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Abstract:

Understanding the exchange processes of energy and carbon dioxide (CO2) in the soil–vegetation–atmosphere system is
important for assessing the role of the terrestrial ecosystem in the global water and carbon cycle and in climate change. We
present a soil–vegetation–atmosphere integrated model (ChinaAgrosys) for simulating energy, water and CO2 fluxes, crop
growth and development, with ample supply of nutrients and in the absence of pests, diseases and weed damage. Furthermore,
we test the hypotheses of whether there is any significant difference between simulations over different time steps. CO2,
water and heat fluxes were estimated by the improving parameterization method of the coupled photosynthesis–stomatal
conductance–transpiration model. Soil water evaporation and plant transpiration were calculated using a multilayer water and
heat-transfer model. Field experiments were conducted in the Yucheng Integrated Agricultural Experimental Station on the
North China Plain. Daily weather and crop growth variables were observed during 1998–2001, and hourly weather variables
and water and heat fluxes were measured using the eddy covariance method during 2002–2003. The results showed that the
model could effectively simulate diurnal and seasonal changes of net radiation, sensible and latent heat flux, soil heat flux and
CO2 fluxes. The processes of evapotranspiration, soil temperature and leaf area index agree well with the measured values.
Midday depression of canopy photosynthesis could be simulated by assessing the diurnal change in canopy water potential.
Moreover, the comparisons of simulated daily evapotranspiration and net ecosystem exchange (NEE) under different time steps
indicated that time steps used by a model affect the simulated results. There is no significant difference between simulated
evapotranspiration using the model under different time steps. However, simulated NEE produces large differences in the
response to different time steps. Therefore, the accurate calculation of average absorbed photosynthetic active radiation is
important for the scaling of the model from hourly steps to daily steps in simulating energy and CO2 flux exchanges between
winter wheat and the atmosphere. Copyright  2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Weather is one of the main factors that control vegetation
growth and development (Wolf, 1993; Goudriaan, 1996;
Nonhebel, 1996; Hoogenboom, 2000; Mall et al., 2004).
Changes in vegetation biomass and leaf area may, in
turn, exert a significant influence on the water and carbon
cycle and on the climate system at different temporal and
spatial scales (Charney, 1975; Dickinson and Henderson-
Sellers, 1988; Lean and Rowntree, 1993, 1997; Dirmeyer
and Shukla, 1994; Bonan, 1995; Dickinson, 1995; Dol-
man et al., 1997; Xue, 1997). The observation and mod-
elling of carbon dioxide �CO2�, water vapour and energy
fluxes are the basic methods for increasing our under-
standing of the biophysical and physiological elements
that control the mechanistic interactions between vege-
tation and atmosphere, in which the Fluxnet provides a
powerful platform (Baldocchi, 2003). Based on long-term
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continuous measurements of carbon, water and energy
fluxes, developing soil–vegetation–atmosphere transfer
(SVAT) models to study vegetative–atmosphere interac-
tions and feedback mechanisms, and implementing them
to meso-scale models and general circulation models
(GCMs), will be an important task for predicting cli-
mate change and to assess the influence that this has on
vegetation dynamic changes.

In the past few decades, numerous SVAT models have
been developed that describe energy and water exchanges
between the soil, the vegetation and the atmosphere (e.g.
Deardorff, 1978; Sellers et al., 1986, 1996; Noilhan and
Planton, 1989; Flerchinger et al., 1989, 1991; Dawes and
Hatton, 1993; Famiglietti and Wood, 1994; Braden, 1995;
Braud et al., 1995; Noilhan and Mahfouf, 1996; Dickin-
son et al., 1998). Earlier SVAT models took account for
the physical processes of water vapour transport, but they
greatly simplified representations of reality (Verhoef and
Allen, 2000), especially of vegetation components (e.g.
Deardorff, 1978; Flerchinger et al., 1989, 1991). BATS
(Dickinson, 1984) and SiB (Sellers et al., 1986) could
accurately simulate the sensible and latent heat fluxes
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exchange between the vegetation, soil and the atmo-
sphere; however, they failed to include the biochemical
processes in the soil–vegetation–atmosphere continuum.
Frequently, leaf stomatal conductance was modelled by
an empirical multi-factorial function of light intensity, air
temperature, humidity, atmospheric CO2 concentration
and soil moisture (Jarvis, 1976; Avissar et al., 1985) or by
a fixed surface conductance for each type of vegetation.

Although the multi-factorial approach was used widely
because it could effectively simulate stomatal conduc-
tance, the feedback mechanisms between photosynthesis
and stomatal conductance and the response of stomatal
conductance to CO2 concentration are not represented
in these models. Ball et al. (1987) and Collatz et al.
(1991) linked leaf stomatal conductance with the rate
of net photosynthesis and CO2 concentration. Following
this connection, a more physiological approach based on
combined models of photosynthesis and stomatal con-
ductance emerged (Harley and Baldocchi, 1995; Leun-
ing, 1995; Jacobs et al., 1996). Subsequently, improved
parameterization of photosynthesis and leaf stomatal con-
ductance began to be implemented in SVAT models (see
Bonan (1996), Sellers et al. (1996), and Dickinson et al.
(1998)). However, the leaf stomatal conductance model
was applied under an ample supply of water conditions
and needed to be modified when the plant and the soil
were in the absence of water. Our current model includes
the influence of plant and soil water content on the leaf
stomatal conductance based on the above models.

