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Abstract

A model was developed that couples canopy photosynthesis and transpiration of winter wheat. The model combined a two-layer
evapotranspiration model with a coupled photosynthesis—stomatal conductance model to study the diurnal variations of CO,, water
and heat fluxes of winter wheat. Field experiments were conducted in Yucheng Comprehensive Experimental Station in the North
China Plain to evaluate the model. Half-hourly data of weather variables and CO,, water and heat fluxes were measured by the eddy
covariance method in 2002-2003. An analysis of measured flux data showed that there was an evident midday depression of
photosynthesis, caused by stomatal closure due to high vapor water deficit and canopy temperature though the soil was well
irrigated. There was a close agreement between simulated and measured net radiation, CO, flux, sensible and latent heat fluxes,
which proved the predictive power of the coupled photosynthesis and transpiration model. The response of CO, flux, canopy
conductance and latent heat flux to changes in climatic factors was discussed, which indicated the model could be used to predict
CO,, water and heat fluxes of wheat not only in the North China Plain, but also in other climatic regions in China.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Photosynthesis and transpiration are two basic
processes in forming crop productivity. Accurate
estimation of photosynthesis and water consumption
is important not only in directing irrigation and
improving water use efficiency of cropland, but also
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in studying the interactions between plant and atmo-
sphere. The simulation of photosynthesis and evapo-
transpiration has been intensively studied in the past
decades at all levels, from individual leaf, canopy and
region scale to the global scale. Farquhar et al. (1980)
and von Caemmerer and Farquhar (1981) proposed a
biochemical model of photosynthesis for C; plant,
which is the foundation of many large-scale models
because it is mechanistically based and because it needs
few parameters. Simultaneously, it is of importance to
study the feedbacks between biochemical and biophy-
sical processes of leaf response. Many researchers have
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described the ratio of stomatal conductance of C; plant
and CO, assimilation rate and their response to
environmental factors (Jarvis, 1976; Ball, 1987; Ball
et al., 1987; Collatz et al., 1991; Leuning, 1995;
Nikolov et al., 1995). Photosynthesis models on the
canopy scale are generally divided into the big leaf
model and multilayer model (Baldocchi, 1992; Amthor,
1994). The big leaf model treats the canopy as an
extended leaf (Farquhar, 1989; Sellers et al., 1992;
Baldocchi and Harley, 1995; Norman, 1993; Kull and
Jarvis, 1995). Some multilayer models deal with sunlit
leaves and sunshade leaves separately (Norman, 1980;
Leuning et al., 1995; Wang and Leuning, 1998; Chen
et al., 1999).

Mathematical models for calculating sensible heat
and latent heat fluxes can generally be classified into
single-layer models, two-layer models and multilayer
models. In the single-layer models, the Penman-—
Monteith formula (Penman, 1948; Monteith, 1965)
was frequently used to estimate evapotranpsiration
(Brutsaert and Stricker, 1979; Katul and Parlange, 1992;
Parlange and Katul, 1992; Konzelmann et al., 1997).
Two-layer models calculate canopy transpiration and
soil evaporation separately (Shuttleworth and Wallace,
1985; Choudhury and Monteith, 1988; Noilhan and
Planton, 1989; Kustas, 1990). Multilayer models
include the effects of within canopy transfer, vertical
variation in canopy structure and distributions of
exchange the sources and sinks (Chen, 1984; Tanaka
et al., 1998; Wu et al., 2000; Anadranistakis et al.,
2000).

Photosynthesis and transpiration are interdependent
and inseparable since they take place in the leaf. Many
models combine photosynthesis and transpiration
through a model for stomatal resistance (Collatz
et al.,, 1991; Leuning et al., 1995; Yu et al., 2001).
On calculating evapotranspiration, although single-
layer models have been extensively used because of
their simplicity and general applicability, they cannot be
appropriately applied to arid or semi-arid lands because
sources/sinks of fluxes occur at separated canopy and
soil surface (Domingo et al., 1999), and the application
of multilayer models are limited because the micro-
meteorological variables within canopy are difficult to
obtain.

From the above review, we can see that the
parameterization methods on calculating photosynth-
esis and transpiration are complicated and often
dissimilar. Therefore, it is of significance to select
appropriate parameterization methods and integrate
them into a model for simulating photosynthesis and
evapotranspiration under various climatic and soil

conditions. Thus, we developed a model that combined
a two-layer evapotranspiration model with a coupled
photosynthesis—stomatal model to study the diurnal
variations of CO,, water and heat fluxes of winter wheat
at the canopy level based on long-term continuous
measurements in ChinaFlux.

The North China Plain is one of the most important
areas of agricultural production in China and the winter
wheat which covers a large part of this area may
contribute significantly to the CO,, water and heat
exchanges between the atmosphere and terrestrial
ecosystems. Therefore, measurement and simulation
of CO,, water and heat fluxes of winter wheat is of
importance to appraise the function of croplands against
regional water and carbon cycles. However, there are
few publications that provide a thorough description of
measurements and simulations of the diurnal variation
of CO,, water and heat fluxes of winter wheat field in
the North China Plain.

The objectives of this paper are as follows:

(1) To measure the diurnal variation of CO,, water and
heat fluxes of winter wheat and analyze the relation
between CO,, water and heat fluxes and environ-
mental factors.

(2) To develop a model which couples photosynthesis
and transpiration to describe the interactions of
atmosphere, crop and soil in the agro-ecosystem.

(3) To test the model and perform a numerical analysis
of the response of the model under variable climatic
environmental conditions.

2. Model descriptions

The model consists of a canopy evapotranspiration
module, a canopy photosynthesis module and a soil
water and heat transfer module. Three modules were
coupled by using the canopy photosynthesis model to
calculate canopy resistance that was needed in the
canopy evapotranspiration model, using the evapotran-
spiration model to obtain soil temperature and canopy
temperature to calculate photosynthetic rate and soil
respiration. Simultaneously, the canopy evapotranspira-
tion model was combined with the water and heat
transfer model in the soil to solve energy balance
equations.

2.1. Canopy evapotranspiration model

The canopy evapotranspiration model includes a
solar radiation transfer submodel, a thermal radiation
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submodel, a two-layer water and heat transfer submodel
and a resistance submodel.

