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Simulation of CO, and latent heat fluxes in
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Abstract We constructed a coupled model for simulating plant photosynthesis and
evapotranspiration (CPCEM). In the model, non-rectangular hyperbola is used to simulate leaf
photosynthesis rate that is scaled up to estimate canopy gross photosynthesis rate by an integral
method. Whole canopy in the model is separated into multi-layers, each of which is divided into
sunlit leaves and shade leaves. Canopy net photosynthesis rate is expressed as a function of
canopy conductance which is coupled with evapotranspiration. Included the coupled function,
evapotranspiration is estimated with a two-layer submodel. The main features of CPCEM are: (1)
easy suitability, (2) good physiological base, and (3) simple calculation procedure. Simulated
results of CPCEM were compared with those by an eddy covariance system that was installed in
a winter wheat farmland of the North China Plain. CPCEM gave a quite well diurnal and seasonal
dynamics of net ecosystem exchange, compared with the measurements. The root mean square
error between simulation and measurements was only about 2.94 u mol m? s™'. Diurnal and
seasonal patterns of latent heat flux with the CPCEM were similar to those of measurements.
Whereas, simulated latent heat flux was evidently higher than the measured.
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Simulation of plant photosynthesis and evapotran-
spiration (ET) can provide a useful way to evaluate
primary production in regional and global scales, to
simulate plant growth, to study interaction between
land surface processes and climate, and to forecast
ecological and environmental changes!'. There are
several kinds of photosynthesis models, including
biochemical model, biochemical-energy balance
model>™, and non-rectangular hyperbola (NRH)
model® !, Biochemical model is firstly developed by
Farquhar et al.”!. In the model, photosynthesis rate is
limited by rubisco-limited rate of CO. assimilation,
electron transportation limited CO, assimilation rate,
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and product sink limited rate of CO; assimilation. The
main feature for the model is evident physiological
meaning. Whereas, the model is complicatedly calcu-
lated, and iterative calculation should be considered.
The response of CO, assimilation to environmental
factors is usually not included in the model. NRH
model considers the response of leaf photosynthesis to
irradiance in a NRH way. It needs small parameters to
calculate. Only three parameters, light saturated pho-
tosynthetic rate, initial quantum efficiency, and curva-
ture factor are included in the model. It gives an ex-
cellent phenomenological description of leaf photo-

synthesis rate®® and it is easy to be used. As a leaf
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model, the NRH model should be scaled up to a can-
opy model by a reasonable parameterized scheme.

ET can be estimated by a soil-vegetation-atmos-
phere transfer (SVAT) model. Two-layer SVAT model
can separate land surface ET into plant transpiration
and soil evaporation. Considered physical process of
soil and plant and interaction of soil, plant and atmos-
phere, this kind of model is superior to one-layer
SVAT model® ™"

Considering simplicity and suitability, we use the
NRH model to simulate leaf photosynthesis rate, and
apply a radiation transfer scheme of canopy to esti-
mating photo synthetically active radiation (PAR) on
sunlit and shade leaves, respectively. We separated
canopy into several layers to estimate canopy gross
photosynthesis rate with an integral method, coupled
canopy net photosynthesis rate with canopy conduc-
tance with a coupled function, then simulated surface
ET with a two-layer submodel. Finally, a coupled plant
canopy photosynthesis-canopy conductance-evapo-
transpiration model (CPCEM) was constructed, which
was planed to disclose dynamics of CO, and latent
heat fluxes. The characters for CPCEM are evident
physical meaning, simple calculation procedure, and
easy application.

1 The canopy photosynthesis, canopy conduc-
tance and evapotranspiration model (CPCEM)

1.1 Enpergy balance above canopy and on the soil
surface

Net radiation (R,) above canopy can be divided
into two parts, R, absorbed by the canopy (Ry.) and R,
absorbed by soil surface (R,). Energy balance equa-
tions above canopy, on the canopy and on the soil sur-
face are

R, =AE+H+G+P, (1)
R,.=AE . +H_+S_, 2)
R, =AE +H -G, 3

where AE is latent heat flux, H is sensible heat flux, G
is soil heat flux, P, is energy flux for plant photosyn-
thesis ignored usually in the energy balance equation,
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S. is heat storage in the canopy, which is usually ig-
nored for short height vegetation, e.g. wheat and
grasslands, H. is sensible flux from canopy, H; is sen-
sible flux from soil surface, AE. is plant transpiration,
and AE; is soil evaporation. R, is distributed to R, and
R, with the Beer-Lambert law. R, decreases according
to an exponent function in the canopy. Thus, the soil
surface, R,s becomes

Q)]

~EXT,, LAI
(2cos8)”’

R, =R, exv[

where dis solar zenith angle, and EXTy, is an extinc-
tion coefficient for R,,.

