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Abstract Mass and energy fluxes between the atmosphere and vegetation are driven
by meteorological variables, and controlled by plant water status, which may change
more markedly diurnally than soil water. We tested the hypothesis that integration
of dynamic changes in leaf water potential may improve the simulation of CO2 and
water fluxes over a wheat canopy. Simulation of leaf water potential was integrated
into a comprehensive model (the ChinaAgrosys) of heat, water and CO2 fluxes and
crop growth. Photosynthesis from individual leaves was integrated to the canopy by
taking into consideration the attenuation of radiation when penetrating the canopy.
Transpiration was calculated with the Shuttleworth-Wallace model in which canopy
resistance was taken as a link between energy balance and physiological regulation. A
revised version of the Ball-Woodrow-Berry stomatal model was applied to produce a
new canopy resistance model, which was validated against measured CO2 and water
vapour fluxes over winter wheat fields in Yucheng (36◦57′ N, 116◦36′ E, 28 m above
sea level) in the North China Plain during 1997, 2001 and 2004. Leaf water potential
played an important role in causing stomatal conductance to fall at midday, which
caused diurnal changes in photosynthesis and transpiration. Changes in soil water
potential were less important. Inclusion of the dynamics of leaf water potential can
improve the precision of the simulation of CO2 and water vapour fluxes, especially in
the afternoon under water stress conditions.
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1 Introduction

The CO2 and water vapour fluxes to and from crop canopies are two important com-
ponents of water-use efficiency when the soil respiration is relatively low. Therefore,
their measurement and simulation are valuable for revealing mechanisms of mass and
energy transfer and controls of crop productivity (Powell and Thorpe 1977; Chen and
Coughenour 1994; Sellers et al. 1996; Baldocchi and Harley 1995; Wang and Leuning
1998). Many ecological models assume static plant conditions for which model param-
eters are not changed. For example, plant water status (leaf and xylem water potentials,
water capacitance), the status of a photosynthetic system (maximum photosynthetic
rate, Pmax), initial photon yield (α), and the convex nature of the light response curve
(β) are often held as constants through the day. Actually, these parameters change
with time due to a cumulative effect of environmental variables on water balance and
photosystem activity after sunrise (Yu et al. 2001).

Non-steady-state water transfer in the soil-plant-atmosphere continuum (SPAC)
has been reported since the 1970s (Lhomme et al. 2001). Stomatal closure is stimu-
lated by a leaf water potential decrease due to soil drying (Jensen et al. 2000), and
it has been suggested that soil water deficit stimulates a root-shoot chemical signal,
xylem borne abscisic acid (ABA), which is transported to the shoot and regulates the
shoot physiological activity (Davies and Zhang 1991; Ali et al. 1998; Liu et al. 2005).
Some methods have been developed to relate ABA synthesis rate in response to soil
drying (Lhomme 2001). Moreover, a decline in soil and root hydraulic conductance
due to soil drying may be an important control mechanism of stomatal closure (Yao
et al. 2001), and there are several models that simulate water transport in the soil-
root-canopy pathway (Grant 2001; Tuzet et al. 2003). However, Hirasawa and Hsiao
(1999) found that on days of high vapour pressure deficit, leaf photosynthesis reached
a maximum in the late morning and then decreased gradually as the day progressed,
even though the soil was well irrigated. The midday reduction in stomatal conductance
and photosynthesis was likely the result of low leaf water potential caused by high
transpiration rates.

Plant water balance strongly influences turgor pressure of guard cells and, thereby,
changes stomatal aperture. The same transpiration rate can correspond to two differ-
ent water potentials indicating a change in plant water content (e.g., Kumagai 2001).
Leaf water potential in the period of water loss is higher than in the period of water
gain at a similar transpiration rate. Therefore, it is important to include changes in
leaf water status for simulating changes in CO2 and water vapour fluxes. This also
provides a means of incorporating the effects of soil water stress on the CO2 flux
under different environmental conditions.

A change in leaf water potential controls stomatal aperture and, therefore, CO2
and water fluxes (Jarvis and McNaughton 1986). In the Penman-Monteith (P–M)
equation based on energy balance, canopy resistance to water vapour diffusion is
the sole factor under physiological control (Thom 1975) and is a key point in the
simulation of field evapotranspiration. As stomata are the main channels through
which CO2 uptake and water loss proceeds, there is a close relation among stoma-
tal resistance and gas diffusion, photosynthesis, and transpiration (Goudriaan and
van Laar 1978; Wong et al. 1979; Ball et al. 1987; Collatz et al. 1991; Leuning 1995;
Yu and Wang 1998). The Ball-Woodrow-Berry (B-B) stomatal model has been used
widely to evaluate plant productivity, biogeochemical cycling, and parameterization
of land surface processes (Hatton et al. 1992; McMurtrie et al. 1992; Sellers et al. 1996;
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Leuning et al. 1998; Yu and Wang 1998; Yu et al. 2001). From these relations at the leaf
scale, canopy bulk stomatal resistance (canopy resistance) should be related to canopy
photosynthesis and certain environmental factors in evapotranspiration models, such
as the P–M equation.