Furthermore, earlier SVAT models treated the vege-
tation canopy and soil layers as one layer (Deardorff,
1978; Dickinson et al., 1986)—in what was commonly
termed the ‘Big-leaf’ model, which is described by the
Penman–Monteith equation (Monteith, 1965). Big-leaf
models have some limitations in their application for
sparse or heterogeneous vegetations, whereas multilayer
or multi-source models could be applied to these sys-
tems well (Shuttleworth and Wallace, 1985; Sellers et al.,
1986; Dolman, 1993; Kustas and Norman, 1999). In addi-
tion, although most current SVAT models that are used
in GCMs already simulate the biophysical interactions
between the vegetation and the atmosphere by treating the
water and heat balances of the vegetation canopy and soil
layers in a more complex and detailed manner, they do
not model dynamic changes of vegetation. For example,
the interannual and intra-annual variations of leaf-area
index (LAI) are a model input in a land surface model
(Bonan, 1996) and in a simple biosphere model (Sellers
et al., 1996); therefore, they do not describe the two-way
feedback mechanism between vegetation and the atmo-
sphere. In recent years, some modellers began to combine
SVAT models and vegetation growth models (e.g. Cox
et al., 2000; Lu et al., 2001; Tsvetsinskaya et al., 2001).
However, these models were based on larger time and
spatial scales, and our current model studies the biophys-
ical and biochemical processes between vegetation and
atmosphere under shorter time-scales.

On the other hand, although crop growth models tend
to be more mechanistic and integrative than earlier empir-
ical models, there are still some gaps between reality and
model simplifications. For example, the process method
of distinguishing the vegetation canopy and the soil layer
should be different for specific vegetation types and cli-
mate condition. Crop growth models should be modified
to reflect the advances in a processed-based SVAT model.
For homogeneous and closed-canopy or wet regions,
single-layer models (such as the Penman equation (Pen-
man, 1948), the Penman–Monteith equation (Monteith,
1965) and the Priestley–Taylor equation (Priestley and
Taylor, 1972)) are suitable for calculating evapotranspi-
ration. Furthermore, two-source or multi-sourced mod-
els are appropriate for application to heterogeneous and
sparsely vegetative and arid rangelands (Waggoner and
Reifsnyder, 1968; Chen, 1984a; Shuttleworth and Wal-
lace, 1985; Choudhury and Monteith, 1988; Noihan and
Planton, 1989; Kustas, 1990; Shuttleworth and Gur-
ney, 1990; Mihailovic and Ruml, 1996; Brenner and
Incoll, 1997). For those regions at mid-latitudes, such
as the North China Plain, the two-source and multi-
sourced models were obviously more suitable. Moreover,
most crop growth models calculate photosynthesis and
evapotranspiration separately, whereas they are coupled
through stomatal regulation (Collatz et al., 1991; Harley
et al., 1992; Leuning, 1995; Nikolov et al., 1995).

The time step of models and the time-scale of climate
variables are extremely important to the accuracy of
simulated results and the efficiency of models (Goudriaan
and van Laar, 1994; Hoogenboom, 2000). Models with
monthly climate data as model input resulted in large
under- and over-estimates of yield (Nonhebel, 1994).
Therefore, most crop growth models use daily input
data and daily time steps, primarily because only daily
climate data are available for convenience of application.
However, many physiological and physical processes in
SVAT models are based on shorter time-scales, e.g. a
midday depression of photosynthesis and transpiration
often takes place under water-stressed conditions (Tazaki
et al., 1980; Puech-Suanzes et al., 1989; Hirasawa and
Hsiao, 1999; Trivedi et al., 2000) and the response
between different processes is non-linear in the course
of a day.

We present an integrated soil–vegetation–atmosphere
model in conjunction with a crop model in this
study. The objectives of our research are to develop
a soil–vegetation–atmosphere integrated model to
simulate energy, water and CO2 fluxes between winter
wheat and the atmosphere, based on long-term continuous
field measurements; and to compare the simulated results
of the model under different time steps from 30 min to
1 day.

MODEL DESCRIPTION

The soil–vegetation–atmosphere integrated model (Chi-
naAgrosys) consists of three modules (Figure 1), i.e. soil,
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Figure 1. A schematic depiction of ChinaAgrosys

crop and microclimate. The soil module includes the heat
transfer, water movement and root water uptake. The
crop module includes submodels of photosynthesis and
respiration, stomatal conductance, dry-matter partition,
LAI and development. The microclimate module includes
light distribution within the canopy, the energy balance
and aerodynamic resistances, and canopy resistance. Leaf
stomatal conductance is described using the combined
photosynthesis–stomatal model, and the response of leaf
stomatal conductance to leaf water potential is included.
Canopy conductance is scaled up from the leaf by taking
account of sunlit and sunshaded leaves. Soil water evap-
oration and plant transpiration were calculated using the
multilayer water and heat transfer model with one soil
layer and two vegetative layers.

Crop growth module

The crop growth module describes the photosynthesis
and respiration of the canopy, photosynthate accumula-
tion, dry-matter partitioning, the variation of LAI and
phenological development. In the model, the photosyn-
thesis and respiration of canopy and the variation of LAI
are based on an instantaneous time-scale, whereas crop
growth, dry-matter partitioning and phenological devel-
opment are modelled based on a daily time-scale.

Photosynthesis. The canopy photosynthesis model is
scaled up from the biochemical model of leaf photosyn-
thesis (Farquhar et al., 1980) by taking into account sunlit
and sunshaded leaves. The gross photosynthetic rate P is
expressed as a function of intercellular CO2 partial pres-
sure Pi, photosynthetic photon flux density I and leaf
temperature Tl (Collatz et al., 1991):

P ³ min

{ JE, f�I, a, Pi, Tl�
JC, f�Vm, Pi, Tl�
JS, f�Tl, Vm�

}
�1�

in which JE describes the response of photosynthesis to
I, JC is the Rubisco-limited rate and JS is the capacity for
the export or utilization of the products of photosynthesis
(usually sucrose synthesis). Based on the biochemical
reaction of the Rubisco-limited rate, the relationship
between photosynthesis and photon flux density I was
represented by a non-rectangular hyperbola (Yu et al.,
2002):