2.1.1. Solar radiation transfer submodel

The global radiation above the canopy is divided into
the direct visible radiation (Sg4,), the direct infrared
radiation (Sg;), the diffuse visible radiation (S,) and the
diffuse infrared radiation (Sj;). Light intensity (/) inside
the canopy decreased exponentially with the leaf area
index according to Beer’s law. That is:

[ =Ipe " Q)

in which I, is the light intensity at the top of canopy, n
the extinction coefficient and L is the leaf area index
(see Appendix B for a full list of symbols). Because the
extinction coefficient and albedo of canopy for direct
radiation and diffuse radiation are different, they are
calculated separately in the model (see Appendix A.1).

2.1.2. Thermal radiation submodel
The radiation balance equation of ground surface is
given by:

Ry=(1—p,)Ry — Fy 2

in which R, is the net radiation above the canopy, p, the
albedo of canopy and soil to solar radiation, R, the
global radiation and F, is surface effective radiation.
The radiation balance equations of soil and canopy are
calculated by the following equations:

Rus = Sav(1 = py)e ™ + Sgi(1 — py)e ™"

+ Ssv(1 - pdv)e_deL + Ssi(1 - pdi)e_kdiL - Rls
(3)

and
Rue = Sav(1 = p,)(1 — ™M) + 8 (1 — py) (1 — e78F)
+ Sev(1 = pgy) (1 — e 8) + 85(1 — py)
x (1 —e™h) — Ric
)

in which R,s and R,,. are the net radiation absorbed by
the soil and by the canopy, respectively. Rj, is long wave
radiation of soil and R is long wave radiation of the
canopy. py, Pi, Pav and pg; are albedo of canopy for direct
visible radiation, direct infrared radiation, diffuse visi-
ble radiation and diffuse infrared radiation, respectively.
ky, ki, kqy and ky; are the extinction coefficient of canopy
for direct visible radiation, direct infrared radiation,
diffuse visible radiation and diffuse infrared radiation,
respectively.

2.1.3. Two-layer water and heat transfer submodel
The energy balance equation of cropland, not
considering the effects of advection, is given by:

Ri,=H+ME+G 5)

in which H, AE and G are sensible heat flux above the
canopy, latent heat flux above the canopy and soil heat
flux, respectively. The energy balance equations of
canopy and soil are expressed by:

Ry = H: + AE, (6)
Ry = Hy + AE; + G (N

in which H, and H are the sensible heat fluxes of
canopy and soil, respectively, and AE. and AE, are
the latent heat fluxes of canopy and soil, respectively.
Then soil evaporation and crop transpiration are given
by (see Appendix A.2):

A(Ry — Rns) + pCpDo /1S

AE, =
¢ A+ y(14r¢/re)

®)

A(Rys — G) + pC,Do /13

AE, =
T AT+ R/

&)

The sensible heat fluxes of canopy and soil are esti-
mated by the following expressions:

T, — T,
Hy = pC,— 10
s=P PRt (10)
Tc_Ta
H. = pC 11
c=pP pr§+r§ (11)

in which p is the air density, C, the specific heat of air at
constant pressure, A the latent heat of vaporization, A
the slope of saturation vapor press at air temperature, y
the psychometric constant, D, the saturation deficit at
canopy source height, T, the air temperature at reference
height, ri the aerodynamic resistance between the
canopy source height and reference height, r; the
boundary layer resistance of canopy, 7} the aerodynamic
resistance between the substrate and canopy source
height, r{ the canopy resistance and r{ is the soil
resistance.

Soil surface temperature and canopy temperature are
calculated by iteration in the model. The initial values of
canopy temperature and soil surface temperature are
given to the model, and then sensible heat fluxes of
canopy and soil are calculated with Eqgs. (10) and (11).
The values thus obtained are used in the energy balance
equation and the iteration is continued until the
difference between the sum of sensible and latent heat
fluxes of canopy and net radiation of the canopy is
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Fig. 1. The response curve of canopy net photosynthetic rate to photosynthetic photo flux density (PPFD) (left is a rectangular hyperbola and right is
a non-rectangular hyperbola).
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<0.1Wm™> Similarly, the iteration is done until the described in the model (Lin and Sun, 1983):
difference between the sum of sensible and latent heat b

fluxes of soil and net radiation absorbed by soil is P = b, (%) t by (12)
<0.1 W m 2. Then sensible heat fluxes of the canopy s 0

and soil are obtained by Eqgs. (10) and (11) from canopy
temperature and soil temperature and latent heat
fluxes of canopy and soil are obtained with Egs. (8)
and (9).

in which 6 is the average soil water content between 0
and 10 cm, 6, the saturated water content of surface soil
and by, b, and b3 are the empirical constants. Crop and
soil are considered as a unique aerodynamic system, the
characteristics of which are expressed by the values of
zero plane displacement (d) and roughness length (z),
given by the expressions (Mehrez et al., 1992):

2.1.4. The resistance submodel

Determination of the resistances is important to solve
the energy balance equation. Aerodynamic resistance,
boundary layer resistances of canopy, canopy resistance d = 0.630,h (13)
and soil resistance need to be calculated in the model.

Soil resistance is calculated with an empirical function (1 V2 + ou(h—d) (14)
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Fig. 2. Diurnal variation of weather variables (PPFD, D, and air temperature) and canopy net photosynthetic rate on several typical cloudless days.
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24

in which 4 is the crop height, z;, the roughness length of
bare soil, usually taking the value 0.01 m (Van Bavel
and Hillel, 1976) and o, is the momentum partition
coefficient which depends on leaf area index (L)
expressed as (Shaw and Pereira, 1981):

oy =1-— 05 ex —L—2
«= 05+L)P\ 78

re, r3 and i can be expressed as fractions of the overall
aerodynamic resistance for momentum transfer in the
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Fig. 4. The day-time patterns of Bowen ratio (8) during four different
development stages (average value of every 5 days).

soil-vegetation system (r,) (Anadranistakis et al.,
1999):