The objectives of our study include, (1) to integrate a dynamic model of leaf water
potential changes into the SPAC model (the ChinaAgrosys) of water and heat trans-
fer and CO2 assimilation, to distinguish the influence of water potential on CO2 and
water vapour fluxes over wheat; and (2) to calculate CO2 and H2O fluxes by scaling
leaf photosynthesis and stomatal models up to the canopy level.

2 The model

The framework of the model ChinaAgrosys has been described by Wang et al. (2006,
2007), and includes leaf and canopy photosynthesis, a soil water dynamics and an
evapotranspiration sub-models. The photosynthesis sub-model is a version of the sim-
plified biochemical model of Farquhar et al. (1980), which combines the photosynthe-
sis-stomatal conductance sub-model proposed by Collatz et al. (1991) with a version
of the B-B model revised by Leuning (1995) and a newly proposed dynamic model
of leaf water potential. Water vapour flux was simulated by the Shuttleworth-Wallace
(S–W) equation in which the parameterization of canopy resistance was scaled from
leaf stomatal up to the canopy.

2.1 Stomatal conductance

There is a close relationship between crop photosynthesis and stomatal conductance.
Stomatal openings regulate photosynthesis by influencing the intercellular CO2 con-
centration and, thereby, the biochemical processes in the chloroplast. The extent of
stomatal opening is jointly determined by light intensity and water balance of guard
cells. The former involves both the reaction of light receptors and the response to
intercellular CO2 concentration, and the latter is conditioned by the water balance of
bulk leaf tissue and loss from the guard cells to the immediate aerial environment.

Ball et al. (1987) proposed a semi-empirical stomatal model in which stomatal
conductance (gs) was expressed by relative humidity or vapour pressure deficit (D)

over a leaf surface, CO2 concentration (Cs) and leaf photosynthetic rate (Pn) under
conditions of ample water supply (Ball et al. 1987; Leuning 1995):

gs = m
Pn

(Cs − �)(1 + D/D0)
+ g0. (1)

The relation was revised by replacing relative humidity with leaf water potential (hl)

to include influences of both atmospheric water D and soil water (Tuzet et al. 2003):

gs = m
Pn

(Cs − �)
f (hl) + g0, (2)

where � is the CO2 compensation point, g0 is cuticular conductance, and m is an
empirical parameter. The function f (hl) is a correction factor, which ranges from 0
to 1. An empirical logistic function is used to describe the dependence of stomatal
conductance on hl:
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f (hl) = 1 + exp(slhf)

1 + exp[sl(hf − hl)] , (3)

in which hf is a reference potential and sl is a sensitivity parameter. The parameter
values are adopted from Tuzet et al. (2003).

2.2 Canopy photosynthesis (Pcg)

Light intensities within the canopy were calculated according to a negative exponential
function with a canopy extinction coefficient (k) of 0.33. Canopy gross photosynthetic
rate (Pcg) is integrated over the canopy using a leaf area index (L):

Pcg =
(

Pmax

k

)
ln

(
αI + Pmax

αIe−kL + Pmax

)
, (4)

in which Pmax is a function of temperature, hl, and CO2 concentration (Collatz et al.
1991; Yu et al. 2002).

2.3 CO2 flux over the canopy (Fc)

Fc is estimated as the canopy net photosynthesis rate minus the sum of soil respiration
(Rs), plant growth respiration (Rg) and maintenance respiration (Rm):

Fc = Pcg − (Rs + Rg + Rm). (5)

Here, Rs is mainly a Q10 function of soil temperature modified by soil water content
(Lee and Hu 2002):

Rs = R0

(
θ

a + θ

) (
b

b + θ

)
Q(Ts−25)/10

10 , (6)

in which R0 is the soil respiration at a reference temperature (T0 = 25◦C), θ is aver-
aged soil water content in the root zone, a and b are regression coefficients, and Q10
is the ratio of the respiration rates over a 10◦C temperature change.