1.2 evapotranspiration submodel

Surface AE is divided into AE. and AE, with five
kinds of resistances "%

AE=C.,PM_+C,PM,, (5)

where PM, is potential transpiration with entire vege-
tation cover (no soil evaporation), PM; is potential soil
evaporation with bare soil (no vegetation transpira-
tion), C. and C; are resistance coefficients. PM. and
PM; are estimated from

PM, =
A(Rn _G)+[:panVPD_Arac (Rns _G)]/(raa +1.)
. ,
A+ }{1+ - +racj
(6)
PM, =
A(R, -G)+[ p,C,VPD - Ar, (R, -R,)] /5, +1,)
A ’
A+ }'[1+——rml +ras]
@)

where A is the slope of saturation vapor pressure ver-
sus temperature, o, is the air density, C; is the specific
heat at constant pressure, ¥is the pyschrometric con-
stant, VPD is vapor pressure deficit at reference height,
ras is aerodynamic resistance between the soil and the
canopy, r. is aerodynamic resistance between the
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canopy and meteorological level, ry is soil surface
resistance, r, is canopy boundary layer resistance, and
r. is bulk surface resistance of the canopy (reciprocal
of canopy conductance).

C. and C;, function of ry, ru, 7ss, Faa and re, re-
spectively, can be estimated as

1
C =—, 8
¥ ®
& (& +¢)
C=——1 )
i 1+ :Séa '
& (& +4)
where &, {;, and {, are calculated as
& =(A+7)r,, (10)
&=(A+y)r, +r,, (11)
E=(A+y)r +yr.. (12)

Vapor pressure deficit at the height of sink-source
coverage (VPDy) is determined by total AE

VPD, = VPD + p'z [A(R,-G)-(A+7y)AE],(13)
P

VPDg, is used to estimate AE; and AE, as follows:

15 < AR =G)+ pCVPD /1,

A+y(l+rs~sj
r

as

(14)

AE. = A(Rn _Rns)+pCpVPD0/rac

A+7(l+r—°)
r

ac

(15)

1.3 A submodel of canopy photosynthesis, canopy
resistance and net ecosystem exchange

The NRH is used to estimate leaf photosynthesis
rate A (umol CO, m2sH

2 0.5

Am[(1+n)-{(1+ﬂ) —4¢fl} ]
PAR) = , (16
A (PAR) oo (16)
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where @ is an empirical curvature factor (0<|@pl<1),
77is an intermediate variable. It is determined by

,_ SaPAR(L)
Ay

where A, is light saturated photosynthesis rate (pmol
CO, m?s™), Listhe depth of leaf area index, PAR(L)
is PAR at the depth L, a is initial quantum efficiency
(umol CO, /umol photons), and £ is the PAR absorp-
tion of a leaf.

) a7

Canopy is divided into sunlit and shade leaves,
on which leaf photosynthesis rate is calculated with
NRH, respectively. Then, canopy gross photosynthesis
rate is integrated (A.,molCO, m s‘])

Al
A = [P WAL D + frae (DA e (D}L, (18)

where A, (L) and A, snage (L) are A, of sunlit and shade
leaves in the depth L, respectively, fo; (L) and finage (L)
are the proportion of sunlit and shade leaves, respec-
tively. They are estimated as

-L
fn(L)=exp e (19)
Hy

Sinage (L) =1 f (L), 20)

where G is the projection of unit foliage along the
direction of incident direct PAR "°, and Mo is cosine of
solar zenith angle of incident direct PAR.

In soil water stressed environment, soil moisture
limits plant photosynthesis, which can be expressed in

a nonlinear function!'*'*!
An=AS(6) 21
f(©)=2p(6)-5(6), 22)

_ : 0- ewill
,B(G) =max ‘:0, mm[l, ——_gﬁdd _ 0wm j} ’ (23)

where Acq is A; in limited soil moisture condition,
A @) is an intermediate variable, 8is soil moisture, Gy
is wilt point, and 5.4 is field capacity.
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Canopy net photosynthesis rate (A ) is the dif-
ference of A. g to crop autotropic respiration (R.)