Un Un

fe=—F5=—""n (16)
OglU?  Ogliy
Ur — Up Ur — Up
=y = Ta 17)
u? Uy
Un Un
re Ta (18)

a = (1 —o0q)u2 B (1 —04)us

in which u, is the friction velocity, u, the wind speed at
the reference height and r, is the function of atmo-
spheric stability and can be expressed by:

! [md - wM} [Inz%d - wH}
20

Ku(z) 20 (19)

Fa =
where k is the von Karman’s constant, 16 =2z0/7
(Garratt, 1978). Here we assumed atmosphere is under
neutral stability conditions, thus =Yz =0, and
wind speed at mean canopy height is described by:

up = 0.83u(z)oy + (1 — oy )u; (20)

Canopy resistance to water vapor is a reciprocal of
canopy conductance which is the sum of conductance of
sunlit (gsw.) leaves and sunshade leaves (ggw.e):

1
rg=—-—7— (21)
8swn + 8swe
The calculation of leaf stomatal conductance is given in
Appendix A.4.
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2.2. Canopy photosynthesis model

Canopy net photosynthetic rate is the sum of net
photosynthetic rate of sunlit leaves (A, ,) and shaded
leaves (Apce),

Anc = Anc,e + Anc,e (22)

Leaf net photosynthetic rate is the difference between
leaf gross photosynthetic rate (A) and leaf dark respira-
tion (Ry),

A, =A—Ry (23)

The calculations of A and Ry, see Appendix A.3.
Soil respiration (R;) is calculated as a function of soil
temperature using:

Ry = RoQjg /" (24)
in which R, is the soil respiration at reference tempera-
ture, T the average soil temperature between O and
10 cm and Q) is the temperature constant. The CO,
flux above the canopy (F.) is given by the follow
expression:

Fc :Anc_Rs (25)
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Fig. 5. Comparison between simulated and measured net radiation above winter wheat canopy at four development stages.
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2.3. The model for soil water and heat transfer

2.3.1. Soil water movement submodel
The soil is divided into several layers, and vertical
water movement in it is described by:

de
Dla:P1+Il_Es_Ql,2_Sl (26)

do;
i Qi 1i—0iiv1 =S 27

dé,
., = Qn—l,n - Qn - Sn (28)

in which i is the layer number (i = 2, . . ., n), D the layer
thickness, 6 the volume water content of the soil, Q the
water flux through the ith layer and (i + 1)th layer
interface between two adjacent compartments, with
downward flux taken as positive and S is the absorption

201

rate of roots. P and [; are intensities of precipitation
and irrigation, respectively. E is the soil evaporation
rate and ¢ is the time.

2.3.2. Root water uptake submodel

Feddes and Zaradny (1978) proposed a water
absorption model for roots by taking account of a
weighting factor of soil water potential. The water
absorption rate (S) was expressed by the function
of the transpiration rate, root length and soil water
potential:

Of(w)
a(¥;)d

(29)

e

in which ; is the soil water potential at layer i, L, the
root length, 7, the transpiration rate and o«(;) is
the weighting factor of soil water potential and is
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Fig. 6. Correlation analysis of simulated and measured net radiation (R,) at four development stages.
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defined as:
v Y <Y <0
i -
a(y) = v — ¥, V2 ; V< (30)
T Y3 <Y<y,
0 V<

in which v, ¥, and 3 are thresholds of soil water
potential for the three levels. This soil water model is
suitable for root absorption (1) = 1 when its potential

ranges from v, to v, and a(y) are lower than 1 when
water potentials is lower than v/, or higher than i, due
to drying or excess water and low aeration. Soil water is
not available for root when its potential is lower than 3.

2.3.3. Heat diffusion equation submodel
The heat diffusion equation for heterogeneous soil
can be expressed by:

T 9 oT
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Fig. 7. Comparison between the simulated and the measured values of latent heat flux above winter wheat canopy at four development stages.
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in which ¢(z) is the specific heat of soil at depth z and
K(z) is the soil heat conductivity at depth z. The heat
diffuse equation can be solved by implicit difference
scheme of integration. Soil heat flux at depth z is

described by:
LT
— d
+ /0 e ¢(z)dz

Under many conditions the effect of [ (0T /0r)c(z) dz
for soil heat flux can be neglected (Leyton, 1975),
then soil heat flux through the ground surface can be
calculated with difference method,

in which T, is the
average temperature

oT

G I
0z

—K(2) (32)

G

(33)

soil surface temperature, T the
from surface ground to depth z.

203

3. Materials and methods

The experiments were conducted at Yucheng
Comprehensive Experiment Station in the North China
Plain (36°40'N, 116°22'E, 28 m above m.s.l) in 2002—
2003, which is a cropland site of ChinaFlux. The
annual mean air temperature was 13.1 °C and mean
temperature in January and July were —3 and 26.9 °C,
respectively. The mean annual precipitation was
610 mm and nearly 70% of it was concentrated in
summer. The dominant soil type is silty loam with an
average bulk density of 1.28 gcm™>. The cropping
system in the region is summer maize followed by
winter wheat. There is a fetch of over 500 m for winds
from all directions at each site in the growing season of
winter wheat and maize.

Fluxes of CO,, sensible and latent heat were
measured with an eddy covariance system installed at
2.10 m above the ground. The system consisted of a fast
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Fig. 8. The correlation analysis of simulated and measured latent heat flux (AE) above winter wheat canopy at four development stages.
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response infrared gas analyzer (LI7500, LI-COR Inc.)
and a three-dimension sonic anemometer (CSAT3,
Campbell Scientific Inc.). Data were recorded with a
data-logger (CR23X CSI) and the sampling frequency
was 20 Hz for all each channel. The average values were
calculated and recorded every 30 min.

A radiometer (CNR1, Kipp&Zonen) was installed at
1.68 m above the ground to measure downward and
reflected components of shortwave and longwave
radiation. Air temperature and relative humidity were
measured with temperature/humidity probes (HMP45C,
VAISALA). Wind speed was measured with an

anemometer (A100R, Vector). Two heat flux plates
(HFPO1SC, Hukseflux) was set at 0.05 m below the
ground at row and aisle position to measure soil heat
flux. More information on micrometeorological mea-
surements and data processes at this site can be found in
other papers in this special issue.