Rm is a function of temperature and the total biomsass (B) of leaves, stems and
roots. (Arora and Gajri 2000),

Rm = Rm0BQ(Ta−20)/10
10 (7)

where Rm0 is a parameter representing maintenance respiration rates of leaves, stems
and roots, which are set to 0.00125 kg kg−1 h−1, 0.000625 kg kg−1 h−1 and 0.000417 kg
kg−1 h−1 respectively.

Growth respiration of roots and shoots (Rg) is estimated as a constant fraction of
gross photosynthetic rate (Pcg) minus maintenance respiration (Knorr 2000),

Rg =
{

rg(Pcg − Rm), Pcg − Rm > 0
0, otherwise

(8)

where rg is the growth respiration parameter.
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2.4 Water movement in the soil

Soils were divided into n layers (n � 10) with variable depth, and the dynamic water
movement was described by the Richards equation:

c(hs, i)
∂hs

∂t
= ∂

∂i

(
K(hs, i)

∂hs

∂i

)
− ∂K(hs, i)

∂i
− S(i, t), (9)

in which c(hs, i) is the specific water capacity of soil in the ith layer, hs is the soil water
potential, K(hs, i) is the hydraulic conductivity of soil at hs in the ith layer, and S(i, t)
is the root uptake rate (Wang et al. 2006).

The rate of root water uptake rate at each layer can be represented as

S(i, t) = hs,i − hl

rs,i + rr,i + rx,i
, (10)

in which rs,i, rr,i and rx,i are the hydraulic resistances of the soil, the root radial resis-
tance and root axial resistance at the ith layer.

The hydraulic resistance of the soil is calculated according to single-root radial flow
theory (Wang et al. 2002)

rs,i = ln(bi/ar)/(2πKiLd,iDi), (11)

where ar is the fine root radius, Ld,i is the root length density, and bi is the path length
for water uptake.

The root radial resistance is expressed as

rr,i = r′
r/(Ld,iDi), (12)

where r′
r is the root radial resistivity.

The root xylem resistance is estimated from

rx,i = r′
xzd,i/(0.5fLd,i), (13)

where r′
x is the root axial resistivity, zd,i is the depth of the midpoint of the soil layer

i, and f represents the fraction of the number of roots that connect to the shoot
compared with the total number of roots.

2.5 Dynamics of leaf water potential

An effective water potential was considered for the big-leaf model. The leaf water
status was determined by the balance between water loss through transpiration and
supply from the soil through root absorption. Based on mass conservation, changes
in plant water content are computed from water absorption and water loss:

c
d(hs − hl)

dt
= Tr − hs − hl

Rsl
, (14)

where c is specific water capacitance, defined as the incremental changes in leaf water
content (W) with hl (dW/dhl), hs is the average soil water potential in the root zone, hl
is the leaf water potential and Rsl is the resistance of water transfer from soil to leaf.
The water potential of plants with lower water capacitance is more sensitive to changes
in water content. Rsl will also change with soil and hl. When soil becomes dry, tran-
spiration decreases and water potential difference between soil and plant increases.
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Therefore, the total resistance between roots and soil increases with decreased soil
water potential (Cowan 1965).

Therefore, hl is computed from

−c
dhl

dt
= Tr − hs − hl

Rsl
. (15)

This equation was used to simulate the hl based on the transpiration rate, and the hl
value then determined the stomatal conductance and transpiration. The relation was
applied for single plants, and expressed per unit of ground area.

2.6 Evapotranspiration

The evapotranspiration was calculated according to the S–W equation, which sep-
arated soil evaporation and plant transpiration into two layers (Shuttleworth and
Wallace 1985). Besides net radiation being partitioned betwen the soil and plant
canopy, the key issue of the calculation is to parameterize a series of resistances for
interfaces between soil, crop and atmosphere.

Aerodynamic resistance (ra) under near-neutral conditions can be calculated form
Thom (1975),

ra = ln2[(zr − d)/z0]/(κ2u), (16)

in which zr is the reference height, u the wind speed, d the zero-plane displacement,
and κ the von Karman constant; the empirical relations, d = 0.67 hc, and z0 = 0.12hc
are used, where hc is crop height. For unstable conditions, ra was modified according
to Goudriaan (1977).