An,c = Ac,str - Rc . (24)

Net ecosystem exchange (NEE) is the difference of
A . to soil respiration (R;)

NEE=A4,. -R.. (25)

In a SVAT model, it is usually difficult to parameterize
canopy conductance (reciprocal of r.). While, it de-
termines CO, and H,O exchange between vegetation
and atmosphere. Based on the stomatal conductance
model by Leuning et al.[‘”, a g—A,. function was
scaled up to a canopy scale on the study (20

, Ak

(cs—r*)(n \‘,’:]I))J

0

+b'LAL, (26)

& =a

where a’ and b' are coefficients, C; is CO; partial pres-
sure at leaf surface, P, is atmosphere pressure, I” " is
CO, compensation point, and VPD, is empirical
coefficient (1500 Pa). Cis estimated by CO, partial
pressure of atmosphere (C,) and leaf boundary con-
ductance (g,)

Ca _Cs 8o
P 14

a

=4, 27N

1.4 Irradiances within the canopy

PAR is divided into direct irradiance and diffuse
irradiance. Sunlit leaves receive direct and diffuse ir-
radiance; shade leaves only receive diffuse irradiance.
Canopy was divided into 20 layers, each of which was
separated into sunlit and shade leaves to calculate ir-
radiance. In the transfer of diffuse radiation, a canopy
is idealized to be a plane parallel homogeneous me-
dium. Given a boundary condition on the top of can-
opy, the equation of diffuse irradiance propagating (I
(L, ) in the direction ¢ (cosine of zenith angle) at the
depth L is

GdL— I+5£11(ﬂ Ydu +Texp[—ﬂ;— . (28)
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And the boundary condition is
IO, v =S§,, (29)

where G is the projection of unit foliage along the ra-
diance I, w is the single scattering albedo of a leaf
(w=1-¢), Sy is the direct PAR on a perpendicular
surface at the top of the canopy, and 4 is diffuse PAR
irradiance on top of the canopy. The total PAR inci-
dent on the canopy is equal to (Soto+Sq). A purely ab-
sorptive medium would be to consider single scatter-
ing within the canopy. In the single scattering ap-
proximation, I (L, u) satisfying eq. (29) can be chang-
ed into the following equation'”'®!:

I(L,u)=S, exp[_flcj

() )

(Gott =Gy )

(30

The diffuse irradiance on a horizontal surface at the
depth L is obtained by integrating I (L, u) over the an-
gle as

1
PAR ., (L) =2 [I(L, ), G1)
0

where PAR .4 (L) is diffuse irradiance at the depth L,

where sunlit leaves receive PAR summed up direct
and diffuse PAR:

PAR, (L) =PAR 4. (L) + Spdy- (32)
1.5 Plant autotropic respiration

At a certain air temperature (7,), plant autotropic
respiration rate (R.) is composed of two parts, mainte-
nance respiration rate (R,,) and growth respiration rate
(Ry),

R.(T,)=R,(T.)+ R, (T,). (33)
Ry, and R; are controlled by T,

R, (T,)= Rmleo(T"—m)/mI‘) (% KAT, )' (34)
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R (L)=(1-% HAu -Ra(T)},  (35)

where Ry is Ry, at a reference T, (20°C), Qiois tem-
perature response coefficient to plant respiration, Yg is
growth conversion efficiency, it is given as 0.74 for
wheat!"*), I is improved Bessel function, AT; is diur-
nal variation of Ty, K is logarithm function of Q.

- 1n(Q)
10

. (36)

Assumed 1/2KAT=XX, I;is given as a Bessel function:
2 4
(2] o 2.

Integrating eq. (33) and eq. (35), the total plant respi-
ration is calculated as

R.=(1-Y5)A +YgR (T)). (38)
1.6 Soil heterotropic respiration

Soil heterotropic respiration (R;) is exponentially
increased with increase of soil surface temperature
171,
Ty
T,-25

R =R, 1, (39)

where Ry is R; at reference T, condition (T,=25°C,
Rp=2.5 pumol m?2 s, Q'10 is temperature response
coefficient to R,, which here is given as 1.7.
2 Experiments

Surface AE and CO; flux measurements were
conducted at Yucheng Comprehensive Experiment
Station, Chinese Academy of Sciences (116°34’13°E,
36°50’N, 28 m a.s.l.), which is Jocated in the North
China Plain. Parent materials of the soil are alluvial

materials by the Yellow River. Surface soil texture is
characterized by light or medium loam soil.

