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Abstract. A Eulerian-Lagrangian canopy microclimate model was developed with the aim of dis-
cerning physical from biophysical controls of CO2 and H2O fluxes. The model couples radiation
attenuation with mass, energy, and momentum exchange at different canopy levels. A unique feature
of the model is its ability to combine higher order Eulerian closure approaches that compute velocity
statistics with Lagrangian scalar dispersion approaches within the canopy volume. Explicit account-
ing for within-canopy CO2, H2O, and heat storage is resolved by considering non-steadiness in mean
scalar concentration and temperature. A seven-day experiment was conducted in August 1998 to
investigate whether the proposed model can reproduce temporal evolution of scalar (CO2, H2O and
heat) fluxes, sources and sinks, and concentration profiles within and above a uniform 15-year old
pine forest. The model reproduced well the measured depth-averaged canopy surface temperature,
and CO2 concentration profiles within the canopy volume, CO2 storage flux, net radiation above
the canopy, and heat and mass fluxes above the canopy, as well as the velocity statistics near the
canopy-atmosphere interface. Implications for scaling measured leaf-level biophysical functions to
ecosystem scale are also discussed.

Keywords: Canopy turbulence, Lagrangian stochastic model, Turbulence closure, Canopy photo-
synthesis, Carbon dioxide, Radiation attenuation.

1. Introduction

Quantifying the exchange of matter, energy, and momentum between the biosphere
and the atmosphere requires detailed understanding of the interactions between
canopy structure and local canopy microclimate. The vertical structure of vegeta-
tion affects canopy microclimate by intercepting radiation, extracting momentum
from the air flow aloft, and acting as a source or sink of mass and energy. In return,
the microclimate surrounding vegetation directly impacts physiological and bio-
physical processes controlling carbon dioxide, heat, and water vapour exchange
with the atmosphere. Over the past decade, many multi-level one-dimensional
scalar transport models were developed to represent the complex interactions
between the canopy microclimate and the atmosphere (Sawford, 1985; Meyers
and Paw U, 1986, 1987; Raupach, 1988, 1989a; Baldocchi, 1992; Baldocchi et
al., 1997; Baldocchi and Meyers, 1998). In describing scalar transport within the
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canopy, it was suggested by Raupach (1988, 1989a,b) that Lagrangian transport
approaches are better suited than their Eulerian counterpart given their ability to
overcome flux-gradient closure model limitations (Corrsin, 1974; Deardorff, 1978;
Sreenivasan et al., 1982; Wilson, 1988). Such a conclusion resulted in a class of
one-dimensional vegetation-atmosphere models (now known asCANVEG) that
successfully combine physiological and biochemical functions derived from leaf-
level measurements, radiation attenuation, and canopy microclimate to estimate
scalar fluxes above the canopy (Baldocchi, 1992; Baldocchi et al., 1997; Baldocchi
and Meyers, 1998).

In such models, velocity statistics, particularly vertical velocity standard devi-
ation (σw) and Lagrangian integral time scales (TL) within the canopy, must be
assumed or specified a priori. Detailed velocity statistics such asσw are rarely
measured within the canopy and cannot be readily specified for an arbitrary leaf
area density distribution. Thus, currentCANVEGmodels are unable to explicitly
consider the role of canopy structure on momentum exchange, which is required
to produce velocity statistics used in modelling scalar transport within the canopy
volume.

Field experiments demonstrated thatσw andTL inside canopies are influenced
by foliage distribution (Meyers and Paw U, 1986; Raupach, 1988, 1989a,b). These
two flow variables provide the necessary inputs for Lagrangian mass transport
calculations. One approach to account for the effects of foliage distribution onσw
is higher-order Eulerian closure models. Higher-order closure models, developed
over the past two decades (e.g., Wilson and Shaw, 1977; Lewellen et al., 1980;
Shaw and Pereira, 1982; Meyers and Paw U, 1986; Wilson, 1988; Meyers and
Baldocchi, 1991; Katul and Albertson, 1998; Massman and Weil, 1999), provide
promising methodologies to link foliage distribution with such flow statistics.

Hence, we propose to circumvent such limitations by including a higher-order
Eulerian closure approach to compute velocity statistics (particularly forσw) for
use in Lagrangian scalar transport within theCANVEGframework. The combined
Lagrangian-Eulerian approach is then used to estimate mean CO2 concentration,
sources and sinks distribution, and fluxes within the canopy. Model calculations
are compared with measured scalar concentration profiles, remotely sensed skin
temperature, and turbulent fluxes above a 15-year old uniform loblolly pine stand
at the Duke Forest near Durham, North Carolina, U.S.A. Findings from this study
will help guide future scaling efforts aimed at linking leaf level physiological and
biophysical processes to canopy scale in a manner of conserving mass, momentum,
energy, and radiation.

