s�1) and
wind speed (0�16 m s�1) when other weather
variables were unchanged.

The response characteristics of WUE to the
variation in PAR and wind speed between
wheat and maize were similar. However, the
response of canopy photosynthesis of wheat
and maize to air temperature was significantly
different. Air temperature affects canopy
photosynthesis in two ways: one effect is on
the intrinsic speed of the biochemical process of
photosynthesis, and the other is on vapour
pressure deficit (Wang et al. 2006). The opti-
mum temperature of maize photosynthesis was
higher than wheat photosynthesis, which re-
sulted in a different response curve of WUE to
air temperature. The WUE of wheat decreased
with the increase in air temperature. However,
the WUE of maize increased with the increase

Fig. 10 Comparison between simulated and observed values of WUE over winter wheat and summer maize
canopy at typical clear days in 2003.
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Fig. 11 The simulated response of CO2 flux, latent heat flux (LE), WUE of winter wheat and summer maize
to the change in air temperature (5�408C) at net radiation 200 W m�2, relative humidity 60% and wind speed
2 m s�1, in PAR (100�1900 mmol m�2 s�1) at air temperature 108C, relative humidity 60% and wind speed
2 m s�1, and wind speed (0�16 m s�1) at air temperature 108C, net radiation 200 W m�2, relative humidity
60%.

Fig. 12 The simulated response of CO2 flux, latent heat flux (LE), crop transpiration (T), soil evaporation
(ES), WUE of winter wheat and summer maize to the change in leaf area index (LAI) (0�6) at net radiation
200 W m�2, relative humidity 60% and wind speed 2 m s�1, air temperature108C.
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in air temperature and reached the maximal
value when the air temperature was about
288C, and then decreased with increasing air
temperature.

Fig. 12 shows the simulated response of
CO2 flux, LE, crop transpiration (T), soil
evaporation (ES) and WUE of winter wheat
and summer maize to the variation in LAI
(0�6) when other input variables were held
unchanged. An increase in LAI resulted in a
nearly linear increase in canopy photosynthesis
especially when LAI was low. But the change in
canopy evapotranspiration with increasing LAI
was not significant compared with canopy CO2

flux. Thus, WUE increased when LAI in-
creased, which suggests that reducing soil
evaporation at the early stage of wheat and
maize would improve water use efficiency
(Deng et al. 2003; Zhang et al. 2005).

Discussion and conclusion

The NCP is one of the most important agri-
cultural production areas in China. However,
high yield in the NCP greatly depends on large
amounts of irrigation, 64% of which comes
from groundwater (Yang and Zehnder 2001).
The NCP has been one of the most developed
agricultural irrigation areas (Geng et al. 2001).
Over-irrigation has led to a rapid decline in the
groundwater table and water shortages (Zhang
et al. 2005). Improving resource use efficiency
by breeding new cultivars and applying agro-
nomic technologies is an urgent task to ensure
the stability of agricultural production in the

NCP. The average WUE of the wheat crop in
this study was 8.05 mg CO2 g�1 H2O and it was
9.22 mg CO2 g�1 H2O for the maize crop,
which was lower than the results estimated
from measured grain yield and actual evapo-
transpiration measured by large weighing lysi-
meter or remote-sensing technology in other
regions of the NCP (Mo et al. 2005; Zhang
et al. 2005). The main reason was that a great
amount of irrigation applied in the wheat-
growing season reduced the WUE. In addition,
many field cultivation management practices
for high yield and high WUE were not used in
the experiment field in this study, such as
selecting high-yield cultivars, optimizing irriga-
tion scheduling and reducing soil evaporation
by straw mulching (Zhang et al. 2005). There-
fore, there is great potential to save water to
increase WUE in the study region. Table 1
shows the comparison between the water con-
sumption of wheat and maize under different
WUE levels in the production of 4965 kg ha�1

wheat and 5121 kg ha�1 maize, which were
average yields of wheat and maize from 2000 to
2008 in the North China Plain. Rainfall ranges
from 470�910 mm from the north to the south
in the NCP, and about 70% is concentrated in
the growth period of maize. If the WUE of
wheat and maize reaches 1.5 and 2 kg m�3,
respectively, wheat would require about 58�150
mm water from the south to the north, while
rainfall could meet the water demands of maize
in most years.

Our study assumed that the extinction coef-
ficient was a constant during the whole growth

Table 1 The comparison between water consumption of wheat and maize under different WUE levels in the
production of 4965 kg ha�1 wheat and 5121 kg ha�1 maize

Crop WUE(kg m�3) Yield (kg ha�1) Water consumption (mm)

Wheat 0.99a 4965c 503
1.5b 331

Maize 1.26a 5121c 407
2b 256

aWUE in this study
bimproved WUE
cthe average yield from 2000 to 2008 in the North China Plain obtained from the internet of China Planting Information
(www.zzys.gov.cn).
Note: The harvest index of wheat and maize is 0.45 and 0.5, respectively.
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season of wheat and maize. However, the
extinction coefficient changed with the develop-
ment stages of wheat and maize. In addition,
much research has shown that planting patterns
have a significant influence on the RUE due to
the variation in the vertical distributions of LAI
(Han et al. 2008; Li et al. 2008). Therefore, more
integrated models including robust radiation
transfer processes over the canopy are required
to analyse the control mechanism of diurnal and
seasonal variation of RUE.

In summary, this study provides useful data
that quantify the diurnal dynamics of WUE and
RUE in a wheat-maize double-cropping field in
the NCP. The results can assist in the analysis of
resource use efficiency and productivity of
agro-ecosystems. The results of this study are
also helpful in the estimation of daily water use
and radiation use efficiencies in crop growth
models and for extrapolating instantaneous
remote-sensing measurements to a daily scale.
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