The experiment was carried out in a winter wheat
season in 2003. An eddy correlation system was in-
stalled at a height of 2.1 m above the soil surface,
which basically satisfies the requirement of wind fetch
length (installed height/wind fetch length = 1 : 100).
The system is composed of a KH-20 hygrometer
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(Campbell Scientific Inc.), a CSAT3 three-dimension
super-anemometer (Campbell Scientific Inc.) and a
LI-7500 open CO»/water vapor infrared analyzer
(Li-Cor Scientific Inc.). The hygrometer directly
measured AE; the anemometer directly measured H,;
the LI-7500 infrared analyzer measured AE and CO,
flux (it is the same as net ecosystem exchange, NEE)
at the same time. And, other ancillary data including
meteorological, soil moisture data were also simulta-
neously observed. All data were stored in a Campbell’s
CR23X data logger at 30-min intervals''®. Data were
collected each week when the system was maintained
and checked. Several methods were used to calibrate
raw flux data, which include spike removal, coordinate
radiation, and WPL correction.

3 CPCEM tests

3.1 Diurnal dynamics and comparison of measured
and simulated values

Figure 1 shows the diurnal variation of NEE of
measurements and simulation. Negative values mean
CO; flux downward (sink); positive values mean CO,
flux upward (source). There was very consistent diur-
nal variation between simulated NEE and the meas-
ured NEE. And peak values of simulation accorded
well with the measured NEE.

Diurnal variation of AE by the CPCEM was ac-
corded with that by the measurement (fig. 2). Simu-
lated peak values on the DOY91, DOY95 and DOY96
were higher than those by the measured; simulated
peak values were close to measured peak values on the
other days. The higher values are probably caused by
errors of the CPCEM. Maybe measured peak values
are lower than actual AE values because AE values are
often underestimated (e.g. energy imbalance) by eddy
covariance measurements'*”. Lots of studies show
that AE+H is only about 60%—90% of available en-
ergy (R:—G)"*'**. Measurements at 22 ecosystem sys-
tem stations show that energy imbalance almost ex-
isted in all stations, And, average AE+H are 80% of
R.—G'*) Wilson et al.”® gave five reasons for the en-
ergy imbalance including: (1) sample errors associated
with different measurement source areas between the
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Fig. 1. Diurnal variation of measured and simulated net ecosystem exchanges (NEE) of CO,. DOY is day of year.
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Fig. 2. Diurnal variation of measured and simulated latent heat flux (AE). DOY is day of year.

eddy covariance measurement and the independent
available energy measurement, (2) a systematic bias in
instrumentation, (3) neglected energy sinks, (4) the
loss of low and/or high frequency contributions to the
turbulent flux, and (5) neglected advection of scalar®".

To test the behavior of the CPCEM in different
days, we compared measured and simulated NEE in a
seasonal scale. Considering strong eddy in daytime,
we only chose measured and simulated NEE from 07:
00 to 19:00 (local standard time, LST) to compare
with each other. Simulated NEE accorded well quite
with measured NEE (slope=1.02, R2=O.88), with a root
mean square error (RMSE) 2.94 umol m?2s” (fig. 3).
Thus, the CPCEM behaves well in simulating daytime
NEE for winter wheat. Similarly, simulated and meas-
ured AE were compared from 07:00 to 19: 00 (LST)
(fig. 4), simulated AE was correlated well with meas-

ured AE (R’=0.86) with the RMSE about 66.97
Wm2. Whereas, simulated values are evidently higher
than the measured values (slope=1.32). The reasons
are the same as the above explanations. During noc-
turnal periods, friction speed is usually small owing to
steady atmospheric condition; eddy material transfer
in the vertical direction is very weak. As a result, ed-
dies in the vertical direction are difficult to measure by
the eddy covariance system, and ecosystem respiration
during nocturnal periods is erroneously measured at
the low friction speedlzs]. So, we did not compare
simulated results with the measurements at that time.
3.2 Seasonal dynamics and comparison of measured
and simulated values

By accumulating instantaneous photosynthesis
rate and respiration rate, we acquired daily photosyn-
thesis production at sunlit leaves (Ac;i) and shade
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Fig. 4. Comparison of measured latent heat flux (AE) values and
simulated AE values. RMSE =266.97 W/m? (N=1261), N is number of
samples.
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leaves (Acshage), daily plant respiration values (R.).
Acslit, Ac, shade, and R appeared evident seasonal pat-
terns which are similar to seasonal development of
LAI (fig. 5). Highest A. i R. appeared in DOY120-
DOY 130, when LAI was up to the maximum. Highest
R. appeared slightly after the maximum LAI time.
Daily A¢gade Was evidently higher than A gpage Whose
values are close to those of A..

