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Abstract

Coupled land surface and terrestrial ecosystem models are used to simulate energy and carbon fluxes over winter wheat at the
Ponca City, Oklahoma, Ameriflux site. The terrestrial ecosystem model consists of photosynthesis and respiration (autotrophic
and heterotrophic) sub-modules, which uses canopy temperature, soil moisture, and soil temperature simulated by the land
surface scheme. The photosynthesis sub-module, which provides an estimate of canopy conductance to the land surface
scheme, is designed to use both the big- and the two-leaf (sunlit/shaded) approaches, and canopy conductance formulations
based on both relative humidity and vapor pressure deficit. This provides a tool to test the sensitivity of model results to these
two different approaches of modeling photosynthesis and stomatal conductance. Model results for carbon and energy fluxes
compare well with observations over the growing season of 1997, especially with the use of the two-leaf model and stomatal
conductance formulation based on vapor pressure deficit. Averaged over the growing season, the model results suggest that
for this particular site, the difference in simulated latent heat fluxes caused by the choice of the photosynthesis approach (big-
or two-leaf) is smaller (∼1%) than the difference caused by the choice of the stomatal conductance formulation (∼10%).
In regard to the carbon fluxes, averaged over the growing season and compared with the two-leaf model, the simulated net
photosynthesis rate and net ecosystem exchange flux are about 5 and 18% higher, respectively, for the big-leaf model. It is
shown that comparisons with both observed energy and carbon fluxes are necessary to constrain model behavior and test its
performance adequately.
Crown Copyright © 2003 Published by Elsevier B.V. All rights reserved.
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1. Introduction

Vegetation and ecosystem dynamics exert control
over climate at a range of temporal and spatial scales
via many different physical processes. At the time
scale of a few hours to a few months, vegetation
influences the atmospheric processes through its ef-
fect on the partitioning of net radiation into latent
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and sensible heat fluxes. Such biophysical effects
of vegetation on climate have been addressed in a
number of studies which have investigated the ef-
fects of deforestation (Charney, 1975; Dickinson and
Henderson-Sellers, 1988; Lean and Rowntree, 1993;
Dirmeyer and Shukla, 1994; Lean and Rowntree,
1997; Xue, 1997), the effects of anthropogenic
land-cover change (Brovkin et al., 1999; Chase et al.,
2000; Heck et al., 2001; Zhao et al., 2001), and the
effects of changes in structural and physiological
vegetation characteristics (Pollard and Thompson,
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1995; Betts et al., 1997; Douville et al., 2000).
At longer time scales of decades to centuries the
vegetation and ecosystem dynamics affect climate
through the biogeochemical cycles that control the
land surface–atmosphere exchange of CO2 and other
radiatively important trace gases (Shaver et al., 1992).
At these longer time scales, however, the climate also
influences the vegetation and the climate–vegetation
feedbacks determine the geographical distribution of
various plant functional types (PFTs) (Holridge, 1947;
Claussen, 1998). These changes in geographical dis-
tribution of PFTs affect the climate via biophysical
processes.

The interactions between the terrestrial biosphere
and climate in atmospheric models are represented
by soil–vegetation–atmosphere-transfer (SVAT) sche-
mes. Although SVAT schemes that include partially
dynamic vegetation modules (e.g.Dickinson et al.,
1998; Sellers et al., 1996) are emerging, most SVAT
schemes that are currently operated within general cir-
culation models (GCMs) do not take into account the
dynamic aspects of vegetation that are necessary for
modeling climate at time scales of decades to a cen-
tury. In a broad sense, the consideration of vegeta-
tion as a dynamic component in GCMs implies that
the primary biophysical, biogeochemical, and biogeo-
graphical processes, via which the terrestrial biosphere
affects the atmosphere, should be modeled explicitly.
Most current SVAT schemes used in GCMs already
model the complex biophysical interactions between
the land surface and the atmosphere by treating the
energy and water balances of the vegetation canopy
and soil layers in a detailed manner. However, the ef-
fect of atmospheric CO2 concentration on stomatal
conductance, the biogeochemical processes that deter-
mine the land–atmosphere exchange of CO2, and dy-
namic changes in geographical distribution of PFTs,
are currently not modeled in most GCMs. Simulation
of land–atmosphere exchange of CO2 fluxes require
that processes of photosynthesis, respiration from veg-
etation and soil carbon components, and allocation of
net carbon uptake to various vegetation components
(foliage, stem, branches, and roots) be explicitly mod-
eled. Work is at present underway to include these
and other terrestrial ecosystem processes, which would
make vegetation a dynamic component, in the next
generation of the Canadian Centre for Climate Mod-
elling and Analysis (CCCma) coupled general circula-

tion model (CGCM). Simulation of land–atmosphere
CO2 fluxes within the coupled climate model (to-
gether with an oceanic carbon cycle model) will al-
low atmospheric CO2 concentration to be modeled as
a prognostic variable, rather than an externally pre-
scribe quantity, in near future coupled climate-carbon
simulations.

This paper describes the coupling and initial vali-
dation of photosynthesis and respiration sub-modules
with the Canadian land surface scheme (CLASS) for
intended use in the next generation of CCCma’s cou-
pled carbon general circulation model. The coupled
land surface scheme and terrestrial ecosystem module
(with its photosynthesis and respiration sub-modules)
is tested by comparing simulated energy and carbon
fluxes with observations at Ponca City, Oklahoma,
AmeriFlux site.Section 2describes the CLASS land
surface scheme, the terrestrial ecosystem module and
the manner in which they are coupled. The Ponca
City, Oklahoma site from which data are used in this
study is briefly described inSection 3. The compar-
isons between simulated energy and CO2 fluxes are
performed inSection 4, and the results are summa-
rized inSection 5.

2. The land surface and the terrestrial
ecosystem module

The structure of the terrestrial ecosystem module is
shown inFig. 1. The model contains three live veg-
etation components (leaves, stem, and roots) and two
dead carbon components (litter and soil carbon).Fig. 1
also shows the rate change equations for the carbon in
the five model pools. The manner in which the land
surface scheme and the terrestrial ecosystem module
are coupled is shown inFig. 2. Gross photosynthetic
uptake (GPP) and canopy conductance are estimated
by the photosynthesis sub-module (Section 2.2) which
uses canopy temperature, aerodynamic conductance,
soil moisture, and other variables simulated by the
land surface scheme (Section 2.1). The photosynthesis
sub-module operates at the same time step as the land
surface scheme (30 min). Fast biophysical land surface
processes, including photosynthesis and evapotranspi-
ration, which affect the energy and water balance are
thus modeled at a small time step. Canopy conduc-
tance estimated by the photosynthesis sub-module is
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Fig. 1. The structure of the terrestrial ecosystem module and the rate change equations for the carbon in five model pools: leaves (L),
stem (S), root (R), litter or debris (D), and soil organic matter or humus (H).

passed back to the land surface scheme where it is used
in its energy and water balance calculations. Canopy
and soil temperatures, and soil moisture, simulated by
the land surface scheme, are used to estimate main-
tenance respiration from the three vegetation compo-
nents, and heterotrophic respiration from litter and
soil carbon pools (Section 2.3). The net photosyn-
thetic uptake, after the respiratory losses have been
taken into account, is allocated between leaves, stem,
and roots. The model also estimates litter and stem
fall, and root mortality. Respiration from the vege-
tation components and litter and soil carbon pools,
allocation, and mortality losses, i.e. the intermediate
time-scale biogeochemical processes, are modeled at

a daily time step (seeFig. 2). Allocation to, and mor-
tality losses from, the three vegetation components
make their biomasses dynamic in time. The allocation
and litter fall sub-modules of the terrestrial ecosys-
tem module were, however, not activated in this study
since estimates of leaf, stem, and root biomasses and
soil organic matter (SOM) derived from observations
at the Ponca City, Oklahoma site, were used and these
are also not explained in the text. This allowed assess-
ment of the performance of the photosynthesis, and
autotrophic and heterotrophic respiration sub-modules
of the model, without incurring errors associated with
incorrectly simulated biomass, leaf area index (LAI),
and SOM.
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Fig. 2. The manner in which the land surface scheme and the terrestrial ecosystem module are coupled to each other. The sub-modules
of the terrestrial ecosystem model are shown with a thick and dark outline.