The crop canopy is usually assumed to be a random array of leaves in the big-leaf
model, and the canopy resistance (rc) consists of stomatal resistance of each layer in
the canopy (i = 1, . . ., m) (rsi = 1/gs) (Lhomme 1991):

1
rc

=
m∑

i=1

1
rsi

. (17)

To scale up the stomatal model from leaf level (Eq. 1) to canopy level, the relationship
between canopy resistance, canopy net photosynthesis (Pcn), atmospheric CO2 (Cs)

and hl is given by:
1
rc

= a1
Pcn

(Cs − �)
f (hl) + 1

rc0
, (18)

in which rc0 is cuticular resistance, and 1/rc0 is a summation of total g0 for each leaf,

1/rc0 = Lg0. (19)

At the leaf scale, transpiration as well as photosynthetic rates can be simulated by
a gaseous transfer equation as a function of environmental factors, in which phys-
iological regulation of stomatal resistance is the key control. Evapotranspiration is
evaluated on the basis of an energy balance at canopy scale, which also needs a can-
opy resistance scaled form leaf up to the canopy. Climate is the driving force of the
gaseous fluxes. Parameters of plant physiology and soil physics are taken from exper-
imental data or the literature (Table 2). The ChinaAgrosys model was driven by solar
radiation, air temperature, humidity and wind speed at a reference height, as well as
precipitation and irrigation. The leaf water potential sub-model was validated against
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experimental data, in which plant water capacity is the dominating factor defining the
amplitude of hl in response to changing environmental variables. The value of Pmax in
the photosynthesis sub-model (Eq. 4) is an important factor in determining the CO2
flux, and is of major concern in model calibration. The resistances of plant and soil
play important roles in controlling water flow. The independent dataset was applied
in model calibration. After initial values of soil temperature and water content are
provided, the ChinaAgrosys model provides CO2 and water fluxes, and soil water and
temperature.

3 Numerical solution

In addition to the S–W equation and the photosynthesis sub-model, Eq. (1)–(19) are
nonlinear and complete. Inputs to the ChinaAgrosys were microclimate and initial
water content of the soil, and parameters reflecting the characteristics of crop physio-
logical ecology. This set of equations was used to obtain the values of CO2 and water
vapour fluxes when environmental elements, i.e., solar radiation, air temperature, air
vapour pressure, ambient CO2, and wind speed or boundary-layer conductance, were
provided as inputs (Fig. 1). The value of Pcn was obtained from the photosynthesis
sub-model, and gsc from Eq. 1. The hl was dynamic, and Eq. 15 was first solved using
the Runge-Kutta method. The initial hl was set equal to soil water potential, and
the transpiration rate was zero. After a series of resistances of water transfer were
determined, the water vapour flux was calculated. Lastly, the water movement in the
soil was computed from root absorption rate and soil evaporation.

The values of several parameters in the photosynthesis and stomatal conductance
sub-models were taken from Collatz et al. (1991), Leuning (1995), and Yu et al.
(2002). In the stomatal conductance sub-model, m = 8. Characteristic parameters of
the hl dynamics were determined according to validation and sensitivity analyses of
hl. Water capacitance was taken as 0.35 × 10−8 m3 MPa−1, k1 was 0.8 and Rsl0 was
0.5 × 107 MPa s m−3. Most parameters in the ChinaAgrosys model are presented in
Table 2. The model was calibrated against experimental data, with soil parameters
derived based on the specific soil type and available measurements (Wang et al. 2006,
2007).

4 Site description and experiment

Observations were conducted in Yucheng Comprehensive Experimental Station
(36◦57′ N, 116◦36′ E, 28 m above sea level) of the Chinese Academy of Sciences
(a site of ChinaFlux, www.chinaflux.org) in 1997, 2001 and 2004. The site is located
in the North China Plain, which is a large flat plain with a moderate monsoon cli-
mate. There was a fetch of more than 500 m for winds from all directions at each site.
Meteorological variables, i.e. temperature, humidity, wind direction, wind speed and
atmospheric pressure were measured with a temperature/humidity probe (HMP45C,
Vaisala, Helsinki Finland), a potentiometer windvane (Model W200P, Vector, U.K.),
an anemometer (A100R, Vector, U.K.), and a barometer (CS105, Vaisala, Finland).
The total and net radiation data were collected using a pyranometer (CM11, Kipp&zo-
nen, Canada) and a net four-component radiometer (CNR-1, Kipp&Zonen, Delft,
The Netherlands). The instruments above were located at a height of 2.8 m above the
ground.
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Input
          Microclimate variables 

Initial soil water  
          Soil and plant parameters   

Leaf water potential 
          The previous potential and transpiration 

Initial value equal to soil water potential 
          Soil water potential 
          Leaf water capacitance   
          Resistance from soil to leaf  
          Runge-Kutta method    

Intercellular CO2

          Ambient CO2

          VPD  
          Leaf water potential 

Canopy photosynthesis 
          PPFD 
          Temperature 
          Intercellular CO2

Evapotranspiration
          Solar radiation 
          Canopy resistance  

Aerodynamic resistance 

Soil water dynamics 
          Evapotranspiration 
          Root absorption 
          Boundary conditions 