2. Theory

The basic conservation equations for scalar mass, radiation, energy, and momentum
exchange within the canopy volume are considered next. Here, the canopy is di-
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vided into layers, each of thickness dz, and all the equations below are employed
at each layer.

2.1. SCALAR MASS BALANCE

For a horizontally uniform and rigid canopy, the one-dimensional scalar fluxes can
be described (after proper time and horizontal averaging) by the scalar conservation
equation,

∂C̄

∂t
+ ∂Fc
∂z
= Sc, (1)

whereC̄ is the mean scalar concentration,Fc is the mean vertical flux of a scalar
entityC (e.g., CO2, H2O and temperature), andSc is the mean vegetation source (or
sink) strength at timet and heightz above the ground surface. All mean quantities
are subject to both time and horizontal averaging as described by Raupach and
Shaw (1982). For simplicity, we use an overbar only to indicate both time and
horizontal averages. The scalar conservation equation has three unknowns (C̄, Fc,
Sc) requiring further formulations for at least two of them. In contrast to earlier
CANVEGmodels, the unsteady component (i.e.,∂C̄/∂t) is retained to account for
the storage flux within the canopy volume, which can be significant for CO2 in tall
vegetation (Wofsy et al., 1993; Hollinger et al., 1994; Fan et al., 1995; Grace et al.,
1995; Baldocchi et al., 1997; Lee, 1998).

One approach to establish the needed equations is to consider the interdepend-
ency betweenSc(z) and C̄(z) via Lagrangian dispersion approaches. Raupach
(1988) introduced a dispersion matrix (Dij ) that relates concentration difference
between a given level̄Cz and a reference level above canopy (C̄r ) to the scalar
source strength by

C̄z − C̄r =
N∑
j=1

ScjDij1zj , (2)

wherei andj are the indices for height and source/sink strength location, respect-
ively,1zj is the discrete layer thickness within the canopy, andN is the number of
layers within the canopy volume. TheDij matrix is calculated from the probability
density function of fluid parcel trajectories, given by

xi+1 = xi + ui1t (3a)

zi+1 = zi + wi1t, (3b)

where xi and zi are longitudinal and vertical positions of the fluid parcel, re-
spectively,ui is the longitudinal fluid parcel velocity at timeti , andwi is the
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vertical parcel velocity calculated by Thomson’s (1987) random-walk algorithm
for a Gaussian turbulent flow field. The random-walk algorithm forwi is given by

wi+1 = wi +
[
−wi
TL
+ 1

2

(
1+ w

2
i

σ 2
w

)
∂σ 2

w

∂z

]
1t +

(
2σ 2

w

TL
1t

)1/2

d�, (4)

where1t is the time step increment and d� is a random increment with zero mean
and unit variance. We also assume that the Lagrangian parcel velocity statistics
converge to its Eulerian counterpart. Boundary conditions for calculatingDij are
described in Appendix A. With regards to the Gaussian vertical velocity approx-
imation in (4), we note that Lagrangian models that consider inhomogeneity and
non-Gaussian turbulence have been developed and tested (see Luhar and Britter,
1989; Sawford, 1993; Wilson and Sawford, 1996). According to Wilson and Saw-
ford (1996), such models that consider non-Gaussian turbulence perform no better
than those subjected to Gaussian assumptions (also see Baldocchi, 1997).

To computeDij , σw is needed at all levels within the canopy volume. Such
statistics can be readily inferred from the higher-order closure models described in
the following section.

2.2. VELOCITY STATISTICS (MOMENTUM CONSERVATION)

In this study, the second-order closure model, formulated by Wilson and Shaw
(1977) is used to compute velocity statistics within the canopy. The effect of canopy
structure onσw, and hence onDij , is explicitly treated. In this study, we used the
assumedTL suggested by Raupach (1988) but calculatedσw by the Wilson and
Shaw (1977) model to generateDij . The closure model computes vertical variation
in mean horizontal velocity and its standard deviation, mean momentum flux, and
lateral and vertical velocity standard deviations if the leaf area density and foliage
drag coefficient are known. Details of the second-order closure model of Wilson
and Shaw (1977) are presented in Appendix B.

2.3. PHYSIOLOGICAL FUNCTIONS

Combining (1) and (2) provides only two equations for the three unknowns (i.e.,
C̄, Fc, Sc), requiring further formulation for at least one unknown. The third
prognostic equation is derived from physiological controls, in which vegetation
sources and sinks can be linked to canopy structure using

Sc(z) = −ρaa(z)C̄(z)− C̄i(z)
rb(z)+ rs(z) , (5)

whereρa is the mean air density,a(z) is the leaf area density,̄Ci is the mean in-
tercellular scalar concentration atz, rb(z) is the leaf boundary-layer resistance, and
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rs(z) is the stomatal resistance. Equations (1), (2), and (5) permit a complete math-
ematical description of̄C, Fc andSc if C̄i, rs , andrb are known or parameterized.
In the following we describe the models for these three variables.