2.1. The land surface scheme

The version 2.7 of CLASS used here, and ex-
pected to be used in the first generation coupled
climate-carbon model, is described in detail by
Verseghy (1991)and Verseghy et al. (1993). The
scheme comprises three soil layers (with depths of
0.1, 0.25, and 3.75 m), a snow layer where applicable,
a single vegetative canopy layer (which intercepts
both rain and snow), prognostic soil temperatures,
prognostic liquid and frozen soil moisture contents,
and soil surface properties (e.g. surface roughness
heights and surface albedo) which are functions of
soil moisture conditions and the soil and vegetation
types. The radiation sub-model calculates the visible,
near infrared (NIR), and longwave radiation absorbed

by the canopy. The absorption of visible and NIR
radiation is based on vegetation-dependent visible
and NIR albedos and transmissivities, while net long-
wave radiation absorbed by the canopy is based on
sky-view factor, which describes the degree of the
canopy closure. The canopy conductance (gc = 1/rc)
parameterization used in CLASS is similar to that of
Jarvis (1976). The canopy resistance (rc) is expressed
as a function of minimum stomatal resistance (rmin)
and a series of environmental dependences whose
effects are assumed to be multiplicative.

rc = rminf1(S)f2(�e)f3(w)f4(Ta) (1)

wheref1, f2, f3, andf4 are dependences on incoming
solar radiationS (W m−2), vapour pressure deficit
�e (mbar), soil matric potentialw (m), and air
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temperatureTa (◦C), respectively, and are given by

f1(S) = max(1.0, (500.0/S)− 1.5)

f2(�e) = max(1.0,�e/5.0)

f3(w) = max(1, w/40.0)

f4(Ta) =
{

1.0, 40◦C> Ta > 0 ◦C

5000.0/rmin, Ta ≥ 40◦C orTa ≤ 0 ◦C

(2)

The parameters inEq. (2) are assumed to be generic
and used in the application of the CLASS land sur-
face scheme in the GCM. In its present form,Eqs. (1)
and (2) do not explicitly model the effect of atmo-
spheric CO2 concentration on stomatal resistance. The
canopy and ground temperatures are calculated by
iterative solution of their respective energy balance
equations. Surface runoff in the scheme is generated
when the amount of ponded water exceeds a specified
limit and ponds form when precipitation intensity ex-
ceeds infiltration capacity of soil. Drainage from the
bottom-most soil layer is assumed equal to the hy-
draulic conductivity of soil, which itself is a function
of soil moisture.

2.2. The photosynthesis sub-module

There are two primary reasons for modeling pho-
tosynthesis within the framework of climate models.
First, in addition to environmental variables mentioned
in Eq. (1), photosynthesis allows to model the effect
of atmospheric CO2 concentration on stomatal con-
ductance. This is essential to simulate the physiolog-
ical effects of increasing CO2 amounts on stomatal
conductance in a transient climate simulation. Second,
in order to simulate land–atmosphere CO2 exchange
rates and to model vegetation as a dynamic compo-
nent, it is necessary to estimate the amount of CO2
uptake by vegetation.

The photosynthesis sub-module used here is based
on the biochemical approach (Farquhar et al., 1980;
Collatz et al., 1991, 1992) as implemented in the
SiB2 (Sellers et al., 1996) and MOSES (Cox et al.,
1999) land surface schemes with some minor differ-
ences. The photosynthesis rate,A, is co-limited by
assimilation rates based on Rubisco (Jc), light (Je),
and transport capacity (Js). The model equations are
summarized inAppendix A and show the functional

dependence of the Rubisco (Jc), light (Je), and trans-
port capacity (Js) limited leaf assimilation rates on
various biophysical parameters and environmental
conditions, including the partial pressure of CO2 in
the leaf interior (ci ).

A = f(environmental conditions, ci) (3)

The code is designed in such a way that the
CLASS land surface scheme may use its original
Jarvis type formulation to find canopy conductance,
or it may use conductance estimated by the photo-
synthesis sub-module. In addition, the photosynthesis
sub-module is designed to use both the big-leaf and
the two-leaf (sunlit and shaded) approaches, either
of which may be chosen for a given simulation. In
the big-leaf model the scaling up from leaf to canopy
is based on the assumption that the profile of leaf
nitrogen content through the depth of the canopy
follows the time-mean profile of radiation (Sellers
et al., 1992). Since maximum photosynthetic rate,
Rubisco and electron transport rates, and respiration
rate have been shown to co-vary and increase more or
less linearly with leaf nitrogen content (Ingestad and
Lund, 1986; Field and Mooney, 1986), knowledge of
leaf nitrogen content profile can be used to scale leaf
photosynthesis to the canopy level. The central as-
sumption of this hypothesis is that the photosynthetic
properties of leaves, including leaf nitrogen con-
tent, acclimate fully to the prevailing light conditions
within a canopy so that the photosynthetic capacity is
proportional to the time-integrated absorbed radiation,
normalized with respect to photosynthetic capacity
and absorbed radiation, respectively, at some refer-
ence point, typically at the top of the canopy (Kull
and Jarvis, 1995). The vertical profile of radiation it-
self along the depth of the canopy is described by the
Beer’s law,

IL = I0 e−knL (4)

whereI0 and IL are the values of photosynthetically
active radiation (PAR) at the top of the canopy and
under a leaf area indexL, respectively, andkn is a
vegetation-dependent nitrogen extinction coefficient.
Total photosynthetically active radiationIT, reach-
ing the entire canopy can be obtained by integrating
Eq. (4)over the depth of the canopy,
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IT = I0
∫ LT

0
e−knL dL = I0 1

kn
(1 − e−knLT) = I0fscale

(5)

whereLT is the total leaf area index (LAI).Eq. (5)
implies that PAR at the top of the canopy can be
scaled byfscale to obtain the canopy-averaged value.
Photosynthesis estimated at the top of the canopy,A0,
is similarly scaled to obtain the total canopy value,
Acanopy.

Acanopy= A0
1 − e−knLT

kn
= A0fscale (6)

In the two-leaf model the canopy is divided into the
sunlit and shaded fractions for which the photosynthe-
sis rates are estimated separately. The two-leaf model
questions the assumption that leaf nitrogen is approx-
imately distributed in the canopy in proportion to the
time-averaged profile of absorbed radiation.de Pury
and Farquhar (1997)argue that the big-leaf model ig-
nores the instantaneous distribution of radiation due to
penetration of sunflecks and the effect of leaf angles on
radiation absorbed by the canopy.Wang and Leuning
(1998) argue that modeling the canopy as a single
big leaf ignores the non-linear response of leaf pho-
tosynthesis to light and so the use of mean absorbed
radiation will significantly over-estimate canopy pho-
tosynthesis.

The penetration of sunflecks in the two-leaf model
is assumed to decay exponentially and described by
the light extinction parameterkb, which is a function
of sun’s zenith angle, and leaf angle distribution. Fol-
lowing de Pury and Farquhar (1997), the sunlit and
shaded fractions of the canopy are given by e−kbLT

and(1−e−kbLT), respectively. The photosynthesis rate
for the sunlit fraction of the canopy,Asun, is obtained
by integrating the photosynthesis rate at the top of the
canopy,A0,sun, over the depth of the canopy but only
for sunlit fraction.

Asun=A0,sun

∫ LT

0
e−knLe−kbL dL

=A0,sun
1 − e−(kn+kb)LT

kn + kb
= A0,sunfsun (7)

Similarly, the photosynthesis rate for the shaded frac-
tion of the canopy,Asha, is obtained as,

Asha=A0,sha

∫ LT

0
e−knL(1 − e−kbL)dL

=A0,sha

(
1 − e−knLT

kn
− 1 − e−(kn+kb)LT

kn + kb

)

=A0,shafsha (8)

Note that fscale (as used in the big-leaf model in
Eq. (6)), is equal to the sum offsun and fsha. Since
the Rubsico- and light-limited assimilation rates are
different for the sunlit and shaded fractions of the
canopy they co-limit the photosynthesis ratesA0,sun
and A0,sha differently. The canopy photosynthesis
rate,Acanopy, is obtained by addingAsun andAsha. Fol-
lowing Sellers (1985), the light extinction parameter,
kb, is obtained as,

kb = G(µ)

µ
(1 −�2)

G(µ) = φ1 + φ2µ

φ1 = 0.5 − 0.633χ− 0.33χ2

φ2 = 0.877(1 − 2φ1)

(9)

where µ is the cosine of solar zenith angle,�
the leaf scattering coefficient, andχ an empirical
vegetation-dependent parameter describing leaf angle
distribution which varies between−0.4 and 0.6. Since
kb is a function of sun’s zenith angle it changes during
the day with solar elevation and so do the fractions of
the sunlit and shaded portions within the canopy. The
scaling from leaf to the canopy level photosynthesis is
thus performed usingEq. (6) for the big-leaf model,
and usingEqs. (7) and (8)for the two-leaf model in
a manner similar toRonda et al. (2001).