During each development stage, 50 plants were
randomly harvested and the length and width of each
leaf were measured and the leaf area index was
calculated by combing average area for leaf, number of
leaves per plant and the plant density. Soil water content
was measured every 5 days by weighing; readings were
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Fig. 9. Comparison between simulated and measured values of sensible heat flux above winter wheat canopy at four development stages.



J. Wang et al./Agricultural and Forest Meteorology 137 (2006) 194-219

taken to calculate the average water content of every
layer in 10 cm increments over a depth of 100 cm.

4. Results and discussion

4.1. Diurnal variation of CO, flux above the
canopy

4.1.1. The response of CO, flux above the canopy to
PPFD

Fig. 1 shows some typical light response curves of
canopy net photosynthetic rate. The relation between
canopy net photosynthetic rate and photosynthetic
photon flux density (PPFD) can be expressed as a
rectangular hyperbola or a non-rectangular hyperbola,
and both can simulate the relation very well with
R* > 0.9. The results show that solar radiation is the
main factor affecting canopy net photosynthetic rate. In
general, canopy net photosynthetic rate increases with
an increase in PPFD, but excessively high light
intensities may lead to photoinhibition. This did not
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occur during the growing season of winter wheat
because PPFD was always <1600 wmol m s~ " in the
North China Plain. The light response curves differ with
development stages, which show that other environ-
mental factors also play a significant role in determining
the diurnal variation of canopy net photosynthetic rate.

4.1.2. Midday depression of canopy photosynthesis
of winter wheat

Midday depression of photosynthesis is a common
phenomenon for many crops under natural condition.
One of the reasons is limited soil moisture (Tazaki et al.,
1980; Tuzet et al., 2003). But even when soil moisture
is adequate, photosynthesis may decrease at midday
and in the afternoon (Larson et al., 1981; Ishihara and
Saito, 1987; Pettigrew et al., 1990; Hirasawa and Hsiao,
1999).

Diurnal changes of weather variables and canopy net
photosynthesis rate on several typical cloudless days
are presented in Fig. 2. On March 25, the lowest air
temperature (6 °C) occurred at 06:00 h, and increased
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over the daytime with solar radiation and reached the
highest value of 22 °C at 15:00 h. The trend of change in
air water vapor saturation deficit (D,) was similar to air
temperature with a lowest value of 8.6 h Pa at 06:00 h
and a maximal value of 25.9 h Pa at 15:00 h. Canopy net
photosynthetic rate was low in the morning and reached
a maximum of 5.7 pmolm Zs~' at 10:00h, and
decreased for the rest of the day. On May 22, D, was
16.6 h Pa at 05:00 h and the highest D, was 34.5 h Pa at
14:30 h. Canopy net photosynthetic rate reached a
maximum value of 20.2 wmol m s~ ' at 10:30 h and

decreased sharply, though PPFD was as high as
1500 wmol m~2 s~ ' at midday. Fig. 2 shows that there
was a lowering of photosynthesis from before midday
and in the afternoon. It may be caused by stomatal
closure due to high D, and canopy temperature which
was supported by many studies (Hirasawa et al., 1989;
Pettigrew et al., 1990). Tuzet et al. (2003) and Leuning
et al. (2004) provided a more thorough explanation of
the midday depression of photosynthesis. Stomatal
conductance depends on not only light, temperature and
intercellular CO, concentration via photosynthesis but
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also leaf water potential, which in turn is a function of
soil water potential and the rate of water flow through
the soil and plant. As soil begins to dry, there is an
evident midday depression of photosynthesis due to the
lower leaf water potentials in the noon and the afternoon
than in the morning, resulting from a higher atmo-
spheric demand and a reduced ability of the soil to
supply water to the roots.

4.2. Characteristic of the diurnal variation of
sensible and latent heat fluxes

The diurnal variation in sensible and latent heat
fluxes over winter wheat on typical fine days are
presented in Fig. 3. On March 10, sensible and latent
heat fluxes were low in the morning, increased with time
and reached the highest values 225 and 81 W m ™ at
13:00 h, respectively. On May 17, latent heat flux was
larger than sensible heat flux, with a peak value of
243 Wm™ > at 13:00 h.

Fig. 4 shows the observed diurnal variation of Bowen
ratio (8 = H/LE) for four different development stages.
Bowen ratio data were selected between 08:00 and
17:00 h because flux values at night and at sunrise or
sunset are often incorrect due to small or changing tem-
perature gradients. As can be seen in Fig. 4, the Bowen
ratio increases sharply in the morning and retains a
higher value from 10:00 to 15:00 h, and then decreases to
a small value and sometimes even negative. Moreover,
the diurnal variation of the Bowen ratio decreases with
canopy development and shifts to values below unity.

4.3. Tests of the model

The main input data included air temperature, water
vapor pressure, wind speed, global radiation, duration
of sunshine and precipitation/applied irrigation water.
Crop height and leaf area index were interpolated to
daily scale resolution. The main outputs of the model
are net radiation, CO, flux, sensible and latent heat flux.
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We verified the model by comparing the measured
values and the simulated values. The key values and
sources of parameters and constants used in the model
are given Table 1.

4.3.1. Comparison between measured and
simulated values of net radiation, sensible heat and
latent heat fluxes above the canopy

Figs. 5 and 6 show the plots of simulated values of net
radiation (R,) above winter wheat canopy obtained by
solving the radiation balance equation compared with the
measured values at four development stages (March 7—
10, March 27-30, April 12-15 and May 19-22). The
measured and the simulated net radiation are in good
agreement with correlation coefficients and regression
slopes close to one and small intercepts (Fig. 6).

The comparisons of simulated and measured half-
hourly data of sensible heat and latent heat fluxes at four

development stages with different leaf area index are
presented in Figs. 7-10. Sensible and latent heat fluxes
are calculated from a two-layer evapotranspiration
model. The high correlation between the measured and
simulated values shows that the model does well in
simulating the diurnal variations of the sensible and
latent heat fluxes. As one can see from Figs. 7 and 9,
sensible heat fluxes were larger than the latent heat
fluxes on March 7-10 and March 27-30 when leaf area
index was lower than 1.5. With an increase in leaf area
index, latent heat flux became the dominant part of heat
fluxes on April 12-15 and May 19-22.