Flux output 

Fig. 1 Numerical solution of the model in simulation of CO2 and water vapour fluxes

A three-dimensional sonic anemometer (Model CSAT3, Campbell Scientific, Inc.,
Logan UT) and an open path infrared gas analyzer (IRGA; Model LI-7500, LI-COR,
Inc., Lincoln, NE) mounted at a height of 2.8 m measured the three components of
the wind velocity, sonic temperature, and the densities of water vapour and CO2. Soil
heat flux was measured with a self-calibrating heat flux sensor (HFP01, Hukseflux,
Netherlands) installed 0.05 m below the soil surface. The average values were cal-
culated and recorded every 10 min. The area was occasionally irrigated as needed.
The data were calibrated, and closure of the surface energy balance has been tested
previously (Lee et al., 2004; Xiao et al. 2006; Wang et al. 2006).

Soil temperatures and water content were measured by four soil heat flux sensors
(TCAV, Campbell Scientific, Logan, UT) installed at depths of 0.00, 0.10, 0.20 and
0.50 m and eight water content reflectometers (CS616_L, Campbell Scientific, Logan,
UT) at depths of 0.00, 0.05, 0.10, 0.15, 0.20, 0.40, 0.60 and 1.00 m.

The variety of winter wheat was Zixuan 1. During the growing season, the leaf area
index was measured every five days by harvesting 10 plants within a plot of 1 m2, in
which plants were counted. A trial of soil water stress was conducted in 2001, and
there were 16 plots of 50 m2. Soil water was controlled by sprinkling irrigation at
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different frequencies and amount. Soil water stress was conducted under two con-
ditions, i.e., light stress and strong stress. The diurnal variations of hl were observed
by the pressure chamber method according to Boyer (1995). Three wheat flag leaves
were selected, and clipped to measure their water potentials.

5 Results

The results consist of the sensitivity analysis of the ChinaAgrosys model to solar
radiation and soil water, the calibration of the leaf potential sub-model under consid-
eration of lightly-stressed or strongly-stressed conditions, and the simulation of CO2
and water vapour fluxes.

5.1 Analysis of model sensitivity

The model sensitivity to solar radiation and soil water was analyzed to demonstrate
the performance of simulating the effect of hl on CO2 and water vapour fluxes. The
simulation was performed with variable and constant hl in Eq. 2. The difference may
show the leaf water constraint. The ChinaAgrosys model was driven by solar radiation
and air temperature, the initial value of hl was set to the predawn soil water content
(−1.0 MPa), and D increased exponentially with the temperature. Other input vari-
ables were also assumed constant during the day, i.e., wind speed was 1.5 m s−1 and
CO2 concentration 360µmol mol−1. We used the method of changing one environ-
mental factor or parameter at a time while holding others constant to observe the
sensitivity of the ChinaAgrosys model. Photosynthesis and transpiration fluxes dom-
inated over the soil fluxes for a closed canopy with L = 3.5. Their change in response
to diurnal variations of environmental factors was analyzed.

5.1.1 Sensitivity of the model to solar radiation

The cumulative effect of water loss from the leaf caused hl to reach its minimum in
the afternoon, and to recover before sunset when solar radiation was low (Fig. 2).
The photosynthesis under non-stressed conditions (when hl was held constant) was
higher than that under stressed conditions. This was evident under high solar radiation
around noon, when hl was at its minimum. Solar radiation was halved from Fig. 2 a2 to
c2. Under higher solar radiation accompanied by strong water stress, photosynthesis
was lower in the afternoon compared to the unstressed condition (Fig. 2). Diurnal
changes in transpiration were similar to that of photosynthesis, but its midday depres-
sion was relatively small. The decrease in transpiration at midday was slight, because
the decrease in gs was compensated by the increase in D (Yu et al. 2001).

5.1.2 Sensitivity of the model to changes in soil water potential

Diurnal changes in hl, see Fig. 3, showed photosynthesis and transpiration under
slightly stressed and strongly stressed soil water conditions with soil water potentials
set at −1.0, and −1.5 MPa, respectively. Photosynthesis was low under low soil water
potential (i.e. low water content) in mid-afternoon but was not sensitive to different
potential values in the morning. Transpiration decreased significantly with a decrease
in soil water potential. Generally, transpiration increased with the water potential
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Fig. 2 Diurnal variations of leaf water potential, CO2, and water vapour fluxes under normal mete-
orological conditions (left) and half of the solar radiation (right)

during daytime. Value of hl decreased slowly in 3–4 h after sunrise and then decreased
sharply with the increase in transpiration, and remained almost constant around noon.
High light intensities caused high transpiration and loss of water, which decreased hl.
Leaf water potential recovered from its lowest value in the afternoon under strongly
stressed conditions to reach the value found at night (Fig. 3). The sensitivity of the
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Fig. 3 Response of leaf water
potentials and fluxes to
different soil water potentials
(−1.0 and −1.5 MPa)
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analysis suggests that midday depression of photosynthesis may occur due to stomatal
closure at low hl.