2.2.1. Effect of soil moisture stress on photosynthesis
Most vegetative canopies suffer from soil moisture

stress during periods of low soil moisture. Different
approaches have been used to account for soil mois-
ture stress on stomatal closure. Some models decrease
the photosynthetic rate (Cox, 2001) which then de-
creases the stomatal conductance (via equations sim-
ilar to (13) or (14)), while others decrease estimated
stomatal conductance directly (Knorr, 2000; Warnant
et al., 1994; Foley et al., 1996). In the model presented
here, the potential (unstressed) photosynthetic rate is
reduced via a non-linear soil moisture function.

Acanopy,stressed= AcanopyG(θ) (10)
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There is some evidence that reduction in photosyn-
thetic rate does not scale linearly with soil moisture
stress (Feddes et al., 1978). Following Ronda et al.
(2001), the soil moisture stress termG(θ) is given by,

G(θ) = 2β(θ)− β2(θ)

β(θ) = max

[
0,min

(
1,

θ − θwilt

θfield − θwilt

)] (11)

whereθ, θwilt , andθfield are the soil moisture content,
wilting point soil moisture, and field capacity, re-
spectively, andβ the degree of soil saturation. Since
θwilt and θfield values may be different for each soil
layer,G(θ) is calculated separately for each soil layer
and then weighted according to the fraction of roots
present in each layer. The physiological basis for
Eqs. (10) and (11)is to model drought stress effect
by reducing the photosynthetic rate.

2.2.2. Photosynthesis–stomatal conductance
coupling

Net canopy photosynthesis rate,An (�mol CO2 m−2

s−1), is used to estimate canopy conductance.An is
obtained by subtracting canopy leaf maintenance res-
piration from the canopy photosynthesis rate.

An = Acanopy,stressed− RmL (12)

Estimation of leaf maintenance respiration is dis-
cussed inSection 2.3. The photosynthesis sub-module
is designed to use bothBall et al. (1987)(BWB)
and Leuning (1995)formulations, and either formu-
lation may be used. The primary difference between
Ball et al. (1987)andLeuning (1995)formulations is
the manner in which they use humidity information.
Ball et al. (1987)use relative humidity in their for-
mulation, whileLeuning (1995)uses vapor pressure
deficit. TheBall et al. (1987)stomatal conductance
model is given by,

gc = mAnhsp

cs
+ bLT (13)

wheregc is the canopy conductance (�mol CO2 m−2

s−1), hs the relative humidity,p the pressure (Pa),cs
the partial pressure of CO2 at the leaf surface (Pa),
andmandb are vegetation dependent parameters. The
Leuning (1995)formulation is given by,

gc = m Anp

(cs − Γ)
1

(1 +D/D0)
+ bLT (14)

whereΓ is the CO2 compensation point in pascals
(the CO2 partial pressure at which photosynthetic
uptake is equal to the leaf respiratory losses),D the
vapor pressure deficit (Pa), andD0 is a vegetation de-
pendent parameter (Pa). The comparison ofEqs. (13)
and (14)shows that in theLeuning (1995)formula-
tion the termcs is replaced by (cs − Γ ), and relative
humidity, hs, is replaced by a vapor pressure deficit
term (1/(1+ D/D0)). Leuning (1990)shows that us-
ing (cs − Γ ) instead ofcs improves the behavior of
the model at low values ofcs. Ball et al.’s (1987)
formulation based on relative humidity has been used
by Collatz et al. (1991, 1992)and by Sellers et al.
(1996)in SiB2 land surface scheme.Cox et al. (1999)
relate stomatal conductance to vapor pressure deficit
in the MOSES land surface scheme.Aphalo and
Jarvis (1993)argue that Ball et al.’s model provides
no evidence for a hypothetical response of stomata to
relative humidity. They cite experiments which indi-
cate that stomata respond to vapor pressure deficit and
not relative humidity.Betts et al. (1999)found that
vegetative resistance, inferred from Northern Study
Area old black spruce BOREAS site, was more tightly
correlated with relative humidity than vapor pressure
deficit. Whether stomatal conductance correlates well
with relative humidity or vapor pressure deficit is still
debatable and there is no compelling evidence for
either approach, althoughLeuning (1995)argued that
use of vapor pressure deficit is preferable.

The CO2 partial pressure at the leaf surface (Pa),
cs, used inEqs. (13) and (14)is estimated using,

ca − cs
p

gb

1.4
= An (15)

whereca is the atmospheric CO2 partial pressure (Pa),
andgb is the aerodynamic conductance obtained from
the land surface scheme. The intercellular CO2 con-
centration,ci , is estimated using,

cs − ci
p

gc

1.6
= An (16)

andgc is obtained fromEqs. (13) or (14). The factors
1.4 and 1.6, inEqs. (15) and (16), account for differ-
ent diffusivities of water and CO2 in the leaf boundary
layer and stomatal pores, respectively. The tempera-
ture dependence of photosynthesis (seeAppendix A)
implies that photosynthesis, stomatal conductance,
and energy balance are all linked and both canopy



28 V.K. Arora / Agricultural and Forest Meteorology 118 (2003) 21–47

temperature andci be determined iteratively. The
intercellular CO2 concentration,ci , estimated from
Eq. (16)is used to find the value of canopy photosyn-
thesis rate,Acanopy(Eq. (3)) and the cycle is repeated
to estimateci . Four iterations are performed every
time step in the model presented here and this was
found sufficient forci to converge.

2.3. The respiration sub-module

The respiration sub-module calculates autotrophic
respiration,Ra, from live vegetation components, and
heterotrophic respiration,Rh, from dead carbon pools.

2.3.1. Autotrophic respiration
Autotrophic respiration,Ra, is estimated as the sum

of maintenance respiration,Rm, from the three live
vegetation components (leaves, stem, and root) and
growth respiration,Rg.

Ra = Rm + Rg

Rm = RmL + RmS + RmR
(17)

whereRmL, RmS, andRmR are maintenance respiration
from the leaves, stem, and root, respectively. Growth
respiration, which is used to synthesize new plant ma-
terial, is highly correlated with the total growth of
plants. In a manner similar to most ecosystem models
(e.g. Knorr, 2000; Foley et al., 1996; Lüdeke et al.,
1994; Woodward et al., 1995), growth respiration is
estimated as a constant fraction of gross canopy pho-
tosynthetic rate minus maintenance respiration.

Rg =
{
αg(Acanopy,stressed− Rm), when(Acanopy,stressed− Rm) is positive

0, otherwise
(18)

Net primary productivity (NPP) is estimated as,

NPP= Acanopy− Rm − Rg (19)

Maintenance respiration is used to keep existing tis-
sue alive and functioning, and is a function of envi-
ronmental stress on vegetation. If the stress levels are
high, e.g. due to high temperature, maintenance res-
piration levels will increase. Maintenance respiration
rates from leaves, stem, and roots have been observed
to correlate better with nitrogen than with their carbon
content (Ryan, 1991; Reich et al., 1998). Simulating
plant nitrogen explicitly, however, requires modelling

of the nitrogen-cycle which also involves the soils. In-
stead, the fact that maximum catalytic capacity of Ru-
biscoVmax is closely related to leaf nitrogen content
is used to estimate leaf respiration. FollowingCollatz
et al. (1991, 1992), leaf maintenance respiration,RmL,
is estimated as

RmL =
{

0.015Vmax, forC3 plants

0.025Vmax, forC4 plants
(20)

Following Ryan (1991), and in a manner similar to
the BIOME-BGC model (Keyser et al., 2000), mainte-
nance respiration for stem (RmS) and root (RmR) are es-
timated on the basis of their nitrogen content. The C:N
ratio of stem and root (prescribed as a function of veg-
etation type) and amount of carbon (kg C m−2) present
in these components are used to estimate amount of
nitrogen (kg N m−2). Respiration is estimated on the
basis of a specified respiration rateβN (0.218 kg C
kg N−1 per day) at 20◦C and aQ10 temperature func-
tion.