4.3.2. Comparison between measured and

simulated values of CO, fluxes above the canopy
Figs. 11 and 12 show the comparison of simulated

and measured half-hourly CO, fluxes at different

development stages (March 26-29, April 13-16, May

Table 1

The key parameters in the model

Symbol Name Value Q1o Source

a Constant in Eq. (A3.9) 220 kJ mol ™! Collatz et al. (1991)

a Constant in Eq. (A3.9) 703 J mol ' K™ Collatz et al. (1991)

by Empirical constant in Eq. (12) 35 Lin and Sun (1983)

by Empirical constant in Eq. (12) 2.3 Lin and Sun (1983)

b3 Empirical constant in Eq. (12) 335sm ! Lin and Sun (1983)

C, Ambient CO, concentration 350 pwmol mol ™! This study

C, Specific heat of air at constant pressure 1013 kg 'K ™! Jensen et al. (1990)

Iy Maximal light intensity in Eq. (A3.7) 4000 pmol m 2! Yu et al. (2002)

k von Karman’s constant 0.4 Brutsaert (1988)

Koos Michaelis—Menten kinetic parameter for O, 40 x 1072 mol mol ! Nikolov et al. (1995)

K5 Michaelis—Menten kinetic parameter for CO, 27 x 10> mol mol ! Nikolov et al. (1995)

m Slope parameter in stomatal model in Eq. (A4.1) 8 Collatz et al. (1991)

ny Empirical constant in Eq. (A4.2) 2.36 This study

o Partial pressure of O, 20.9 kPa Collatz et al. (1991)

Ry Soil respiration at 25 °C 0.11 mg m 257! 1.7 Yu et al. (2002)

r Dark respiration parameter 0.015 Collatz et al. (1991)

Vinzs V0 at 25°C 55 pmol m 2 s~ 24 Yu et al. (2002)

D, Parameter of humidity response 1.5 kPa Leuning (1995)

z Reference height 2.05m This study

Zp Roughness of bare soil surface 0.01 m Van Bavel and Hillel (1976)

o Intrinsic quantum efficiency 0.06 Yu et al. (2002)

Bi Convexity coefficient 0.95 Collatz et al. (1991)

B Convexity coefficient 0.98 Collatz et al. (1991)

y Psychrometric constant 0.67hPaK™! Goudriaan (1977)

vy Thresholds of soil water potential in Eq. (30) —0.3m Luo et al. (2001)

2 Thresholds of soil water potential in Eq. (30) —6m Luo et al. (2001)

Vs Thresholds of soil water potential in Eq. (30) —15m Luo et al. (2001)

o Stefan-Boltzmann constant 5668 x 108 Wm 2K * Goudriaan (1977)

oy Leaf scattering coefficient 0.2 for VIS; 0.8 for NIR Norman (1985)

A Latent heat of vaporization for water 246 x 10° T kg™ Brutsaert (1988)

O Saturated soil water content 0.40 m*m™3 Measured in field

A Saturated soil water content 0.35m*m™3 Measured in field

Ow Saturated soil water content 0.13m>m™3 Measured in field
Bulk density 128gm™ Measured in field
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1-4 and May 19-22). The simulated CO, fluxes are in
good agreement with measured values with regression
slopes near one and small intercepts. The high
correlation between measured and simulated values
illustrates the simulation ability of this model coupled
photosynthesis and transpiration.

4.4. Sensitivity analysis of the model

Sensitivity analyses were performed to see the
response of the model under variable climatic environ-
mental conditions. Frequently a model can perform well
under small variation ranges of driving variables, but
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may fail under large variation of these variables or
extreme climatic conditions. There are large differences
in the climatic and soil conditions in the different wheat
growing regions in China. For example, the Tibet
plateau has higher solar radiation and lower CO, partial
pressure and lower air temperature than the North China
Plain in the growing season of winter wheat. But in the
Loess plateau, water deficit is the major factor limiting
crop production (Li et al., 2001). Therefore, it is
important to investigate the behavior of the model under
various driving factors (temperature, light intensity, soil
moisture and ambient CO, concentration).

Fig. 13 shows the response of latent heat flux (LE),
canopy conductance (gy.) and canopy net photosynth-
esis rate (A,.) of winter wheat to the change in air

J. Wang et al./Agricultural and Forest Meteorology 137 (2006) 194-219

temperature affects canopy photosynthesis and stomatal
conductance by two ways, one is on the intrinsic speed
of biochemical process of photosynthesis, and the other
is on vapor pressure deficit (D,). Clearly, an optimum
temperature exists in the temperature response curves of
ME, g, and A,.. When air temperature is low, canopy
photosynthesis is small due to the limitation by low
temperature even at high light intensity. A, g;c and AE
increase with increasing air temperature before the
optimum temperature. When air temperature is larger
than the optimum for g, canopy conductance begins to
decline. This is because an increase in air temperature
will cause an exponential increase in D, and the
negative effect of D, on stomatal conductance is larger
than the positive effect of leaf temperature on stomatal

temperature (0-45 °C) at five irradiance levels. Air conductance, and accordingly A,. declines with
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decreasing canopy conductance. There are two phy-
siological responses of transpiration to the variation in
D,. An increase in canopy resistance will reduce
transpiration. On the other hand, increasing D, tends to
increase water vapor flux from canopy to the atmo-
sphere. When the negative effect of decreasing gs. on
transpiration is stronger than the positive effect of
increasing D,, transpiration and AE decrease. Therefore,
the optimum temperature of g, is lower than A, and
AE. Moreover, there is a shift of the optimum of A, and
gsc toward higher temperatures with increasing solar
radiation. For example, the optimum temperature is
22°C at Ry, =200 W m 2 and it increased to 28 °C at
R, =400 W m 2. When solar radiation is very high and
rises further, there is a little change in the optimum
temperature. All these responses of the model under
variations rages of air temperature (0—45 °C) and solar
radiation accord with the results of many experiments
and models (Jarvis, 1980; Nikolov et al., 1995; Cannell
and Thornley, 1998).