5.2 Validation of the leaf water potential sub-model

The dynamics of leaf water potential is a key to the ChinaAgrosys model, and its
validation determines the suitability of its incorporation with the photosynthesis and
transpiration sub-models. The diurnal change in water potential of flag leaves and its
simulation is shown in Fig. 4. The initial soil water potentials were −0.8, −1.1, and
−1.1 MPa for April 26, May 12, and May 19, respectively. The root-mean-square error

(RMSE) is

√
1
n

n∑
i=1

(Pi − Oi)2, in which P and O are predicted and observed values,

and n is the number of samples. The RMSE is 0.16 MPa for light stress, and 0.15 MPa
for strong stress, indicating no significant difference in model error due to plant stress.

There was a close correspondence of trends in simulated and observed potentials.
The lowest potential was achieved in afternoon around 1530 local time, which lagged
3.5 h behind the maximum solar radiation. The hl recovered in the afternoon, along
with a decrease in transpiration, and increased further during the night. The Chi-
naAgrosys model simulated hl reasonably well under different soil water potential
conditions (Fig. 4).

5.3 Validation of relationship between canopy resistance and photosynthesis

Canopy resistance was derived from the P–M equation under a closed canopy with
L = 2.3 in the spring. Soil respiration was relatively small in the daytime. Canopy
photosynthesis (Pcn) was subtracted from soil respiration, which was measured by
the chamber method in this study area (Chen et al. 2004). Therefore, the relation-
ship between canopy resistance and photosynthesis, D and CO2 concentration was
analysed (Fig. 5). It was shown that canopy resistance was closely related to canopy
photosynthesis, as there was a significant diurnal variation.

5.4 Simulation of CO2 and water vapour fluxes over wheat

CO2 and water vapour fluxes were simulated according to experimental data reflect-
ing the physiological characteristic and leaf photosynthetic observations (Yu et al.
2001, 2002). The fluxes were simulated by two methods. The first assumed constant
hl during the day corresponding to the pre-dawn hl or soil water potential, while the
other applied the dynamic equation of hl.

The simulation with dynamic hl was compared to constant hl (Figs. 6 and 7). When
dynamics in hl were not considered, the simulated curves were higher than those for
observations in the afternoon. The RMSE decreased from 0.31 to 0.20 mg m2 s−1 for
the CO2 flux, and from 48 to 30 W m−2 for the water vapour flux after the variable hl
was simulated. This may be attributed to a decline in hl after a period of illumination
by solar radiation or water loss from plant leaves due to transpiration.

The trend of the simulated water vapour flux was smooth and agreed well with
observations (Fig. 7). Generally, the simulated values were greater than the
observed values if the decline of hl in the afternoon was omitted. Once the water
stress sub-model was used to simulate the changes in hl, the flux corresponded to the
observed value much better (Fig. 7). This improvement suggests that there is a midday
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Fig. 4 Validation of leaf water potential model (26 April, 12 and 19 May, 2001)

depression of photosynthesis and transpiration that is influenced by stomatal control.
Steady state crop status does not hold at a diurnal scale. The CO2 and water vapour
fluxes were simulated from turning-green to milking stages for wheat from March to
May 2004. Figure 8 illustrates the flux simulation from shooting stage to grain filling
stage with L from 2.2 to 5.8. The ChinaAgrosys model tracked the field measure-
ments reasonably well: slopes were 0.97 and 0.96, and intercepts were 41 W m−2 and
0.02 mg m−2 s−1 respectively. The correlation coefficient (r) was 0.90 for both slope
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Fig. 5 Validation of canopy resistance model, i.e., Eq. 19, the relationship between canopy resistance
and photosynthesis represented here by CO2 flux (March 23–29, 2003)

Fig. 6 Simulated and observed CO2 fluxes (19–24 April, 2001), (a) and (b) are the simulations of
CO2 fluxes for unchanged hl and variable hl, respectively (initial soil water potential −1.1 MPa)
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Fig. 7 Simulated and observed water vapour fluxes (19–24 April, 2001), (a) and (b) are the simula-
tions of water vapour fluxes for unchanged hl and variable hl, respectively (initial soil water potential
−1.1 MPa)

and intercept, and the RMSE values were 65 W m−2 and 0.22 mg m−2 s−1 for latent
heat and CO2 fluxes, respectively. Good predictions were obtained when changes in
hl were considered, indicating that the inclusion of leaf water control on photosyn-
thesis and transpiration may increase simulation precision. Simulation of the fluxes
showed higher discrepancy around noon if hl was kept constant. The simulation can
be improved by considering the influence of hl on stomatal conductance and thereby
the photosynthesis and transpiration rates.