ˇP2 � P�˛IC Pmax�C ˛IPmax D 0 �2�

in which ˛ is the initial photochemical efficiency, ˇ is
the convexity of the photosynthesis–light-response curve,
Pmax is the maximal photosynthetic rate and P is the
gross photosynthetic rate. The parameters ˛ and Pmax

are related to the biochemical processes that are under
the influence of environmental factors, the determinations
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of which are referred to by Yu et al. (2002). Canopy
photosynthesis Pc is the sum of photosynthesis of sunlit
leaves and sunshaded leaves (Wang and Leuning, 1998):

Pc D Psunlit C Psunshaded �3�

Growth and respiration. The growth rate of leaf, stem,
root and grains is the net result of photosynthate accu-
mulation and respiration losses. Maintenance respiration
rate of leaf, stem, root and grains Rm is given by (Arora
and Gajri, 2000)

Rm D Rm0WQ
�Ta�To�/10
10 �4�

Rm0 represents the maintenance respiration rates (mass of
CH2O per kilogram of dry mass per hour) of leaf, stem,
root and grains, which are set to 0Ð001 25 kg kg�1 h�1,
0Ð000 625 kg kg�1 h�1, 0Ð000 417 kg kg�1 h�1 and
0Ð000 417 kg kg�1 h�1 respectively, at the reference tem-
perature (To D 25 °C), W is the dry weight of leaf, stem,
root and grains, and Q10 is the increment in respiration
rate per 10 °C temperature increment. In addition, about
10% of photosynthate is consumed in metabolic activity
(Penning de Vries et al., 1989; Arora and Gajri, 2000).

Dry-matter partitioning. Total dry-matter increase is
partitioned between root and shoot, leaves, as well as
stem and storage organs, according to the empirical
partitioning coefficients that are based on observations in
the North China Plain and other publications on winter
wheat (Boons-Prins et al., 1993).

Phenological development. The effects of temperature
and photoperiod are considered in a phenological model
of winter wheat, including vernalization. Phenological
development is characterized by development stage, with
values of zero at emergence, one at anthesis and two
at maturity. Intermediate values are calculated according
to the integrating development rate, which depends on
the average air temperature and day length during the
vegetative phase, and on the air temperature alone during
the reproductive phase.

The development rate Rdev is calculated by a multi-
plicative function (Wang and Engel, 1998):

Rdev D Rdev,maxf�T�f�V�f�hphp� �5�

in which Rdev,max is the maximum development rate, f�T�
is the temperature response function of the development
rate, and f�V� and f�hphp� represent the effects of
vernalization and photoperiod respectively. A detailed
description of these functions can be found in the paper
by Wang and Engel (1998).

Leaf-area index. The variation in LAI is determined
by the net growth rate; the death rate of leaves and water
stress also decrease LAI, which is similar to the model of
SUCROS (van Keulen et al., 1982). The function used is

LAI D SLAI�GLAI � RLAI�
 c �  w

 f �  w
�6�

in which SLAI �m2 kg�1� is the specific leaf area, GLAI
�kg m�2 h�1� is the net growth rate of leaves, RLAI
�kg m�2 h�1� is the death rate of leaves due to leaf
senescence after the flowering and shading effects in very
dense canopies,  c (hPa) is the canopy water potential,
 w (hPa) is the canopy wilting water potential, and  f

(hPa) is the maximal canopy water potential.

Microclimate

The microclimate module describes the transfer and
distribution of solar radiation above and within the
canopy, the energy and the water vapour exchange
between the canopy, soil and the atmosphere. All these
models are based on an instantaneous time-scale.

Light distribution within canopy. The global radiation
consists of the direct visible and infrared radiation, and
the diffuse visible and infrared radiation. The canopy is
assumed to be homogeneous in a horizontal level; there-
fore, light intensity within the canopy decreases exponen-
tially with LAI according to Beer’s law. The extinction
coefficient and canopy albedo for direct radiation and
diffuse radiation are calculated separately according to
Goudriaan (1977).

The leaves in the canopy are divided into sunlit
and sunshaded leaves. The LAI of sunlit leaves is
calculated according to the following expression (Wang
and Leuning, 1998):

Lsunlit D 1 � e�kv�i�LAI

kv�i�
�7�

in which kv�i� is the extinction coefficients for direct
visible radiation, i D 1 to 9, which denotes the inclination
angles 0–10°, . . ., 81–90° respectively. And the LAI of
sunshaded leaves is

Lsunshade D LAI � Lsunlit �8�

Energy balance. The energy balance equation of crop-
land not considering the effects of advection is given
by

Rn D HC �ECG �9�

in which Rn,H, �E and G are the net radiation above
the canopy, the sensible heat flux above the canopy,
the latent heat flux above the canopy and the soil heat
flux respectively. Then, the energy balance equations of
canopy and soil are expressed by

Rnc D Hc C �Ec �10�

Rns D Hs C �Es CG �11�

in which Rnc and Rns are the net radiation absorbed
by the canopy and the soil respectively, Hc and Hs

are the sensible heat fluxes of the canopy and the soil
respectively, and �Ec and �Es are the latent heat fluxes of
the canopy and the soil respectively. Sensible and latent
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heat fluxes over the canopy and soil are described by the
following expressions (Chen, 1984b):