RmS = βN
CS

SS
f20(Q10) (21)

RmR = βN
CR

SR
f20(Q10) (22)

whereCS andCR are the amounts of carbon in stem
and root components, andSS andSR their respective
C:N ratios.f20(Q10) is a temperature dependent func-
tion given byQ(T−20)/10

10 , whereT (◦C) is the stem
(TS) or root (TR) temperature. The stem temperature
is assumed to be the same as the canopy temperature

simulated by the land surface scheme. The root tem-
peratureTR is estimated on the basis of temperature of
the three soil layers and the fraction of roots present in
each soil layer. Maximum rooting depth is prescribed
as an input parameter for the land surface scheme.
The fraction of roots in each layer varies in time and
is modeled as a function of vegetation type (Verseghy
et al., 1993). The Q10 value for maintenance respi-
ration is not assumed to be a constant but modeled
as a function of temperature followingTjoelker et al.
(2001)as,

Q10 = 3.22− 0.046T (23)



V.K. Arora / Agricultural and Forest Meteorology 118 (2003) 21–47 29

where T (◦C) is the stem (TS) or the root (TR)
temperature.

SinceRmL is used to estimate net leaf photosyn-
thetic rate (Eq. (12)) it is estimated within the pho-
tosynthesis sub-module at the time step of 30 min.
Maintenance respiration from stem and root are, how-
ever, modeled at a daily time step using daily-averaged
canopy and soil temperatures which are passed to the
autotrophic respiration sub-module from the land sur-
face scheme (seeFig. 2).

2.3.2. Heterotrophic respiration
Respiration from litter and soil carbon pools plays

an important role in the terrestrial ecosystem car-
bon budget and represents a major carbon efflux
from the ecosystems (Schlesinger and Andrews,
2000; Schlesinger et al., 2000). Heterotrophic respi-
ration from both pools is primarily regulated by soil
temperature and soil moisture. For given soil moisture
conditions, and provided there is enough decompos-
able material, an increase in soil temperature almost
invariably leads to an increase in microbial respiration
rates due to increased activity of soil micro-organisms,
although optimal temperatures for microbial activ-
ity are believed to reached between 35 and 45◦C
(Paul, 2001). Temperature dependency of microbial
soil respiration rates has been expressed by a number
of formulations ranging from the simple exponential
(Q10) formulations to Arrhenius type formulations
(e.g. see review byLloyd and Taylor, 1994). A Q10
formulation, with a temperature-dependentQ10 value,
is used in the model presented here.

The dependency of microbial soil respiration rates
on soil moisture is, however, not straightforward. Low
soil moisture values (and the resulting high absolute
values of soil matric potential) are known to constrain
microbial activity and resulting microbial soil respi-
ration (Davidson et al., 2000; Orchard et al., 1992).
On the other hand, when the soils are saturated, then
the lack of availability of oxygen to microbes restricts
microbial activity and respiration rates.Griffin (1981)
suggests that the microbial activity is optimal at soil
matric potential of−0.05 MPa and decreases as the
soil becomes water-logged near 0.00 MPa or too dry
near −1.5 MPa. Soil respiration has been found to
decrease at very high and very low soil moisture con-
tent at boreal sites (Schlentner and van Cleve, 1985;
Savage et al., 1997), in temperate deciduous forests

(Davidson et al., 1998), and in arctic tundra (Luken
and Billings, 1985; Oberbauer et al., 1991). Davidson
et al. (2000)andOrchard and Cook (1983)show that
soil respiration rates are linearly correlated with the
logarithm of soil matric potential. The effects of tem-
perature and moisture are opposite to each other, (e.g.
high temperatures are associated with low soil mois-
ture values, and vice versa) and it can be problematic
to separate their effects on microbial decomposition
rates in the field (Kirschbaum, 1995). Davidson et al.
(2000) review the formulae that have been used by
various researchers to model the effect of soil moisture
on microbial soil respiration rates. These formulae
range from linear, logarithmic, quadratic, parabolic,
and hyperbolic functions of soil moisture expressed as
soil matric potential, gravimetric and volumetric soil
moisture content, water holding capacity, water-filled
pore space, precipitation indices, and depth to wa-
ter table. FollowingGriffin (1981), Davidson et al.
(2000)andOrchard and Cook (1983)the dependency
of soil moisture on microbial respiration rates is mod-
eled here via soil matric potential. Since surface litter
is always exposed to air, litter respiration rates are not
constrained by lack of oxygen when the soils are sat-
urated. Warm and wet conditions lead to greater litter
decomposition rates (Howard and Howard, 1979; Law
et al., 2001). The effect of moisture on litter decom-
position rate is modeled in a manner similar to that for
soil carbon, with the difference that litter decomposi-
tion rates are not constrained by high moisture content.

After climate, the primary control on litter and soil
organic matter decomposition rates is exerted by lit-
ter quality (Lavelle et al., 1993; Aerts, 1997) which is
usually expressed in terms of C:N or lignin:N ratios.
Decomposition rates tend to decrease with higher val-
ues of C:N (Aerts, 1997; Gholz et al., 2000). Higher
lignin concentrations compared to nitrogen also lead
to slower decomposition rates (Melillo et al., 1982).
Since the nitrogen cycle is not simulated explicitly
in the model, the effect of substrate quality on litter
and soil organic matter respiration rates is modeled
in terms of prescribed base respiration rates (seeEqs.
(25) and (26)) which are function of vegetation types.

Heterotrophic respiration,Rh, is estimated as the
sum of respiration from the litter (CD) and soil carbon
(CH) pools (seeFig. 1),

Rh = RhD + RhH (24)
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Respiration from the litter (RhD) and soil carbon (RhH)
pools is estimated using specified respiration rates at
15◦C, the amount of carbon in these pools, a temper-
ature dependentQ10 function (Eq. (28)), and a soil
moisture dependent factor.

RhD = βDCDf15(Q10)fD(ψ) (25)

RhH = βHCHf15(Q10)fH(ψ) (26)

whereCD and CH are the amounts of carbon in lit-
ter (debris) and soil carbon (humus) pools (kg C m−2),
andβD andβH are the specified vegetation-dependent
respiration rates (kg C kg C−1 per day) for the litter
and soil carbon pools.f15(Q10) is a temperature de-
pendent function given byQ(T−15)/10

10 , whereT(◦C) is
the litter (TD) or soil carbon (TH) temperature. In the
model, the litter pool represents combined litter from
the mortality of leaf, stem, and root components. Lit-
ter temperature is therefore assumed to be a weighted
average of soil temperature of the top layer and root
temperature (TR),

TD = xTsoil 1 + (1 − x)TR. (27)

Since the globally-averaged profiles for soil organic
carbon and root distribution are fairly similar (Fig. 4
of Jobbagy and Jackson, 2000), the temperature of the
soil carbon pool,TH, is assumed to be the same as that
of root temperature. TheQ10 value used inEqs. (25)
and (26)is estimated as a function of temperature us-
ing the following expression obtained byKirschbaum
(1995),

Q10 = exp

[
2.04

(
1 − T

Topt

)]
(28)

whereT (◦C) is the litter or soil carbon temperature and
Topt is equal to 36.9◦C. fH(ψ) represents the effect of
soil moisture on microbial respiration rates from the
soil carbon pool (CH) via soil matric potential (ψ). Be-
ing a suction pressure soil matric potential is usually
expressed as a negative value, but its absolute values
are considered in the following text. FollowingGriffin
(1981)optimum soil moisture conditions are assumed
to occur when soil matric potential lies between 0.04
and 0.06 MPa. Between 0.06 and 100 MPa the value
of fH(ψ) is assumed to decrease linearly with the log-
arithm of matric potential, and when the soil matric
potential is greater than 100 MPa then microbial respi-
ration is assumed to cease (Davidson et al., 2000). Be-

tween 0.04 MPa and saturation matric potential (ψsat)
the value offH(ψ) is also assumed to decrease lin-
early with the logarithm of matric potential, and at
saturation matric potential microbial respiration rate
is assumed to be half of that when the soil moisture
is optimum.Fig. 3 showsfH(ψ) as a function of soil
matric potential (ψ).

fH(ψ) =




1 − 0.5
log(0.04)− logψ

log(0.04)− logψsat
, 0.04> ψ ≥ ψsat

1, 0.06 ≥ ψ ≥ 0.04

1 − logψ − log(0.06)

log(100)− log(0.06)
, 100.0 ≥ ψ > 0.06

0, ψ > 100.0

(29)

Soil matric potential itself is expressed as a function of
soil moisture followingClapp and Hornberger (1978),

ψ(θ) = ψsat

(
θ

θsat

)−c
(30)

whereψsat, θsat (saturated soil moisture content), and
c are parameters related to the soil type. The soil mois-
ture factor for litter decomposition (fD(ψ)) is similar
to that for soil carbon (fH(ψ)) with the difference that
soil moisture content of only top soil layer is used
and litter decomposition rates are assumed not be con-
strained by high moisture content (and low absolute
values of soil matric potential). The daily values of
respiratory fluxes from the litter and soil organic mat-
ter pools are estimated on the basis of soil temperature
and moisture for the three soil layers simulated by the
land surface scheme and passed to the heterotrophic
respiration sub-module (seeFig. 2).