CPCEM simulated A,. and NEE and measured
NEE varied in a similar way to the seasonal variation
of LAIL They all increased from the turning-green
stage (DOY63) to the heading stage (DOY120), and
they were up to peak values during the heading stage
to the grain-filling stage (DOY 130), and declined after
the grain-filling stage (fig. 6)[261. The maximum A,
was about 1.0 mol m™> d”'; the maximum NEE was
about 0.8 mol m™* d™'. Simulated daily NEE was close
to the measured daily NEE, and there was no system-
atic deviation between them (slope=1.02, R2=0.83)
(fig. 7). The RMSE between them was only 0.089 mol
m? d"'(sample number, N=54).

Simulated daily ET changed seasonally similar to
measured daily ET, both of which were accumulated
by instantaneous AE values (fig. 8). Daily plant tran-
spiration also appeared the similar seasonal pattern.
While daily soil evaporation was mainly decreased at
the maximum LAI time. Maximum daily ET with the

]6 —1 —0— Ac.slu 6
1.4 4 —h— Ac.shadc L 5
B 124 R
4
E qoq4 T L
g
3 08 - -3
=
0.6 -
o) L 2
© 04
-1
0.2 ~
0 T 7 T ! — T T T 0
60 70 80 90 100 110 120 130 140 150 160
DOY

Fig. 5.
ration rate (R.) with the CPCEM.

Seasonal dynamics of photosynthesis rate of sunlit leaves (Acqu), photosynthesis rate of shaded leaves (A uq), and crop respi-
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Fig. 7. Comparison of measured (NEE measured) and simulated

(NEE model) daily net ecosystem exchange (NEE) RMSE=0.089 mol
m~2d™' (N=54), N is number of samples.

CPCEM was about 7.0 mm d ', which appeared at
wheat heading time (about DOY120). Simulated daily
ET was evidently higher than that of the eddy covari-
ance measurements. While, simulated daily ET was
highly correlated with measured daily ET (R*=0.81)
with RMSE about 1.05 mm d”' (sample number = 54).
The reasons of overestimation by the CPCEM can be
found above.

4 Result and discussions

In this study, we constructed a coupled plant
photosynthesis-canopy conductance-evapotranspiration
model (CPCEM) which is used to simulate dynamics

7
J «~—O-— ET measured
6 —8— FET model
5 -~ —h— ETs
—,E 4 —¥— ET,
g 34
2 ]
%
0 % T —T T T T T T T
60 70 80 90 100 110 120 130 140 150 160

DOY

Fig. 8. Seasonal dynamics of daily evapotranpiration (ET model), soil evaporation (ET,), and crop transpiration (ET.) with the
CPCEM and measured daily evapotranpiration (ET measured) with the eddy correlation system.
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of CO; and latent heat fluxes. It was successfully ap-
plied to a winter wheat farmland in the North China
Plain. NEE by CPCEM was very consistent with the
measured NEE. And, CPCEM simulated similar diur-
nal and seasonal dynamics of ET to those of the meas-
urements, while the simulated ET values were higher
than those by the eddy covariance.

Even though CPCEM simulates NEE well, it
should be further developed. Here, we only used the
semi-empirical Q)p way to estimate soil heterotropic
respiration (eq. (43)). A mechanism soil respiration
submodel should be considered in the CPCEM. AE is
usually underestimated by the eddy covariance system,
which causes energy imbalance above canopy'?’*. So,
it is difficult to evaluate the accuracy of simulated AE.
In further studies, other micrometeorological methods
should be simultaneously used to test the CPCEM,
which includes Bowen-ratio energy balance method,
and aerodynamic method!>>?.

Lots of leaf photosynthesis models are con-
structed based on the biochemical models. These
models are scaled up to canopy and regional scale, and
are being used widely>*'*!, Biochemical models usu-
ally include many parameters, and need iterative
methods to solve equations. The NRH was selected in
the study, considering its simplicity and suitability.
Further, a coupled model was connected with canopy
photosynthesis and ET through canopy conductance.
Irradiance in the canopy was separated into direct and
diffuse irradiances at the sunlit and shade leaves,
which was used to the NRH to estimate photosynthesis
rate at sunlit and shade leaves, respectively. CPCEM
separated canopy into 20 layers to estimate gross pho-
tosynthesis rate of each layer, which could greatly im-
prove the estimated accuracy of canopy photosynthe-
sis rate and NEE, compared with one-layer photosyn-
thesis model. The two-layer ET submodel was used to
simulate plant transpiration, soil evaporation and sur-
face ET. This would be a great improvement, com-
pared with the “big leaf” ET model.
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