Parameters in the ChinaAgrosys model were held constant in Fig. 8. The parameter
Vm represents the assimilation of photosynthetic systems, which may differ among
growth stages (Arora and Gajri 2000). It is determined by nitrogen content of leaf
(Leuning 1995) and varies with development stages. But small changes in Vm can be
assumed in the flourishing growth period during the period March 20–May 21 (Fig. 8).

6 Discussion

Root-zone soil moisture was included as a key variable controlling the surface water
and energy balances (Albertson and Kiely 2001). There are some non-steady-state
simulations of water transfer in plant canopies in the literature (Williams et al. 1996;
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Fig. 8 Simulated and observed diurnal changes in CO2 and water vapour fluxes (20 March–20 May,
2004). The leaf area index is 2.2–5.8, and the simulation was run by considering variable leaf water
potential

Lhomme et al. 2001; Kumagai 2001) that describe dynamic changes in plant water
content. Some of the plant and soil hydrological models include transpiration under
changing hl based on the water capacitance of leaves (Dauzat et al. 2001), but it is
still a challenge to simulate the integrated response of hl and transpiration with pho-
tosynthesis at the canopy scale. In the ChinaAgrosys, these relations were assimilated
by scaling the stomatal model from the leaf up to the canopy (Eq. 19, Fig. 5). We
considered canopy resistance (rc) as a function of D, Ca and photosynthetic rate,
which was integrated over L considering light extinction in the canopy. Some big-leaf
models described rc as a function of the mean leaf stomatal resistance (rs) divided
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by L (r̄s/L). This may lower prediction precision, because changes in rc with L are
nonlinear (Lhomme 1991).

Canopy photosynthesis and transpiration in physiological ecology and land surface
processes should be scaled up from the leaf scale. One of the key problems in using
the P–M or S–W equations is the parameterization of canopy resistance (Shuttleworth
and Wallace 1985). Frequently, canopy resistance is calculated as a function of envi-
ronmental elements, such as the ‘Jarvis-type’ model (1976). The empirical expression
of rc includes the multiplicative effect of influencing factors, but does not include
the effects of physiological regulation and feedbacks. This implies that the Jarvis
model may have less physiological reality than models of the B-B type (Eq. 1) based
on physiological observations. The S–W equation separates the contributions of soil
evaporation and plant transpiration to the water vapour flux. This is a convenient way
of including the influence of changes in hl on transpiration in the evapotranspiration
prediction.

Models simulating water vapour and CO2 fluxes were characterized by layered
canopy and soil properties, parameterization of canopy resistance, and steady or
non-steady status of hl (Table 1). After a dynamic equation of hl was combined
in the ChinaAgrosys, feedbacks among hl, stomatal conductance, intercellular CO2
and photosynthetic rate were included. It may cause some error to use the big-leaf
model, which simplifies light extinction, temperature, humidity and CO2 profiles, and
turbulence transfer within a canopy.

The core of the ChinaAgrosys model is Eq. 15, which describes the dynamics of
water balance in a leaf. The introduction of Eq. 15 allows the model to simulate
dynamic processes of hl. Some other models (e.g. Choudhury and Monteith 1988;
Chen and Coughenour 1994; Leuning et al. 1995; Sellers et al. 1996) contain constant
parameters to simulate dynamic processes. An improved approach to simulation is
to use a differential equation to include dependence on the plant status. Similar
work has been done to describe the initial photon efficiency and to analyze diur-
nal changes in photosynthesis and transpiration (Yu et al. 2001). Also, Lakshmi and
Wood (1998) simulated diurnal changes in evaporation using a two-layer hydrolog-
ical model. This method of simulating dynamic processes generally interprets ele-
ments of the plant status and characteristics of the photosynthesis system (Yu et al.
2004).