Finally, net ecosystem exchange (NEE) is estimated
as the difference between photosynthetic uptake and
all the respiratory fluxes,

NEE = NPP− Rh

NEE = Acanopy,stressed− Ra − Rh.
(31)

3. The study site, the meteorological forcing
and flux data

3.1. The Ponca City, Oklahoma, AmeriFlux site

Year-round measurements and analysis of land sur-
face–atmosphere carbon exchange have been initiated
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Fig. 3. The soil moisture scalar for organic matter decompositionfH(ψ) expressed as a function of soil matric potential. The effect of soil
moisture on litter decomposition rates is modeled in a similar fashion with the difference that only moisture content of the top soil layer
is used and it is assumed that litter decomposition rates are not constrained at high moisture content.

recently for a variety of key terrestrial ecosystems
around the world. The FLUXNET project (Baldocchi
et al., 2001) serves as a mechanism for uniting sev-
eral of these regional and continental networks (e.g.
AmeriFlux, EuroFlux, AsiaFlux) into an integrated
global network. These data are being used to un-
derstand the dynamics of ecosystem carbon, energy,
and water balances, to quantify the stand-scale re-
sponse of carbon, energy, and water fluxes to various
environmental factors, and to validate a hierarchy
of SVAT scheme and trace gas exchange models
(Baldocchi et al., 2001). Ponca City, in north cen-
tral Oklahoma (36◦45′N; 97◦05′W) is one of the
AmeriFlux sites at which fluxes of CO2, water vapor,
sensible heat, and momentum are being measured
using the eddy covariance technique, along with sup-
porting meteorological variables, soil moisture, leaf
area index, and biomass (Verma, 1996; Suyker and
Verma, 2002). The measurements at this site started
in the fall of 1996. In this agricultural ecosystem,
the primary vegetation is winter wheat whose max-
imum green leaf area index (LAI) at peak growth
exceeds 5 m2 m−2, and the soil is silty clay loam. The
mean annual temperature (for years 1961–1990) at
this site is 15.03◦C with a range of−3.7 to 33.9◦C,

and the annual average precipitation (1961–1990) is
834.7 mm.

3.2. Meteorological forcing data

Half-hourly meteorological data from the Ponca
City AmeriFlux site were collected in a study by
S. Verma, PI and his colleagues (A. Suyker and G.
Burba) of the University of Nebraska, Lincoln, Neb-
raska (http://snrs1.unl.edu/oklahoma/express.htmland
http://cdiac.esd.ornl.gov/programs/ameriflux.ponca.
html). Continuous filled half-hourly meteorologi-
cal data for this site prepared by B.W. Shea, S.
Verma, J. Berry, J. Privette, and N. Hanan are used
(http://www.nrel.colostate.edu/projects/okflux). These
researchers used linear interpolation technique to-
gether with average of meteorological variables from
the previous/following day for the same/same and
other years to fill missing values.

3.3. Energy and CO2 flux data

In Section 4, the simulated latent and sensible
heat fluxes, net radiation, and NEE fluxes are com-
pared with observations. The gap-filled observations

http://snrs1.unl.edu/oklahoma/express.html
http://cdiac.esd.ornl.gov/programs/ameriflux.ponca.html
http://cdiac.esd.ornl.gov/programs/ameriflux.ponca.html
http://www.nrel.colostate.edu/projects/okflux
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of these quantities are available from the AmeriFlux
web site (http://public.ornl.gov/ameriflux) for the
year 1997. The gap-filling strategies for these en-
ergy and NEE fluxes are described in detail byFalge
et al. (2001a,b), respectively. FollowingFalge et al.’s
(2001a,b)recommendations, observational estimates
that are gap-filled using the method based on look-up
tables are used in this study for both energy and NEE
fluxes.

3.4. Observed estimates of vegetation biomass
and soil organic matter

The observed green LAI, together with an esti-
mate of specific leaf area of wheat (SLA, the ratio of
leaf area to leaf dry mass) of 30 m2 kg−1 (Hocking
and Meyer, 1991) was used to estimate the leaf car-
bon biomass (kg C m−2) (assuming that dry mass is
50% of the total leaf mass). This estimate of leaf
biomass was subtracted from observed total above-
ground green biomass to obtain an estimate of live
stem biomass. Root biomass was estimated from ob-
servations at the Ponca City site.Rice (1999)reported
root carbon biomass of∼370 g kg−1 of soil in the
top 20 cm of soil during May of 1997. Assuming a
soil density of 1.50 g cm−3 for silt clay loam soil this
yields a value of∼110 g C m−2 in the top 20 cm of
soil. Maximum rooting depth was prescribed as 1.20 m
(Kirkegaard et al., 2001). Using an estimate of fraction
of roots in each soil layer simulated by the land surface
scheme, the root carbon biomass value of 110 g C m−2

in the top 20 cm was extrapolated to the entire rooting
depth and an estimate of 300 g C m−2 was obtained.
In addition, in a manner similar toWechsung et al.
(1995), it was assumed that the live root biomass in-
creased linearly (growth) from the date of sowing to its
maximum value in 30 days, remained constant there-
after, and then decreased linearly (senescence) towards
the end of the growing season. The daily values of
the biomasses of three vegetation components (leaves,
stem, and roots) are shown inFig. 4.

The amount of soil organic matter was estimated by
using percentages of soil carbon content of 1.2, 0.7,
0.6, and 0.4% for soil layers 1–47, 47–78, 78–115, and
115–150 cm, respectively, reported at the AmeriFlux
web site (http://public.ornl.gov/fluxnet/datafile4.cfm).
In addition, for soil layers 150–200 and 200–300 cm
soil carbon contents of 0.2 and 0.1%, respectively,

were assumed. Using this soil carbon content infor-
mation, the total soil carbon amount was estimated to
be approximately 20 kg C m−2. During the growing
season, agricultural ecosystems are typically char-
acterized by very low litter amounts and a constant
value of litter pool of 0.1 kg C m−2 was therefore
assumed.

4. Model simulations of energy and CO2 fluxes

4.1. Initial conditions and model parameters

The coupled land surface–terrestrial ecosystem
model was run for the year 1997 but only results
from the growing season are reported here. Ini-
tial conditions were prescribed on the basis of data
available from the AmeriFlux web site. Observed
LAI data from the Ponca City site were used to
drive the land surface scheme and the photosyn-
thesis sub-module, and observed biomass and soil
organic matter data were used to estimate autotrophic
and heterotrophic respiration. The values of model
parameters for the land surface scheme, and the pho-
tosynthesis and respiration sub-modules are summa-
rized in Table 1 together with published references
or web sites from which the parameter values were
obtained.

4.2. Comparison of simulated energy fluxes

The observational estimates of latent and sensible
heat fluxes, and net radiation, were compared with
estimates obtained from the CLASS land surface
scheme with its original Jarvis type canopy conduc-
tance formulation, and when conductance is estimated
by the photosynthesis sub-module using both the big-
and the two-leaf approaches. In the photosynthesis
sub-module, canopy conductance is estimated using
the Leuning (1995)type formulation since the ob-
served half-hourly growing season estimates of latent
heat fluxes, for the Ponca City site, correlated slightly
better with the VPD term (1/(1+ D/D0)), used in
Eq. (13) (R2 = 0.28) than with relative humidity
used inEq. (14) (R2 = 0.24). Comparison of the
performances of theBall et al. (1987)and Leuning
(1995)stomatal conductance formulations is made in
Section 4.2.1.

http://public.ornl.gov/ameriflux
http://public.ornl.gov/fluxnet/datafile4.cfm
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Fig. 4. Daily values of observed above-ground total green biomass (g C m−2) and LAI (m2 m−2), and estimated observational-based values
of foliage, stem, and root biomasses, over the growing season, at the Ponca City, AmeriFlux site.

Daily observations of net radiation over the growing
season are compared with simulated values inFig. 5.
The two model-simulated curves inFig. 5correspond
to results from simulations using Jarvis type canopy
conductance formulation and theLeuning (1995)for-
mulation used with the big-leaf photosynthesis model.
For reference, the seasonal evolution of observed LAI
is also shown. The land surface scheme net radiation
estimates from the two simulations are fairly similar,
since net radiation is primarily determined by vege-
tation albedo. Averaged over the growing season the
model-simulated net radiation estimates compare well
with observations (R2 ≥ 0.94), although the model
estimates (coefficient of variation, CV= 0.63) show
slightly higher variability than the observations (CV=
0.45).