Hc D �Cp
�Tc � Ts�ra,1 C �Tc � Ta��ra,2 C rs

b�

ra,1�ra,2 C rc
b C rs

b�C rc
b�ra,2 C rs

b�
�12�

Hs D �Cp
�Ts � Tc�ra,1 C �Ts � Ta�r

c
b

ra,1�ra,2 C rc
b C rs

b�C rc
b�ra,2 C rs

b�
�13�

�Ec D �Cp
�

[es�Tc�� es�Ts�]ra,1
C[es�Tc�� ea]�ra,2 C rs

b C rs
s�

ra,1�ra,2 C rc
b C rc

s C rs
b C rs

s�

C�rc
b C rc

s ��ra,2 C rs
b C rs

s�

�14�

�Ec D �Cp
�

[es�Ts�� es�Tc�]ra,1
C[es�Ts�� ea]�rc

b C rc
s �

ra,1�ra,2 C rc
b C rc

s C rs
b C rs

s�

C�rc
b C rc

s ��ra,2 C rs
b C rs

s�

�15�

in which � is air density, Cp is the specific heat at
constant pressure, � is the latent heat of vaporization,
� is the psychrometric constant, Ta is the air temperature
at reference height, Tc is the canopy temperature, Ts

is the soil surface temperature, ra,1 is the aerodynamic
resistance from the middle part of the canopy to the
reference height, ra,2 is the aerodynamic resistance from
the bottom to the middle part of the canopy, rc

b is
the canopy surface boundary layer resistance, rs

b is the
soil surface boundary layer resistance, rc

s is the canopy
resistance, and rs

s is the soil resistance.

Aerodynamic resistances and canopy resistance. How
to determine the various resistances is the key to calcu-
lating sensible heat and latent heat fluxes. The resistances
in the model include aerodynamic resistances, boundary-
layer resistances of the canopy and soil, canopy resistance
and soil resistance.

ra,1 D
0Ð74

(
ln

(
zr � d

z0

)
� 2 ln

{
1 C

√
1 � 9[�zr � d�/L]

2

}
� ln

(
zc � d

z0

)
C 2 ln

{
1 C

√
1 � 9[�zc � d�/L�]

2

})

kuŁ
C ra,2 �21�

Aerodynamic resistance is calculated according to the
Monin and Obukhov similarity theory. Friction velocity
uŁ is defined, according to Goudriaan (1977), as

uŁ D ku

ln
(
zr � d

z0

)
C 4Ð75

zr � d

L

�16�

in which k is von Karman’s constant, zr is the refer-
ence height, u is wind speed at the reference height, z0
is the roughness of the canopy, d is the zero-plane dis-
placement, and L is the Monin–Obukhov length. When
the atmospheric stratification is stable (Monin–Obukhov
length L > 0), the aerodynamic resistance from the mid-
dle part of the canopy to the reference height is calculated

by (Goudriaan, 1977)

ra,1 D
0Ð74


 ln

(
zr � d
z0

)
C 4Ð7

(
zr � d
L

)
� ln

(
zc � d
z0

)
� 4Ð7

(
zc � d
L

)



kuŁ

zr � zc
2

zr � zc
�17�

and the aerodynamic resistance from the middle part of
the canopy to the soil surface is described by (Goudriaan,
1977)

ra,1 D
0Ð74


 ln

(
zr � d
z0

)
C 4Ð7

(
zr � d
L

)
� ln

(
zc � d
z0

)
� 4Ð7

(
zc � d
L

)



kuŁ

zc/2

zr � zc
�18�

in which zc is the crop height.
When the atmosphere is under unstable conditions

(Monin–Obukhov length L < 0), the aerodynamic resis-
tance from the middle part of the canopy to the soil
surface is expressed as (Goudriaan, 1977)

ra,2 D 0Ð37
zc
lm

exp�kw/2�� 1

kw
�19�

in which kw is the extinction coefficient of wind speed
by the canopy and lm is the mean mixing length, which
is given by (Goudriaan, 1977)

lm D 1Ð2
√

4Lwzc/�/LAI �20�

in which Lw is the average leaf width. Then, the aerody-
namic resistance from the middle part of the canopy to
the reference height is calculated by (Goudriaan, 1977)

Zero-plane displacement d is described by Monteith
(1973) and roughness z0 is given by Goudriaan (1977):

d D 0Ð63zc �22�

z0 D �zc � d� exp
[
� zc
kw�zc � d�

]
�23�

The canopy boundary-layer resistance rc
b and the soil

boundary-layer resistance rs
b can be calculated from the

following expressions (Goudriaan, 1977):

rc
b D 90�Lw/umid�

1/2

L
�24�

rs
b D 180

(
Ds

us

)1/2

�25�
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in which Ds is the characteristic dimension of soil, umid

is the wind speed in the middle part of the canopy, and
us is the wind speed near the soil surface.

Canopy resistance is the reciprocal of canopy conduc-
tance to vapour:

rc
s D 1

gsw
�26�

and canopy conductance is the sum of stomatal conduc-
tance of sunlit leaves and sunshade leaves:

gsc D gsc,sunlit C gsc,sunshaded �27�

in which gsc,sunlit and gsc,sunshaded are calculated accord-
ing to the coupled photosynthesis–stomatal-conductance
model. The relationship between stomatal conductance to
vapour gsw and stomatal conductance to CO2 is

gsw D 1Ð6gsc �28�

Ball et al. (1987) proposed a semi-empirical stomatal
model in which stomatal conductance gs to CO2 was
expressed by relative humidity over leaf surface hs, and
CO2 mole fraction Cs and net photosynthetic rate Pn

under conditions of ample water supply:

gs D gs0 C aPnhs/Cs �29�

in which a is a constant and gs0 is the value of gsc

when the light is very weak. Leuning (1995) revised the
Ball–Woodrow–Berry model by replacing the relative
humidity over the leaf surface with leaf vapour pressure
deficit VPDs:

gs D m
Pn

�Cs � ��1 C VPDs/VPD0�
C gs0 �30�

in which VPD0 is a parameter that reflects the character-
istics of the response of stomata to atmospheric vapour
pressure deficit (VPD),  is the CO2 compensation point
and m is an empirical regression parameter. Here, we
introduce a limiting factor of leaf water potential on stom-
atal conductance, f� l�, and

gs D m
Pn

�Cs � ��1 C VPDs/VPD0�
f� l�C gs0 �31�

in which f� l� D m1[� l �  w�/� f �  w�].
The soil resistance in the model is estimated by the

following expression (Lin and Sun, 1983):

rs
s D a1

(
�sc

�c

)b1

C c1 �32�

in which �sc is surface-saturated soil-water content, �c is
surface soil-water content, and a1, b1 and c1 are empirical
constants.