Models describing fluxes through the interfaces in the system, which couple physical
and physiological processes, are still at a semi-empirical stage. It is important to seek
a balance of sub-models among processes. For example, we focused on the influence
of hl, and simply used the big-leaf model with the average radiation extinction coeffi-
cient for direct and diffuse radiation. As many models are ‘plot-specific’ (Goudriaan
1999), the process or factors that should be taken into consideration were identified
by numerical analysis. For example, photosynthesis declined sharply in the afternoon,
but simulation results showed smooth changes when hl were held unchanged. The
midday depression of photosynthesis may be ascribed to a decrease in stomatal open-
ing and non-stomatal changes such as photoinhibition. When a plant is photoinhibited
around midday, α decreases first, then Pmax, and lastly β decreases (Demmig-Adams
and Adams 1992; Long et al. 1994; Leverenz 1994). This study showed that the rate
of CO2 assimilation in leaves is depressed at moderate water deficits mostly as a con-
sequence of stomatal closure (Chaves 1991). In fact, both stomatal and non-stomatal
elements may be ascribed to midday depression of photosynthesis, which is a very
common phenomenon under natural conditions (Xu and Shen 1997). Water deficits
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Table 1 Comparison of process approaches used in models

Model Canopy layers Soil layers Dynamics
of plant
status

Parameterization
of canopy resis-
tance

This study Shuttleworth-Wal-
lace evapotrans-
piration model
and Exponential
light extinction for
photosynthesis

Multi-layers Non-steady
state

Related to
canopy pho-
tosynthesis by
scaling revised
Ball-Berry
(1987) model
from leaf to
canopy

Williams et al.
(1996)

Multi-layers Single layer Non-steady
state

Modified by
meteorological
variables

TWOLEAF
Wang and
Leuning
(1998)

Sunlit and shaded
two-leaves

Multi-layers Steady state Revised Ball-
Berry model at
leaf level

GEMTM Chen
and Cough-
neour (1994)

Multi-layers Multi-layers Non-steady
state

Ball-Berry model
at leaf level

Lhomme et al.
(2001)

Big-leaf Single layer Steady state Jarvis-type
formulation

Anderson et al.
(2000)

Big-leaf None Steady state Scaling Ball-
Berry (1987)
model
from leaf to
canopy, and
photosynthesis
is calculated
by light use
efficiency

may affect carbon assimilation through stomatal and non-stomatal processes. Stoma-
tal conductance responds to air and soil humidity through leaf water status (feedback
response) and direct response of stomata (feedforward response) (Lhomme 2001).
Stomata can respond to soil water status independently of leaf water status. Soil dry-
ing stimulates a root-shoot chemical signalling, ABA in the xylem sap. Models have
been developed to relate the ABA synthesis rate in response to soil drying (Lhomme
2001). At the next step, it is advisable to measure hl and chloroplast fluorescence to
distinguish the contribution of the stomatal and non-stomatal elements to the midday
depression.

Physiological parameters in the ChinaAgrosys model may change with develop-
mental stages, whereas the parameters used here were taken as constant, which
may result in deviations from observations. Some observational days showed time
changes in the simulated and observed fluxes that were similar in phase with different
amplitudes. The water capacity may also vary with leaf water content, but there are
many models that keep this constant, as a first-order approximation of the non-
linear relationship between water content and water potential (e.g., Wang et al.
2002).
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Appendix

Table 2 Values of parameters and constants in the model

Parameter value Description and source

c 0.35 × 10−8 m3 MPa−1 Water capacitance (this study)
D0 1.5 kPa Parameter of humidity response (Leuning 1995)
κ 0.42 von Karman constant
m 8 Empirical parameter in Eq. 1 (Collatz et al. 1991)
Q10 1.7 Arrhenus parameter for soil respiration (this study)
rc0 1000 s m−1 Residual resistance in Eq. 18 (this study)
R0 0.11 mg m−2 s−1 Soil respiration at reference temperature (25◦C this study)
Rm0 0.677 g kg−1 h−1 Maintenance respiration rate parameter (this study)
zr 2.05 m Reference height (this study)
a 0.001 Empirical parameter in Eq. 6 (Lee and Hu 2002)
b 3.82 Empirical parameter in Eq. 6 (Lee and Hu 2002)
Sl 5 Empirical parameter in Eq. 3 (This study)
hf −2 MPa Reference leaf water potential in Eq. 3 (this study)
ar 0.002 m Empirical parameter in Eq. 11 (Wang et al. 2002)
r′r 4.9 × 1011 s m−1 Empirical parameter in Eq. 12 (Wang et al. 2002)
r′x 3.5 × 1010 s m−3 Empirical parameter in Eq. 13 (Wang et al. 2002)
f 0.22 Empirical parameter in Eq. 13 (Wang et al. 2002)
rg 0.35 Growth respiration parameter in Eq. 8 (Knorr 2000)
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