Observed growing season estimates of daily latent
heat (LE) fluxes are compared with those simulated
using the Jarvis type canopy conductance formulation

used in CLASS inFig. 6a, and when conductance
estimate is used from the photosynthesis sub-module
(using both the big- and the two-leaf models) in
Fig. 6b. Fig. 6ashows that the latent heat fluxes, at
the Ponca City site, are significantly underestimated
by the current Jarvis type formulation used in CLASS
land surface scheme. Latent heat fluxes based on
canopy conductance estimated by the photosynthesis
sub-module compare fairly well the observational es-
timates. Both the big- and the two-leaf model capture
the daily variation in latent heat fluxes reasonably
well, and the two photosynthesis approaches yield
similar average latent heat flux over the growing sea-
son andR2 values of around 0.82. Averaged over
the growing season, however, the two-leaf model
yields slightly higher estimate of latent heat flux
(seeFig. 6). Compared to the big- and the two-leaf
photosynthesis models used withLeuning (1995)
formulation, the Jarvis type formulation (Eq. (1))
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Table 1
Values of model parameters used in the land surface scheme and sub-modules of the terrestrial ecosystem model

Symbol Parameter description Value used in the current study Reference

Land surface scheme
aVIS Canopy albedo, visible 0.06 Verseghy et al. (1993)
aNIR Canopy albedo, near-infra red 0.25
d Maximum rooting depth 1.2 m Kirkegaard et al. (2001)
z0 Roughness length 0.08 m
Cmax Maximum total canopy mass 2.5 kg m−2 AmeriFlux web site

Percent sand 4.5, 2.5, and 5% in three
model layers, respectively

AmeriFlux web site

Percent clay 28, 35, and 40% in three
model layers, respectively

AmeriFlux web site

Percent organic matter 1.2, 1.2, and 0.5% in three
model layers, respectively

AmeriFlux web site

Percent clay, sand, and organic matter are used to estimate soil
hydraulic properties usingEq. (30)in CLASS land surface scheme

Photosynthesis sub-module
Vmax Maximum catalytic capacity of Rubisco 93�mol CO2 m−2 s−1 S. Verma and J. Berry,

http://nigec.ucdavis.edu/
publications/annual97/
greatplains/project86.html

kn Nitrogen extinction coefficient 0.43 Dreccer et al. (2000)
χ Leaf angle parameter −0.30
� Leaf scattering coefficient 0.15 Cox (2001)
α Quantum efficiency 0.08 Cox (2001)
m Stomatal conductance formulation parameter 11.0 Mo and Liu (2001)
b Stomatal conductance formulation parameter 0.01 Mo and Liu (2001)
D0 Stomatal conductance parameter in Leuning formulation 1500 Pa Mo and Liu (2001)
Tlow Upper temperature for limiting photosynthesis −3◦C Ito and Oikawa (2000)
Tup Lower temperature for limiting photosynthesis 42◦C Ito and Oikawa (2000)

Autotrophic respiration sub-module
αg Growth respiration parameter 0.35 Knorr (2000)
βN Base respiration rate based on N content 0.218 kg C kg N−1 per day Keyser et al. (2000)
SS C:N ratio of stem 50
SR C:N ratio of root 50
x Parameter used to find weighted averaged

litter pool temperature
0.5

Heterotrophic respiration sub-module
βD Base respiration rate for litter pool 0.050 kg C kg C−1 per year Ito and Oikawa (2000)
βH Base respiration rate for SOM pool 0.037 kg C kg C−1 per year Ito and Oikawa (2000)

yields higher values of canopy resistance (rc = 1/gc)
leading to lower latent heat fluxes. Averaged over
the growing season the day-time (between 9 a.m.
and 4 p.m.) canopy resistance obtained from the
Jarvis type hboxformulation (362 s mm−1) is more
than twice the canopy resistance obtained from the
big- (148 s mm−1) and the two-leaf (146 s mm−1)
models.

Lower latent heat fluxes simulated by the Jarvis
type canopy conductance formulation imply that sim-
ulated sensible heat (H) fluxes are higher compared
to observations and this is shown inFig. 7a. Sensible
heat fluxes simulated by the land surface scheme when
canopy conductance is estimated using the big- and
the two-leaf photosynthesis models, however, com-
pare reasonably well with observations in terms of

http://nigec.ucdavis.edu/publications/annual97/greatplains/project86.html
http://nigec.ucdavis.edu/publications/annual97/greatplains/project86.html
http://nigec.ucdavis.edu/publications/annual97/greatplains/project86.html
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Fig. 5. Comparison of model and observed net radiation estimates (W m−2) over the growing season. The land surface scheme (CLASS)
estimates are from two simulations, one using the Jarvis type conductance formulation, and the other usingLeuning (1995)formulation
with the big-leaf photosynthesis model. Root mean square error (RMSE) andR2 values are also shown.

average value over the growing season, lower RMSE,
and higher correlation (Fig. 7b). Higher variability in
simulated sensible heat fluxes inFig. 7b, compared
to observations, is caused by model’s net radiation
estimates. A comparison ofFigs. 5 and 7bshows that
simulated sensible heat fluxes are higher than observa-
tions on days when the land surface scheme overesti-
mates net radiation, and simulated sensible heat fluxes
are lower than observations on days when the land
surface scheme underestimates net radiation. Since la-
tent heat fluxes simulated by the big- and the two-leaf
models compare well with observations (R2 ≥ 0.82)
(Fig. 6b) any differences in model and observed net ra-
diation estimates are mainly reflected in sensible heat
fluxes. Averaged over the growing season the sensible
heat fluxes compare relatively well with observations
when canopy conductance estimate is used from the
big- and the two-leaf models, while the use of Jarvis
canopy conductance formulation yields poor sensible
heat flux estimates which are about twice the observed

estimate (Fig. 7). Table 2 shows, that the incorrect
partitioning of net radiation into latent and sensible
heat fluxes, when the Jarvis type conductance formu-
lation is used, results in a Bowen ratio (γ = H /LE)
estimate (calculated using average fluxes over the
growing reason) which is too high compared to obser-
vations. Bowen ratios when canopy conductance is es-
timated via the photosynthesis sub-module, however,
compare well with observations, with the two-leaf
model’s estimate being slightly better than the big-leaf
model.

Table 2
Comparison of observed Bowen ratio estimate, averaged over the
growing season, with simulated values

Bowen ratio
Observed 0.22
CLASS–Jarvis 0.59
CLASS–single leaf 0.24
CLASS–two leaf 0.22
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Fig. 6. Comparison of observations of growing season latent heat fluxes (W m−2) with simulated values (a) obtained from the use of
original Jarvis type stomatal conductance formulation in the CLASS land surface scheme, and (b) obtained from the use of stomatal
conductance estimated by the big- and two-leaf approaches in the photosynthesis sub-module, which usesLeuning (1995)stomatal
conductance-photosynthesis coupling. Root mean square error (RMSE) andR2 values are also shown.
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Fig. 7. Comparison of observational estimates of growing season sensible heat fluxes (W m−2) with simulated values (a) obtained from
the use of original Jarvis type stomatal conductance formulation in the CLASS land surface scheme, and (b) obtained from the use of
stomatal conductance estimated by the big- and two-leaf approaches in the photosynthesis sub-module, which usesLeuning (1995)stomatal
conductance–photosynthesis coupling. Root mean square error (RMSE) andR2 values are also shown.
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4.2.1. Comparison between stomatal
conductance-photosynthesis formulations

The performance of theBall et al. (1987)and
Leuning (1995)stomatal conductance-photosynthesis
formulations is assessed inFig. 8, which compares
the daily growing season estimates of latent heat
flux simulated using both formulations, together with
observations, for both the big- and the two-leaf photo-
synthesis approaches. The same values of parameters
m (11.0) andb (0.01) are used in both models (in
Eqs. (13) and (14)) and a value of parameterD0 equal
to 1500 Pa is used in theLeuning (1995)model for
winter wheat, followingMo and Liu (2001). Fig. 8
shows that, averaged over the growing season, the la-
tent heat fluxes estimated using theBall et al. (1987)
formulation are about 10% lower than those esti-
mated usingLeuning (1995)formulation, for both
the big- and the two-leaf photosynthesis approaches.
In addition, averaged over the growing season, the
difference between the simulated latent heat fluxes
caused by the choice of the big- or the two-leaf pho-
tosynthesis approach (1.3 and 0.2 W m−2 for Leuning
and Ball et al.’s stomatal conductance formulations,
respectively) is smaller than the difference caused by
the choice of the stomatal conductance formulation
(∼8 W m−2). The difference between theBall et al.
(1987) and theLeuning (1995)formulations is pri-
marily caused by the use of relative humidity and
vapor pressure deficit (VPD) term (1/(1+ D/D0)) in
these formulations, respectively, both of which are
related linearly to stomatal conductance.