The response of canopy net photosynthesis to the
change in solar radiation at four temperatures is
presented in Fig. 14a. Solar radiation provides the

energy for photosynthesis and affects the leaf energy
balance which determines leaf temperature. Canopy
photosynthesis responds the irradiance in a Michaelis—
Menten curve before the light saturation point. The
maximum photosynthesis is determined by the max-
imum catalytic capacity of Rubisco (V,,) which depends
on leaf temperature (Fig. 14b). Then canopy photo-
synthesis declines when light intensity exceeds the light
saturation point, this is because high light intensity
greatly inhibits photosynthesis, and this phenomenon
can be observed in the Tibet plateau (Yu et al., 2002). In
our model, we modeled this phenomenon by the
decrease of maximum photosynthetic rate with increas-
ing light intensity (Fig. 14c).

The modeled response of canopy conductance (g),
CO, flux (F.) and latent heat flux (AE) to the change in
soil water content is shown in Fig. 15. When soil water
limiting, the midday depression of g is aggravated
with an evident parallel depression of F'.. An increase in
canopy resistance and soil resistance lead to a
diminishment of AE. Canopy conductance increases
with increasing soil water content, and it is not any
longer a limiting factor of g,. when soil is well-watered.
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Fig. 15. The response of canopy conductance (gs.), CO, flux (F.) and latent heat flux (AE) to the change in soil water content.
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Modeled responses of variations of canopy con-
ductance (gs.), CO, flux (F.), latent heat flux (AE) to the
change in ambient CO, concentration (C,) at three
temperatures is presented in Fig. 16. An increase in
ambient CO, concentration results in a decrease in g
that may be caused by a nearly linear increase in CO,
concentration over the leaf surface (Cs) and the
intercellular CO, concentration (Cj). And canopy
photosynthesis increases with increasing C; according
to the photosynthesis model. However, canopy resis-
tance will increase due to decreasing g, which results
in a decrease in crop transpiration and latent heat flux.
Thus, WUE may increase when C, increases. These
conclusions support of the results of many experiments
reported earlier (Eamus, 1991; Reynold et al., 1992).
And we can see from Fig. 14, the effect of increased
ambient CO, concentration on photosynthesis is larger
at higher temperature. The phenomenon was observed
in CO, enrichment experiments (Idso and Idso, 1994)
and was modeled in crop growth models (Nonhebel,
1996).

2

5. Conclusion

Measurements taken in the North China Plain
showed that diurnal variation of CO,, water and heat
fluxes were determined by the interactive effect of
environmental factors although solar radiation is the
dominant factor. There is an evident midday depression
of photosynthesis of winter wheat caused by stomatal
closure due to excessive transpiration caused by high
canopy temperature and water vapor deficit. The
coupled photosynthesis and transpiration model devel-
oped here take into consideration the physiological and
physical processes of CO,, water and heat fluxes for the
main agricultural region in China. Satisfactory agree-
ment was obtained between simulated and measured
fluxes of CO,, net radiation, sensible and latent heat,
which shows the strong simulating power of the model.
Sensitivity analyzes indicated the model can reflect the
response of CO,, water and heat fluxes to changes in
solar radiation, air temperature, soil moisture and
ambient CO, concentration. The models presented here
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provide a sound mechanism to study CO,, water and
heat exchange between the cropland and atmosphere
and could be extrapolated to other climatic regions in
China, such as the Losses plateau and the Tibet plateau.
The model can be used to simulate CO,, water and heat
flux of wheat not only under present climatic
conditions, but also under future climatic conditions.
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Appendix A

A.l. The calculation of extinction coefficient and
albedo

The values of extinction coefficients for direct
visible radiation and direct infrared radiation in a
canopy are (Goudriaan, 1977):

ky (i) = 0.0353 4 0.94623 x kp, X kp(i) (AL1)

ki(i) = 0.0353 + 0.94623 x kn % ko (i) (A12)

in which i is from 1 to 9, which denotes the inclination
angles of 0-10°, ..., 81-90°, respectively. k;, is the
extinction coefficient for a canopy with black leaves.
kny and ky,; are extinction coefficients for a canopy with
horizontal leaves for visible radiation and infrared
radiation. The coefficient for diffuse radiation is
described by:

9
exp(—kaL) =Y Bu(i) exp(ke(i)L)

i=1

(A1.3)

where kg is the extinction coefficient for diffuse radia-
tion in a canopy with black leaves and B, is the normal
distribution of diffuse radiation. Thus, extinction coef-
ficients for diffuse visible radiation and diffuse infrared
radiation of a canopy are:

(et )
L

kay = (Al1.4)

and

~In (z?_lBu(i)eki<f>L)

kg = I (ALS)

Because the scattering coefficient o is close to O for the
attenuation of long wave radiation, the attenuation of
long wave radiation is:

9
exp(—kL) = ZBu(i) exp(ky(i)L)

i=1

(AL.6)

The extinction coefficient for long wave radiation of a
canopy is:

(S o)

k= I

(A1.7)

The albedo of a canopy with horizontal leaves for direct
visible radiation and direct infrared radiation is defined
by:

or =1— e~ 20ny (1+(Lxkay) / (14kav)) % (ko / (14-ks)) (A1.8)
and
o =1— e~ 20ni (1 (Lxkai)/ (1+kai)) x (ko / (14ko ) (A1.9)

The albedo of canopy for direct visible radiation and
direct infrared radiation is given by:

(i) = —0.0111544 + 1.117 x pg, (i) (A1.10)

pi(i) = —0.0111544 + 1.117 x pg(i) (AL11)

The albedo of canopy for diffuse visible radiation and
diffuse infrared radiation is:

9
Pav =D _Buli)py (i) (A1.12)
i=1
9
pa = Y _Bu(i)pi(i) (A1.13)
i=1

A.2. Two-layer evapotranspiration model

Latent heat fluxes of canopy and soil are estimated
by S—W model (Shuttleworth and Wallace, 1985). The
difference in vapor pressure and temperature between
the level of mean canopy air flow and reference height
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are calculated by:

_)EP
ex—eozTray (A2.1)
P
—Hr?
To-Ty=— a (A2.2)
p

Vapor pressure deficit at the canopy source height
(Dy) is:

Dy = e, (Ty) — [ew(Ty) — ew(To)] — e (A2.3)
The relation between Dy and D, is:

AR, — — (A AE|F
Dy = D, + A = G) — (At y)AElr; (A2.4)

oCp
The total latent flux above the canopy is described by:

AE = C.PM, + C;PM; (A2.5)

where PM, and PM; are terms similar to those of the
Penman—Monteith equation and they have the form:

ARy — G) + [pCpD — Arg(Ros — G)]/(ry + 13)

PM. =
A+y(L+(rg/ri+13)
(A2.6)
and
PM. — ARy — G) + [pCpD — Ary(Ry — Rus)]/ (1 +17)
; A+y(1+(r5/ra+r))
(A2.7)
C. and C; are defined as
C.= ] (A2.8)
¢ 1+ (ReRa/(Ry(Re + Ry))) '
and
Cs = ! (A2.9)
1+ (RRo/(Re(Rs + Ry))) '
where R,, R. and R, are defined as:
R.=(A+y)r} (A2.10)
R.=(A+y)ri +yr§ (A2.11)
Ry=(A+y)r, +yrs (A2.12)
Dy is determined by the total latent heat fluxes
AR, —G)— (A LE]F?

pcy

Then soil evaporation and crop transpiration are given
by:

A(Ry — Rns) + pCpDo /15
A+y(1+(r5/r5))
A(Rns — G) + ,OCPD()/VZ
A+y(+ (/)

AE. =

(A2.14)

AE, = (A2.15)

A.3. Leaf photosynthesis model

Farquhar et al. (1980) and von Caemmerer and
Farquhar (1981) developed a biochemical model of leaf
photosynthesis for C; plants, in which the gross
photosynthetic rate (A) was expressed as a function
of intercellular partial pressure of CO, (P;), the incident
photosynthetic photon flux density (Q,) and leaf
temperature (77).

JEa f(Qp7a7PiaTl)
JC7 f(VmaPia Tl)
Js, f(Ti, Vim)

in which Jg is the rate limited solely by the regeneration
capacity of ribulose bisphosphate (RuBP), which is for
the substrate enzyme Rubisco, J- the assimilation rate
limited by the activation and kinetic properties of the
enzyme Rubisco alone and Jg is the capacity for the
utilization of the products of photosynthesis (most
likely as sucrose synthesis).

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, Jg and Js,
Collatz et al. (1991) solved the following quadratics for
their smaller roots.

A ~ min (A3.1)

:31J§ - JP(JE +JC) +JgJc =0
BrA* — A(Jp + Js) +JpJs = 0

(A3.2)
(A3.3)

where A is the gross rate of CO, uptake, Jp an inter-
mediate variable which represents the smaller one of J¢
and Jg and B and B, are convexity coefficients describ-
ing the transition between limitations, and are close to
one. The Rubisco-limited rate of photosynthesis is
defined as (Collatz et al., 1991):

 Vu(Pi - 1)
_Pi+KC(1 +0/Ko)

Jc (A3.4)
where V,,, is the maximum rate of carboxylation at an
ambient oxygen concentration of 21%, P; and O the
partial pressures of the CO, and O, in the intercellular
air space of the leaf, I"the CO, compensation point and
K. and K, are the Michaelis—Menten kinetic parameters
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for CO, and O, which are calculated from (Nikolov
et al., 1995):

80470
K. = PKs exp {32.462 - } (A3.5)
RT
14510
Ko = PKyys exp {5.854 - } (A3.6)
RT,

where P is the atmospheric pressure and K5 and K5
are the corresponding parameter values at 25 °C. If
considering the inhibition of light intensity on the
photosynthesis, the decrease of maximum photosyn-
thetic rate (Jc) with increasing light intensity (/) can be
described as (Yu et al., 2002):

ra=a{1-enls(7-1)]}

in which f is a parameter characterizing the relative
rate of decrease and I, is the maximal light intensity
under which photosynthetic rate achieves 0.

RuBP regeneration is controlled by the rate of
electron transport/photophosphorylation which is given
by (Collatz et al., 1991):

P —-r

P +2rI
where « is the intrinsic quantum efficiency for CO,
uptake and Q, is the leaf absorbed photosynthetically
active radiation.

The gross assimilation rate limited by the triose
phosphate utilization is defined as (Collatz et al., 1991):

(A3.7)

Jg = OlOQa

(A3.8)

(A3.9)

Vi depends on leaf temperature (7;) (Collatz et al.,
1991):

—a; +a, i)
Vi = Vf;{l —|—exp{T] } (A3.10)
where
VO = Vs Q2010 (A3.11)

in which a; and a, are the parameters and Vr?l is an
intermediate variable. V5 is V[?l at 25 °C. Dark respira-
tion (Ry) is proportional to V,, (Collatz et al., 1991):

Ry = rVm (A3.12)

in which r is a proportionality constant. Then leaf net
photosynthetic rate (A,) can be obtained by the expres-
sion:

Ay =A—Ry (A3.13)

A.4. Stomatal conductance model

Ball et al. (1987) proposed a semi-empirical stomatal
model in which stomatal conductance was expressed as
a function of relative humidity and CO, concentration
(C) over leaf surface and net photosynthetic rate (A,)
under conditions of ample water supply. The relation
was revised by replacing relative humidity over leaf
surface with water vapor saturation deficit over leaf
surface (Dy) (Leuning, 1995; Wang and Leuning, 1998)
with the following equation:

An
Cs — I')(1 4+ Ds/Dy

g =m + 8o (A4.1)
( )

where I"is the CO, compensation point, Dy a parameter
reflecting the response of stomata to atmospheric vapor
saturation deficit, m an empirical parameter and g is
the intercept. Here we introduce a limiting factor of
soil moisture on stomatal conductance f(6) (Gollan
et al., 1986; Wang and Leuning, 1998) and (A4.1)
can be written newly,

An
Cs - F)(l +DS/D0)

in which f(0) = m;((6 — 6y)/(6f — 0y,)), 0 is the aver-
age soil water content between 0 and 20 cm depth, 6,,
and 6 the soil water content at the wilting point and at
the field capacity, m; the field capacity and m,; is a
empirical constant.

f(6) +&o (A4.2)

8 =m
(

A.5. Gaseous diffusion model

Aphalo and Jarvis (1993) derived an expression of Dy
as a function of D,, under the assumption that 7} = T,,,

D, Da<1 gﬂ) (A5.1)
8bw

where D, is the water vapor saturation deficit from
intercellular and ambient air and g, and g, are the
total conductance and boundary layer conductance to
water vapor, respectively.