Soil

The soil module describes the transfer of water in
the soil and the plant, heat transfer in the soil and
determines the soil temperature and soil water content.
These processes are based on an instantaneous time-scale.

Heat and water transfer. The vertical heat transfer in
the non-saturated soil is simulated based on the equation
of heat conduction:

c�z�
∂Ts

∂t
D ∂

∂z

(
��z�

∂Ts

∂z

)
�33�

in which Ts is the soil temperature, c�z� is the specific
heat and ��z� is the thermal conductivity of the soil at
depth z.

Soil water movement in the vertical direction is
simulated based on the Richards equation:

c� s, z�
∂ s
∂t

D ∂

∂z

(
K� s, z�

∂ s

∂z

)
� ∂K� s,z�

∂z
� S�z, t�

�34�
in which c� s, z� is the water capacity of soil at depth
z,  s is the soil water potential, K� s, z� is the water
conductivity of soil at depth z, and S�z, t� is the root
uptake rate.

In the model, basic equations of water and heat
movement in the soil in the vertical direction are solved
by the finite-difference method after initial conditions and
boundary conditions are given.

Root water uptake. The calculation of root water uptake
defines soil water distribution and plant transpiration.
Hillel et al. (1976) developed a mechanistic model of
root water uptake based on the water-flux equation (Van
den Honert, 1948), which is expressed as

S�z, t� D  s�z��  c

Rs�z�C Rr�z�C Rx
�35�

in which  c is the canopy water potential,  s�z� is
the soil-water potential at the z layer, Rs�z� is the soil
resistance to water current at the z layer, Rr�z� is root
resistance at the z layer, and Rx is xylem resistance.

MATERIALS AND METHODS

Site description

Experiments on measuring water, heat and CO2 fluxes,
and the growth and development of winter wheat were
conducted at the Yucheng Integrated Agricultural Exper-
iment Station of Chinese Ecosystem Research Network
(CERN), located on the North China Plain (36°400N,
116°220E, 28 m above average sea level). It has a temper-
ate monsoon climate. The annual mean air temperature is
13Ð1 °C and the mean temperatures in January and July
are �3 °C and C26Ð9 °C respectively. The mean annual
precipitation is 610 mm and nearly 70% of precipitation
is concentrated in summer. The soil type is a silty loam,
with an average bulk density of 1Ð4 g cm�3. The cropping
system in the region is a winter wheat–summer maize
rotation. There was a fetch of more than 200 m for winds
from all directions. Detailed descriptions of experimen-
tal conditions are given by Yu et al. (2002), Lee et al.
(2004) and Wang et al. (2006).
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Figure 2. Seasonal variation of five meteorological factors, via daily average air temperature T, relative humidity RH, wind speed u, global radiation
Q and precipitation P in three growing seasons of winter wheat in Yucheng (1998–2001)

Field experiments

The experiment on measuring evapotranspiration, soil
water content and the growth and development of winter
wheat was conducted during three growing seasons
of winter wheat in 1998–2001. The experiment on
measuring water, heat and CO2 fluxes, and the growth
and development of winter wheat was conducted in 2003.

Meteorological factors. Air temperature (°C), relative
humidity (%), wind speed �m s�1� at a height of 2 m,
sunshine hours (h), global radiation �kJ m�2� and precip-
itation �mm day�1� were collected by a meteorological
observation system at Yucheng Station (Figure 2).

Crop growth. During each developmental stage, 20
plants were randomly harvested and plant density was
counted in the field. The LAI was measured by a LI-
COR3100 instrument, and dry matter was weighed after
the material of each component had been dried in an
oven. At the end of the crop-growth season, the crops
were harvested.

Evapotranspiration and soil-water content. Evapotran-
spiration was measured by a large weighing lysimeter,
which has a surface area of 3Ð14 m2 and a depth of 5 m.
A mechanical scale was used, which allowed reading of
up to 0Ð02 mm of water loss. Measurements were taken at
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Table I. Instruments and measurements for hourly meteorological variables and CO2, sensible and latent heat fluxes

Meteorological factors Instrument Company Height of measurement (m)

Net radiation �W m�2� Net radiometers (CNR-1) Kipp & Zonen 1Ð86
Global radiation �W m�2� Pyranometer (CM11) Kipp & Zonen 1Ð86
Air temperature (°C) Humidity probe (HMP45C) VAISALA 2Ð05
Air relative humidity (%) Humidity probe (HMP45C) VAISALA 2Ð05
Wind speed �m s�1� Anemometer (A100R) Vector 2Ð05
Soil heat flux �W m�2� Heat flux sensor (HFP01SC) Hukseflux 0Ð05 below ground
Air pressure (hPa) Barometer (CS105) VAISALA 2Ð05
Soil temperature Four thermocouple sensors

(TCAV)
Campbell Scientific Ltd, Logan,

UT, USA
0Ð02, 0Ð05, 0Ð10, 0Ð20, 0Ð50

below ground
Soil water content Eight water content

reflectometers (CS616�L)
Campbell Scientific 0, 0Ð05, 0Ð10, 0Ð15, 0Ð20, 0Ð40,

0Ð60, 1Ð00 below ground
CO2 flux CO2/H2O infrared analyser

(Li-7500)
LI-COR 2Ð10

Sensible heat flux Three-dimensional supersonic
anemometer (CSAT3)

Campbell Scientific 2Ð10

Latent-heat flux Three-dimensional supersonic
anemometer (CSAT-3)

Campbell Scientific 2Ð10

08 : 00 and 20 : 00. Soil water was monitored using time-
domain reflectometry (TDR) and recorded every 30 min
at 0Ð15 m increments to a depth of 0Ð9 m. The TDR mea-
surement was calibrated by soil-water content measured
by an oven-dried method.