Fig. 9 shows the daily averages (calculated from
half-hourly data) of day-time (between 9 a.m. and 4
p.m.) relative humidity (hs) and the VPD term (1/(1+
D/D0)), over the growing season, for the Ponca City
site. For the value ofD0 (1500 Pa) used in this study,
the higher value of the VPD term (used in Leuning
formulation) than relative humidity, leads to higher
stomatal conductance and subsequently higher latent
heat fluxes compared to theBall et al. (1987)formu-
lation. Fig. 9 also shows the range of values of the
VPD term that may be obtained by varying the pa-
rameterD0 within its approximate feasible parameter
range between 500 and 2500 Pa.Fig. 9 implies that,
for a given net photosynthetic uptakeAn, a wide range
of stomatal conductance values may be obtained by
varying the parameterD0. Both D0 andm are empir-
ical parameters whose values are generally obtained

by regression. In addition,D0 and m are negatively
correlated, and the choice of one parameter affects the
other (Leuning, 1995). Regardless of whether stom-
atal conductance correlates better with relative humid-
ity or VPD, the presence of an additional parameter
in the Leuning (1995)formulation helps to obtain a
better fit to observed data.

4.3. Comparison of simulated CO2 fluxes

In Section 4.2, reasonably good comparison be-
tween simulated latent heat fluxes and their obser-
vations, and an improvement in simulated sensible
heat fluxes, is obtained when canopy conductance is
estimated via the photosynthesis sub-module. Since
latent heat fluxes and photosynthetic CO2 uptake are
coupled to, and constrained by, each other, a com-
plete test of coupled land surface and photosynthesis
models also involves comparison of simulated gross
photosynthetic CO2 uptake (GPP orAcanopy) with ob-
servations. However, only estimates of net ecosystem
exchange (NEE) fluxes are available for the Ponca
City site. Modeled respiratory fluxes from the vegeta-
tion, litter, and soil organic matter pools were there-
fore subtracted from simulated GPP to estimate NEE
fluxes. Growth and maintenance respiration from the
three live vegetation components of the model were
estimated as explained inSection 2.3.1using observed
estimates of vegetation biomass. Heterotrophic res-
piration from the litter and soil organic matter pools
was estimated using the methodology explained in
Section 2.3.2using observed estimates of soil organic
matter.

Simulated net photosynthesis (An=Acanopy,stressed−
RmL) rates from the big- and the two-leaf photosyn-
thesis approaches are compared inFig. 10a. Fig. 10a
shows that, compared to the two-leaf model, the
big-leaf model overestimates net photosynthetic CO2
uptake. On selected days, the net photosynthesis rates
estimated by the big-leaf model are up to 30% higher
than those predicted by the two-leaf model. However,
averaged over the growing season the big-leaf photo-
synthesis approach yieldsAn estimates that are about
5% higher than the two-leaf approach. Using simula-
tions for a single day, and compared to a multi-layer
model,de Pury and Farquhar (1997)reported overes-
timation of canopy photosynthesis by 20 and 45% for
LAI of 4 and 6, respectively, by the big-leaf model.
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Fig. 8. Comparison of daily estimates of latent heat fluxes (W m−2) simulated using theBall et al. (1987)and Leuning (1995)stomatal
conductance formulations (for both the big- and two-leaf photosynthesis approaches) with observations.
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Fig. 9. Comparison of daily averages (calculated from half-hourly data) of day-time (between 9 a.m. and 4 p.m.) relative humidity (shown
as RH) and the VPD term (1/(1+D/D0)), used in theBall et al. (1987)and Leuning (1995)formulations, respectively, over the growing
season, for the Ponca City site. The range of values of the VPD term that may be obtained by varying the parameterD0 within its
approximate feasible parameter range between 500 and 2500 Pa are also shown.

In their simulation of net photosynthesis rates over
winter wheat,Mo and Liu (2001)reported that av-
eraged over the growing season, compared to the
two-leaf, their big-leaf model overestimated net
photosynthesis by 33%, while the difference in evapo-
transpiration estimates was of the order of 5%. Quali-
tatively, similar results have been obtained in this study
in that the difference in net photosynthesis rates (∼5%)
is bigger than the difference in latent heat fluxes (∼1.5
and 0.2% for Leuning and Ball et al.’s stomatal con-
ductance formulations, respectively). The overestima-
tion of net photosynthesis rates of 5% by the big-leaf
model in this study is smaller thanMo and Liu’s
(2001)estimate of 33%. Amongst other possible rea-
sons, this difference is likely due toMo and Liu’s
(2001)use of aVmax value of 200�mol CO2 m−2 s−1,
while a Vmax value of 93�mol CO2 m−2 s−1 is used
here for winter wheat. Although not shown here,
a difference of 20% was obtained in simulated net
photosynthesis rates from the big- and the two-leaf
photosynthesis approaches when aVmax value of
200�mol CO2 m−2 s−1 was used in an experimental
simulation based on Ponca City data. TheVmax val-

ues for wheat at Ponca City site have been reported
to range between 53 and 160�mol CO2 m−2 s−1,
with a mean Vmax value of 93�mol CO2 m−2

s−1 (http://nigec.ucdavis.edu/publications/annual97/
greatplains/project86.html).

Simulated NEE fluxes are shown inFig. 10b for
both the big- and the two-leaf photosynthesis ap-
proaches, and compare well with observations. Av-
eraged over the growing season, the simulated NEE
flux is about 18% (big-leaf) and 4% (two-leaf) higher
than its observed estimate. The simulated NEE fluxes
explain about 70% (big-leaf) and 76% (two-leaf) of
the observed variability. Results from the two-leaf
model are thus slightly better than from the big-leaf
model. Reasonably good comparisons between simu-
lated and observed NEE fluxes imply that confidence
can be placed in simulated GPP estimates. Although
desirable, in absence of observations of GPP and
respiration fluxes it is not possible to validate the
photosynthesis and respiration sub-modules sepa-
rately, and only the combined performance of these
sub-modules (in terms of simulated NEE fluxes) may
be assessed.

http://nigec.ucdavis.edu/publications/annual97/greatplains/project86.html
http://nigec.ucdavis.edu/publications/annual97/greatplains/project86.html
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Fig. 10. (a) Comparison of simulated net photosynthesis (An) rates by the big- and the two-leaf photosynthesis models, and (b) Comparison
of observations of NEE fluxes with simulated values using GPP estimates from both the big- and the two-leaf photosynthesis models.
Root mean square error (RMSE) andR2 values are also shown for simulated NEE fluxes.

4.4. Constraining model performance via
comparisons with both energy and carbon fluxes

If the objective of this study were only to simulate
energy fluxes with the use of canopy conductance es-
timated by the photosynthesis sub-module, and had

comparisons for carbon fluxes not been performed, it
is possible that the use of the big-leaf model with Ball
et al. stomatal conductance formulation would had
been considered adequate. Indeed with the use ofVmax
value of 130�mol CO2 m−2 s−1, which is well within
the range of values reported at the Ponca City site, and
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still smaller than the value of 200�mol CO2 m−2 s−1

used byMo and Liu (2001)for winter wheat, simu-
lated latent heat fluxes with Ball’s formulation may
be made to match their observations (not shown). The
use of a higherVmax value implies higher CO2 assim-
ilation and, in absence of comparisons with observed
carbon fluxes, this discrepancy would certainly go un-
detected.

In contrast, if model behavior were assessed
only against observations of carbon fluxes with
the big-leaf model, then aVmax value smaller than
93�mol CO2 m−2 s−1 could have been used to obtain
reasonable comparison with observed NEE fluxes,
although this would imply a decrease in latent heat
flux. Comparisons with both energy and carbon fluxes
thus help to constrain model performance and obtain
realistic model behavior. For the simulation results
presented here, and for the parameter values reported
for winter wheat at the Ponca City site and in pub-
lished literature, it appears that the use of the two-leaf
model with Leuning’s stomatal conductance formula-
tion gives results that compare well with observations
for both the energy and carbon fluxes. Averaged
over the growing season, the use of Ball’s conduc-
tance formulation underestimates latent heat fluxes by
about 10% and the use of the GPP estimates from the
big-leaf model results in an overestimation of NEE
fluxes of around 18%.