The relation between g, with g, and overall
stomatal conductance to CO, (g,.) can be expressed as
follows:

8sw = 1.6gsc (A5.2)
1

= A53

& = (g + (/o)) (A>3)

! (A5.4)

8 = (1.6/20) + (137 /g0w))
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According to flux—gradient relation, there are the fol-
lowing relations:

Py
Co=Cp——
8bc
P
Ci=C——
8te

(AS.5)

(A5.6)

where gy, is boundary layer conductance to CO,.

Appendix B

Table B.1 The variables and parameters in the model

Symbol Variables and parameters Unit
A Leaf gross photosynthetic rate wmol m 2 s~ !
A, Leaf net photosynthetic rate wmol m—2 s~
Anc Canopy net photosynthetic rate mol m2s!
C, Ambient CO, concentration wmol mol !
G Intercellular CO, concentration wmol mol ™!
C, CO, concentration over leaf area wmol mol ™!
C, The constant pressure of Jkg 'K
specific heat
d Zero plane displacement m
D Soil layer thickness m
D, Air vapor saturation deficit h Pa
D, Vapor saturation deficit at h Pa
canopy source height
Dy Vapor saturation deficit over h Pa
leaf surface
E. Crop transpiration mm s~
F. CO, flux above the canopy wmol m 25~}
F, Surface effective radiation W m™2
8be Boundary layer conductance to CO, ms™!
Sbw Boundary layer conductance ms”!
to water vapor
gs Leaf stomatal conductance to CO, ms”!
8sc Canopy conductance to CO, ms~!
8sw Canopy conductance to H,O ms”!
8ic Total conductance to CO, ms~!
Siw Total conductance to water vapor ms~!
G Soil heat flux Wm™
h Crop height m
H Sensible heat flux above the canopy Wm 2
H, Sensible heat flux of canopy W m?
H Sensible heat flux of soil Wm 2
I Light intensity W m2
Iy Light density at the top W m 2
of the canopy
I Irrigation amount mm s~
I, Maximal light density wmol m 2§~
Jc CO,-limited and RuBP-saturated pmol m2s!
rate of photosynthesis
JE RuBP-limited rate of photosynthesis wmolm 2§~
Js Sink capacity wmol m—2s~!
k von Karman’s constant -
ky, Extinction coefficient of canop with -

black leaves for direct radiation

Appendix B (Continued)

ka

kai
kay
ke
k

kbv

K@)

T TVO R M~

]

Extinction coefficient

of canopy with

black leaves for diffuse radiation
Extinction coefficient of canopy
for diffuse infrared radiation
Extinction coefficient of canopy
for diffuse visible radiation
Extinction coefficient of canopy
for direct radiation

Extinction coefficient of canopy
for long wave radiation
Extinction coefficient of canopy
with horizontal leaves for visible
radiation

Extinction coefficient of canopy
with horizontal leaves for
infrared radiation
Michaelis—Menten kinetic
parameter for CO,
Michaelis—Menten kinetic
parameter for O,

Soil heat conductivity

Leaf area index

Root length

Layer number of soil

Partial pressure of O,
Atmospheric pressure

Partial pressure of CO,
Precipitation

Water flux at an interface between
two adjacent compartments
Aerodynamic resistance between
the canopy source height and
reference height

Boundary resistance of canopy
Aerodynamic resistance between
the substrate and canopy source
height

Canopy resistance

Soil resistance

Universal gas constant

Dark respiration

The global radiation

Long wave radiation of the canopy
Long wave radiation of the soil
Net radiation above the canopy
Net radiation absorbed

by the canopy

Net radiation absorbed

by the soil

Soil respiration

Root uptake rate

Direct infrared radiation

Direct visible radiation

Diffuse infrared radiation
Diffuse visible radiation

Time

Air temperature at reference height
Canopy temperature

Ground temperature

Pa

Pa

Pa
Pa
Pa
mmsS

—1
sm

Jmol 'K!

pmol m™

pmol m™
mms~!
W m™2
Wm?
Wm
Wm?

°C
o
°C

2 —1
S

2871
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Appendix B (Continued)

T Leaf temperature °C

T; Transpiration rate ms™!

T, Soil temperature °C

Uy Friction velocity ms!

Up Wind speed at canopy height ms”!

Uy Wind speed at reference height ms~!

Vin Maximum rate of carboxylation wmol m—2 s~

b Roughness length of bare m
soil surface

20 Roughness length of canopy m

o The intrinsic quantum efficiency -
for CO, uptake

B Convexity coefficient -

B Convexity coefficient -

y The psychometric constant Pa°C™’

[% Soil water content m®*m—?

O Saturated soil water content m’m™?
at 0-5 mm

O¢ Soil water content at the m’m™3
wilting point

O Soil water content at the field m’m™?
capacity

AE Latent heat flux above the canopy Wm2

ME, Latent heat flux of canopy W m>

AE Latent heat flux of soil Wm 2

¥ Soil water potential m

P Air density kgm

Pa Albedo of canopy and soil -
to solar radiation

Pav Albedo of canopy for diffuse -
visible radiation

Ldi The albedo of canopy for diffuse -
infrared radiation

Prv Albedo of canopy with horizontal -
leaves for visible radiation

P Albedo of canopy with horizontal -
leaves for infrared radiation

Dy Albedo of canopy for direct -
visible radiation

el Albedo of canopy for direct -
infrared radiation

A Slope of saturation vapor press Pa°C™!
versus temperature curve

r CO, compensation point Pa

o The Stefan—-Boltzmann constant Wm?2K™*

Oy Momentum partition coefficient -
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