Hourly meteorological factors and fluxes. Hourly mete-
orological variables and water and heat fluxes were
measured using an eddy covariance system (Table I).
The position of eddy correlation equipment was 2Ð10 m
above the ground; data were recorded using a datalogger
(CR23X CSI) and the frequency of sampling was 20 Hz
for each channel. The average values were calculated
and recorded every 30 min. Though the eddy covariance
method was thought to be the most accurate method for
measuring water, heat and CO2 fluxes at present, there
were still significant problems in flux measurement, such
as weak energy balance closure, low fluxes value in the
night-time, etc.

Though field experiments were made only on the North
China Plain and with single plant type of winter wheat,
the model could be applied in other climatic regions and
for other plant types. Therefore, the current experiments
did not display the ability of the model fully. On the
other hand, the model needs to be validated by more
experiments in various regions and plants.

RESULTS

Simulated net radiation, sensible and latent heat fluxes
and soil heat flux

The comparisons of simulated and measured half-
hourly averaged net radiation, sensible heat flux, latent
heat flux and soil heat flux during the whole growing sea-
son of winter wheat are shown in Figures 3 and 4 (similar
figures omitted) and Table II. As shown in Figures 3
and 4 and Table II, simulated Rn was close to measured
Rn except during January (ME D 0Ð73), indicating that

the model effectively simulated the transfer process of
solar radiation above and inside the canopy. Simulated
Rn was higher than the measured Rn in November, Jan-
uary and February and was lower than the measured Rn

in March, April and May. This may have been caused
by the decrease of canopy albedo for solar radiation with
the growth of winter wheat, whereas the same albedo
was used in the model during the whole growth period.
Simulated soil heat flux agreed well with the measured
soil heat flux except during January (ME D 0Ð46). Soil
heat flux was estimated by soil temperatures at different
depths in the model and, therefore, the accuracy of soil
heat flux was determined by the accuracy of soil tem-
peratures. Figure 5 shows the comparisons of simulated
and measured soil temperatures at different depths from
1 to 15 April 2003. Soil temperatures were simulated rea-
sonably well for this continuous period. Simulated latent
heat fluxes did not agree well with measured ones, espe-
cially in November, January and February, when LAI
is small. One of the main reasons for these errors was
the energy imbalance observed in the agro-ecosystem,
especially in the low LAI. The validation of the energy
balance closure during the whole growth period is pre-
sented in Figure 6. The slope was less than unity during
the whole growth period, ranging from 0Ð48 to 0Ð76, with
a mean of 0Ð66, and the energy imbalance was smaller
with the increase of LAI. The intercept ranged from 7Ð81
to 13Ð68 W m�2, with a mean value of 11Ð17 W m�2.
The mean coefficient of determination R2 was 0Ð85, rang-
ing from 0Ð67 to 0Ð95. Surface energy fluxes (HC �E)
are underestimated by about 20–50% relative to the esti-
mates of available energy (Rn �G). On the other hand,
the effect of atmospheric stability on energy exchange
may contribute to the differences. When the atmosphere
was in a stable condition, especially in the night-time,
the vertical exchange processes were strongly reduced
and the difference between the observation and mod-
elling became larger, which suggests that the correction
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Figure 3. Measured and simulated components of the surface energy balance over the winter wheat canopy in Yucheng during 1–30 November 2002
(all fluxes are in W m�2 and assumed positive towards the surface)

method of the effect of atmospheric stability on turbu-
lent exchange used in the model needs to be modified
further. Even then, comparisons between the measured
and simulated values show that the model did well in
simulating the diurnal and seasonal variations of the com-
ponents of energy when the energy imbalance was not
evident.

Simulation of carbon dioxide flux above the canopy

Figure 7 shows a comparison of half-hourly, averaged
simulated and measured CO2 fluxes above the winter
wheat canopy. The simulated CO2 fluxes are in good
agreement with measured values, with a small intercept
of �0Ð017 mg m�2 s�1. The slope was 0Ð87 and the cor-
relation was typically good (R2 D 0Ð87). The errors may
be due to the following reasons. The accuracy of mod-
elled CO2 flux was strongly dependent on the modelled

photosynthetic active radiation absorbed by the canopy,
which in turn related to modelled LAI, modelled pho-
tosynthetic active radiation above the canopy, and the
process method on the structure of the canopy. In the
model, the canopy was divided into sunlit leaves that
intercepted direct and diffuse radiation and sunshaded
leaves that only intercepted diffuse radiation; therefore,
the determination of direct radiation and diffuse radiation
was of importance in modelling photosynthetic active
radiation absorbed by the canopy. The division of direct
radiation and solar radiation was made according to an
empirical function of solar radiation and inclination of the
sun, which is most appropriate for a very clear day. How-
ever, this weather condition did not often occur. In the
night-time, CO2 fluxes comprised dark respiration and
soil respiration. In the model, dark respiration and soil
respiration were taken as the functions only, independent
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Figure 4. Measured and simulated components of the surface energy balance over the winter wheat canopy in Yucheng from 1 to 28 April 2003

Table II. The comparison of measured and simulated components of the surface energy balance over the growing season of winter
wheata

Net radiation �W m�2� Latent heat flux �W m�2� Sensible heat flux �W m�2� Soil heat flux �W m�2�

ME RMSD MBE ME RMSD MBE ME RMSD MBE ME RMSD MBE

Nov 0Ð93 29Ð97 6Ð88 0Ð02 20Ð26 4Ð77 0Ð68 20Ð37 �2Ð77 0Ð81 15Ð53 1Ð35
Jan 0Ð73 49Ð53 14Ð97 0Ð27 20Ð22 �1Ð55 0Ð55 12Ð69 �1Ð79 0Ð46 27Ð83 8Ð41
Feb 0Ð93 30Ð51 0Ð20 0Ð14 17Ð36 2Ð24 0Ð81 17Ð87 �8Ð81 0Ð91 13Ð36 �1Ð90
Mar 0Ð95 32Ð38 �6Ð48 0Ð66 26Ð88 6Ð90 0Ð75 28Ð09 �9Ð65 0Ð89 13Ð78 �1Ð64
Apr 0Ð95 43Ð32 �26Ð68 0Ð77 39Ð34 1Ð27 0Ð57 30Ð43 �12Ð24 0Ð92 9Ð73 �1Ð52
May 0Ð93 58Ð09 �19Ð39 0Ð93 24Ð96 �0Ð65 0Ð44 28Ð65 0Ð33 0Ð66 19Ð34 �0Ð02

a The model efficiency ME D 1 � ∑n
iD1�Yo � Ys�2/

∑n
iD1�Yo � Y�2; the root-mean-square difference RMSD D [

∑n
iD1�Yo � Ys�2/n]1/2; the mean

bias error MBE D �1/n�
∑n

iD1�Ys�� Yo�, where Yo is the observed value; Ys is the simulated value; Y is the mean of the observed values; n is the
number of observations (Flerchinger and Hardegree, 2004).
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Figure 5. Measured and simulated soil temperatures at the surface and 0Ð05, 0Ð1, 0Ð2 and 0Ð5 m depths for 15 consecutive days in April 2003

of leaf temperature and soil temperature respectively,
which is too simple and with values different from actual
field conditions.

Midday depression of photosynthesis was a common
phenomenon under natural conditions and was caused
by both stomatal and non-stomatal elements. Leaf water
potential in the period of water loss was higher than that
in the period of water gain. The status of leaf water was
determined by the balance between water loss through
transpiration and the supply from the soil through absorp-
tion by roots. As transpiration was mainly determined by
solar radiation and temperature, the leaf water potential
responded mainly to solar radiation and air temperature.
High solar radiation caused large decreases in leaf water
potential. Owing to the accumulated effect of water loss
from leaves, the leaf water potential reached its minimum

in the afternoon and would recover before sunset, when
solar radiation was low. Midday depression of photosyn-
thesis may occur due to stoma closure at low leaf water
potential. The consideration of the dynamics of leaf water
potential could raise the precision of simulation of CO2

and water vapour fluxes, especially in the afternoon under
water stress conditions (Figure 8).

Simulation of evapotranspiration

The simulations of total evapotranspiration were made
for three full growing cycles of winter wheat during
1998–2001 (Figure 9). The relative errors of measured
and simulated accumulated evapotranspiration during the
three growing seasons of winter wheat in 1998–1999,
1999–2000 and 2000–2001 are 0Ð4%, 0Ð7% and 2Ð7%
respectively (Table III). The total evapotranspiration was
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Figure 6. The energy-balance closure. The half-hourly average available energy �Rn � G� plotted against the sum of the partitioning components
�HC �E� during the growth period of winter wheat during 2002–2003

in reasonable agreement with the measured evapotran-
spiration. However, there were relatively larger errors
between the daily simulated and the measured evapotran-
spiration, which were mainly caused by the redistribution
of soil water after one precipitation or irrigation. Though
the model could simulate the vertical movement of water
in the soil, it did not consider the soil surface water evap-
oration, which was a very large value, especially after
one violent precipitation or irrigation. Evapotranspiration
stayed at less than 2Ð0 mm due to low air temperature and
LAI, before the ‘turning green’ stage. With the increase of
LAI and the rising of air temperature, evapotranspiration
began to increase and reached a peak stage with an
average value of 4Ð0 mm from the ‘jointing’ stage to the
‘milky’ stage.

Simulation of leaf area index

Accurate estimation of canopy photosynthesis and
evapotranspiration depends strongly on the simulation of
LAI. The comparison of simulated and measured LAI
for winter wheat during the 2000–2001 and 2002–2003
growing seasons shows that the simulated LAI effectively
followed the measurements (Figure 10). LAI stayed
almost constant before turning green, and started to
increase to its peak LAI during the heading stage and
then fell sharply to zero. In the two growing seasons
of winter wheat, peak LAIs were 6Ð40 and 4Ð22 respec-
tively, which are representative of average LAIs in the
growing season of winter wheat in the North China Plain.
However, it may be noted that the function for simulat-
ing LAI in the model was very empirical and dependent
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Figure 7. Measured and simulated CO2 flux �mg m�2 s�1� over the winter wheat canopy in Yucheng from 9 March to 20 May 2003 (discontinuous,
some measured data missing)

Figure 8. Influence of canopy water potential on simulated CO2 flux
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Figure 9. Simulated and measured evapotranspiration during 1998–1999, 1999–2000 and 2000–2001 for a winter-wheat growing season

Table III. Simulated and measured accumulated evapotranspira-
tion during 1998–1999, 1999–2000 and 2000–2001 for the

winter-wheat growing season

Total evapotranspiration (mm)

1998–1999 1999–2000 2000–2001

Measured 464Ð8 424Ð0 468Ð6
Simulated 462Ð8 421Ð1 455Ð9

on some empirical parameters, such as specific leaf area
ratio, maximal death rate of leaves, empirical partitioning
coefficient of dry matter to leaves, etc., which limited the
application of the model.