5. Summary and conclusions

Work is at present underway to include terrestrial
ecosystem processes, to model land–atmosphere ex-
change of CO2 fluxes, in the next generation of CC-
Cma coupled climate model. This paper describes the
coupling and validation of photosynthesis and res-
piration sub-modules with the CLASS land surface
scheme for intended operational use in the climate
model. CLASS has also been coupled to other ecosys-
tem models of varying complexity (Wang et al., 2001;
Arain et al., 2002). Validation exercises such as the
one presented in this paper are planned to assess the
performance of the coupled land surface scheme and
terrestrial ecosystem module using data from various
fluxnet sites. In this paper, I provide some initial eval-
uation of the performance of the coupled land surface
scheme and terrestrial ecosystem models via compar-

isons with observed energy and carbon fluxes from the
Ponca City, Ameriflux site.

The photosynthesis sub-module operates at the short
time step of 30 min and provides estimates of canopy
conductance to the land surface scheme. The pho-
tosynthesis sub-module is designed to use both the
big-leaf and the two-leaf (sunlit/shaded) approaches,
and stomatal conductance formulations based on rel-
ative humidity and vapor pressure deficit. Although
when operated within the climate model only one of
the photosynthesis approaches and stomatal conduc-
tance formulations is to be used, the flexibility to use
both approaches provides a tool to test the sensitivity
of the model results to these two different approaches
of modeling photosynthesis and stomatal conductance.
Other than photosynthesis, all terrestrial ecosystem
sub-modules, which model the intermediate time-scale
biogeochemical processes are operated at a daily time
step. Daily-averaged values of canopy and soil tem-
perature, soil moisture and other variables, which are
required to model these biogeochemical processes, are
passed from the land surface scheme to the respective
sub-modules of the terrestrial ecosystem model.

The allocation and mortality sub-modules were not
activated in this study since observed biomass, LAI,
and soil organic matter (SOM) data were used from the
Ponca City site. This allowed assessment of the perfor-
mance of the autotrophic and heterotrophic respiration
sub-modules of the model, without incurring errors as-
sociated with incorrectly simulated biomass, LAI, and
SOM. In addition, the use of model-simulated SOM
values to estimate heterotrophic respiration, required
that the model be run with observed climate data for
a long-time to allow the model soil carbon pools to
come into equilibrium. Model validation exercises that
would allow assessment of model simulated equilib-
rium values of the biomasses of the three vegetation
components, and the values of litter and SOM pools,
are the subject of near-future studies.

Comparisons with observed energy fluxes show
that the use of canopy conductance estimated by the
photosynthesis sub-module significantly improves
simulated latent heat fluxes, compared to the use of
the original Jarvis type conductance formulation in the
land surface scheme. An improvement in simulated
latent heat fluxes, also leads to an improvement in
simulated sensible heat fluxes, although some differ-
ences remain which are primarily attributed to differ-
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ences in simulated net radiation estimates. Incorrect
partitioning of net radiation into latent and sensible
heat fluxes, when the Jarvis type conductance formu-
lation is used, leads to a Bowen ratio that is much
higher than its observed value. The use of canopy
conductance estimated by the big- and the two-leaf
photosynthesis approaches yields Bowen ratio esti-
mates that compare fairly well with observations. In
regard to the effect of photosynthesis approach and
stomatal conductance formulation, the model results
suggest that, averaged over the growing season and
for the winter wheat parameter values reported at the
Ponca City site and in literature, the difference in
simulated latent heat fluxes caused by the choice of
the big- or two-leaf photosynthesis approach is much
smaller than the difference caused by the choice of
the stomatal conductance formulation.

A complete test of the coupled land surface and
photosynthesis models involves validation with both
observed energy and carbon fluxes. Reasonably good
comparisons with either energy or carbon fluxes may
be obtained by adjusting parameter values still within
the range of uncertainty. Comparisons with both en-
ergy and carbon fluxes in this study helped to constrain
model behavior and allowed to assess the performance
of two of the both photosynthesis and stomatal con-
ductance formulations. Model results also show that,
averaged over the growing season, the percentage dif-
ference in simulated net photosynthesis rates is big-
ger than percentage difference in simulated latent heat
fluxes when the big- and the two-leaf photosynthesis
approaches are compared. Qualitatively similar results
for winter wheat have been reported byMo and Liu
(2001).

Eddy-flux measurements of carbon and energy
fluxes may contain both systematic and unsystem-
atic errors (Wofsy et al., 1993; Goulden et al., 1996;
Aubinet et al., 2000). Gap-filling for missing data
leads to additional uncertainty (Falge et al., 2001a).
Uncertainty in eddy-flux measurements is also in-
troduced due to lack of energy balance closure and
underestimation of night-time respiratory fluxes when
the air becomes stably stratified (Massman and Lee,
2002). Anthoni et al. (1999)provide an estimate of
systematic errors in daytime CO2 eddy-flux measure-
ments of around±12%. While the results shown here
suggest that the two-leaf model performs slightly
better than the big-leaf model, given the uncertainty

associated with the model parameters (in particular
Vmax), and observations of carbon and energy fluxes,
it is difficult to say so conclusively. In a review of
various photosynthesis approachesMedlyn (2001)
draws a similar conclusion.
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Appendix A

A.1. The biochemical model of leaf photosynthesis

The C3 and C4 photosynthesis model structure
adopted in the model is based on the work ofCollatz
et al. (1991, 1992)and as applied bySellers et al.
(1996)andCox (2001). The gross leaf photosynthetic
rate is calculated in terms of three potentially limiting
assimilation rates:

(i) Jc represents the gross photosynthetic rate limited
by the photosynthetic enzyme Rubisco.

Jc =
{
Vm

[
ci − Γ

ci +Kc(1 +Oa/Ko)

]
, forC3 plants

Vm, forC4 plants

(A.1)

whereVm (mol CO2 m−2 s−1) is the temperature
adjusted maximum catalytic capacity of Ru-
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bisco,ci the intercellular CO2 concentration,Oa
(Pa) is the partial pressure of atmospheric oxy-
gen,Γ is the CO2 compensation point, andKc
andKo (Pa) are the Michaelis–Menten constants
for CO2 and O2, respectively.Vm, Γ , Kc, and
Ko are all temperature dependent functions (see
Eqs. (A.4–A.6)).

(ii) Je represents the gross photosynthetic rate limited
by the amount of available light.

Je =

 α(1 −�)I

[
ci − Γ
ci + 2Γ

]
, forC3 plants

α(1 −�)I, forC4 plants

(A.2)

whereα is the quantum efficiency and values of
0.08 and 0.04 are used forC3 and C4 plants,
respectively,� the leaf scattering coefficient and
values of 0.15 and 0.17 are used forC3 andC4
plants, respectively, andI is the incident PAR.

(iii) Js represents the gross photosynthetic rate lim-
ited by the capacity to transport photosynthetic
products forC3 plants, but is the CO2-limited ca-
pacity forC4 plants.

Js =



0.5Vm, forC3 plants

2 × 104Vm
ci

p
, forC4 plants

(A.3)

wherep (Pa) is surface air pressure.

Gross photosynthetic rate,A0, at the top of the
canopy is estimated as the minimum of the above three
limiting rates. For the two-leaf model, inEq. (A.2), I
is the diffused fraction of PAR for the shaded part of
the canopy and it is the direct beam fraction for the
sunlit part. In addition, for the two-leaf model the term
(1 − �) is omitted since scattering is taken into ac-
count viaEq. (9). The maximum temperature adjusted
catalytic capacity of RubiscoVm is estimated as,

Vm

= Vmaxf25(2.0)

[1+exp{0.3(Tc−Tup)}][1+exp{0.3(Tlow−Tc)}]
(A.4)

whereVmax is the maximum Rubsico capacity which
is used as an input parameter to the model,f25 is
the standardQ10 temperature functionf25(Q10) =
Q

0.1(Tc−25)
10 , Tc is the canopy temperature, andTup and

Tlow are vegetation dependent temperatures. The CO2
compensation pointΓ is estimated as,

Γ =


Oa

2σ
, forC3 plants

0, forC4 plants
(A.5)

whereσ is the Rubisco specificity for CO2 relative
to O2 and estimated asσ = 2600fT(0.57). The
Michelis–Menten constants for CO2 and O2, Kc and
Ko (Pa), respectively, are estimated as,

Kc = 30f25(2.1)

Ko = 3 × 104f25(1.2)
(A.6)
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