Comparisons of simulated daily net ecosystem exchange
and evapotranspiration under different time steps

The time step was an important factor that a model
had to take into account. If the time step is short, then
the calculation may take a long time, which decreases
the efficiency of the model. Furthermore, for shorter
time steps the model includes more process and needs
more input variables and parameters. However, if the
time step is longer, then the model may ignore some
important changes, which may cause large errors in
simulated results. Figure 11 shows a comparison of
simulated daily evapotranspiration and net ecosystem
exchange (NEE) rates when the model ran under seven
different time steps. We took 1 h as the basic time
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Figure 10. Simulated and measured LAI during the growing seasons of 2000–2001 and 2002–2003 for a winter-wheat growing season

step and then compared other simulated values with this
basic value. The correlation analysis (Figure 12) indicates
that there were no significant differences between the
simulated daily evapotranspiration rates under different
time steps. The slopes were 1Ð004, 0Ð986, 0Ð953, 0Ð980,
0Ð890 and 0Ð954, and the intercepts were 0, 0Ð015, 0Ð063,
0Ð016, 0Ð125 and 0Ð074 respectively. However, there were
evidently different results in simulating the daily NEE.
The value of a 1 h step NEE was close to the values of
a 30 min step NEE, 2 h step NEE and 3 h step NEE.
The slopes were 0Ð999, 1Ð006 and 1Ð005 respectively,
and the intercepts were 0, 0Ð015 and 0Ð063 respectively.
But when the time step increased to 4, 6 and 8 h, NEE
was significantly different from that of the 1 h step NEE.
The slopes were 0Ð936, 0Ð885 and 0Ð776 respectively, and
the intercepts were 0Ð016, 0Ð125 and 0Ð074 respectively.
This may be due to the difference between the calculated
photosynthetic active radiations absorbed by the canopy
when the model ran under different time steps.

DISCUSSION AND CONCLUSIONS

It is unrealistic to consider all the interactions between the
environment and crops in a soil–vegetation–atmosphere
model as a result of the complexity of the system. Empiri-
cal models cannot really reflect the objective world; how-
ever, more mechanistic models require more inputs and
parameters. Reaching a balance between the empirical

and the mechanistic is difficult, and it is also impor-
tant to keep a balance between all the processes that are
simulated by a model (Monteith, 1996). The character-
istics of the ChinaAgrosys model are to keep a balance
between the soil, plant and microclimate modules. The
model does not oversimplify any biophysical and phys-
iological processes within the soil–plant–atmosphere
continuum (SPAC) in which photosynthesis and evap-
otranspiration are coupled by parameterization of canopy
resistance. The concept of a modular structure is adopted
in the model, and every module may be applied indepen-
dently and can be substituted by a more advanced model.

The model presented in this paper combines energy
and CO2 flux transfers with crop growth and develop-
ment, and it can simulate diurnal and seasonal variation
of energy and CO2 fluxes. This is based on an integrated
photosynthesis, transpiration and stomatal-conductance
model. The model is capable of predicting sound physi-
ological responses to light, temperature, VPD, CO2 and
soil water. The photosynthesis model is simplified from a
biochemical model. It can be specific for either the C3 or
the C4 plant, and is easy to include the canopy energy-
balance model to describe biophysical processes. Sea-
sonal variations of energy partitioning and CO2 releases
depend strongly on LAI. Midday depression was caused
by both stomatal and non-stomatal elements (Yu et al.,
2002). The transpiration is determined mainly by solar
radiation and air temperature. High solar radiation and
air temperature lead to high transpiration, which causes
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Figure 11. The comparison of simulated daily-integrated evapotranspiration and NEE for different time steps in 1999–2000

large decreases in canopy water potential. Owing to accu-
mulated water loss from leaves, canopy water potential
reaches its minimum in the afternoon, and it will recover
before sunset, when solar radiation and air temperature
are low. When canopy water potential is low, stomatal
closure may occur and cause midday depression of photo-
synthesis. Consideration of the influence of canopy water
potential in the photosynthesis model promotes an accu-
rate simulation of CO2 flux.

This paper is focused on the simulation of energy and
CO2 fluxes, as well as on changes in LAI. One of the
important characteristics of the model is the simultane-
ous consideration of crop assimilation and water balances
achieved by calculations made at short time steps (1 h or
less) in order to capture the physiological responses of
crop growth and water use as they respond to diurnal
environmental patterns. Many crop-growth models take
daily time steps to simulate canopy photosynthesis and
evapotranspiration, such as CERES-Wheat, WOFOST
and EPIC. However, there is a need for hourly time steps,

because the light-response curves of canopy photosynthe-
sis are non-linear and the temperature-response curves
of canopy photosynthesis have optima. Moreover, the
midday depression of canopy photosynthesis may often
occur. Therefore, an input of the average solar radiation
and air temperature may be different from the average of
the hourly values. Using longer time steps, such as daily
or monthly ones, can simplify the modelling process and
decrease the inputs of the models, but it may lose the
resolution that is desired. However, multiple time-scales
may make the models more complicated. Therefore, com-
paring the results under the different time steps and
finding the controlling factor is of importance in simpli-
fying the model in order to simulate the energy and CO2

exchange between the vegetation and the atmosphere.
The model performs well in simulating water, heat and

CO2 fluxes, as well as crop growth and development.
The model has important consequences for application
in water resources management. It is a useful tool for
studying the controlling factors of water, heat and CO2

Copyright  2007 John Wiley & Sons, Ltd. Hydrol. Process. 21, 2474–2492 (2007)
DOI: 10.1002/hyp



2490 J. WANG, Q. YU AND X. LEE

Figure 12. Correlations between simulated values under other time steps and 1 h step-simulated values
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fluxes, and crop growth of the vegetation–atmosphere
interaction. As the model is sound in the main feed-
back mechanisms in an agro-ecosystem, it is capable of
making an impact on the evaluation of climate change
on crop growth. In combination with an agricultural
ecosystem model and with input from GCMs, this model
could be used to study the interactions between crop and
atmosphere.
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