The leaf boundary-layer resistance for molecular diffusion is based on flat plate
theory (Schuepp, 1993; Baldocchi and Meyers, 1998), given by

rb = ld

dmSh
, (6)

whereld is a characteristic leaf length scale,dm is the molecular diffusivity of a
scalar entity, and Sh is the Sherwood number, which can be determined from the
mean longitudinal velocity inside the canopy. The second-order closure model of
Wilson and Shaw (1977), described in Appendix B, provides the necessary flow
statistics for estimatingrb.

Describingrs is much more difficult thanrb since shortwave radiation, leaf tem-
perature, water vapour and ambient CO2 concentration, as well as other variables,
must be simultaneously considered (Aphalo and Jarvis, 1991; Leuning, 1995; Mott
and Parkhurst, 1991; Monteith, 1995; Oren et al., 1998; Pataki et al., 1998).

Collatz et al. (1991) proposed a set of physiological and biochemical equations
that linkrs to leaf photosynthesis (An), atmospheric relative humidity (hs) and CO2

concentration at the leaf surface (CO2s), given by

gs = m anhs
CO2s

+ b, (7)

wherem and b are empirical parameters that vary with vegetation type, andgs
(= r−1

s ) is the stomatal conductance. The biochemical model for CO2 assimilation
is described in Farquhar et al. (1980) and Leuning (1995), and has been widely
tested for different vegetation types (Collatz et al., 1991; Harley et al., 1985, 1992;
Baldocchi and Meyers, 1998). Appendix C presents the basic equations of the
Collatz et al. (1991) model and Table I summarizes all the coefficients used in its
parameterization for this particular forest. Clearly, estimatinggs requires that CO2,
H2O, and heat transport be simultaneously considered with absorbed radiation and
surface temperature. Hence, (1), (2), and (5) must be simultaneously solved for
CO2 and H2O concentration, and temperature.

2.4. ENERGY BALANCE

The energy budget is employed at the leaf surface for each level within the canopy
to compute the mean leaf surface temperature as well as absorbed radiation needed
for estimatinggs . Due to non-linearity in the leaf energy budget equation, the two-
term binomial expansion and Penman’s (1948) approximation are used to derive an
approximate explicit form to solve for the leaf temperature, given by

Ts = Ta + (Qab − λvgvDv/pa − εσT 4
a )/(hc + λvgv1/pa + 4εσT 3

a ), (8)
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TABLE I

Characteristic canopy properties and kinetic constants used in the model to calculate radiative trans-
mission and stomatal conductance. The clumping factor was estimated from Baldocchi and Meyers
(1998) who reported clumping factors varying from 0.73 to 0.84 in forests.

Variables Value Units Source

Leaf area index,al 2.93 Ellsworth (1999)

Characteristic leaf length,ld 0.001 m Ellsworth (1999)

Clumping factor,5 0.8 Baldocchi and Meyers (1998)

Spherical leaf distribution,xe 1.0 Campbell and Norman (1998)

Vm @ 25◦C 59 µmol m−2 s−1 Ellsworth (1999)

Stomatal slope factor,m 5.9 Ellsworth (1999)

Stomatal intercept factor,b 0.015 Ellsworth (1999)

Quantum efficiency ,em 0.08 Collatz et al. (1991)

Michaelis constant for CO2,Kc 404 µmol mol−1 De Pury and Farquhar (1997)

Inhibition constant for O2,Ko 240 mmol mol−1 De Pury and Farquhar (1997)

Leaf absorptivity for PAR,αp 0.8 Campbell and Norman (1998)

CO2/O2 specificity ratio,ω 2.6 mmolµmol−1 Collatz et al. (1991)

whereTs andTa are leaf and ambient air temperatures at heightz, respectively,Qab

is the absorbed radiation by the canopy,λv is the latent heat of vaporization,gv is
the water vapour conductance (derived fromgs andgb for water vapour),Dv is
the vapour pressure deficit,pa is the atmospheric pressure,ε is the leaf emissivity,
σ is the Stefan–Boltzmann constant,hc is a convection coefficient, and1 is the
slope of saturation vapour pressure – temperature function. The linearization in (8)
is reasonable if|Ts − Ta| < 2 ◦C.

2.5. RADIATION BALANCE

Radiative transfer throughout the canopy is critical to modellingQab, and sub-
sequentlyTs. The incoming solar radiation was partitioned into longwave and
shortwave radiation. For thermal or longwave radiation, the atmosphere was as-
sumed to function as a grey body (Campbell and Norman, 1998). This allows the
use of an averaged sky emissivity for calculating the atmospheric thermal emit-
tance. We note that this assumption is crude because the uncertainty in the averaged
sky emissivity is large, especially for cloudy conditions. The shortwave radiation
was divided into direct beam radiation and diffuse radiation (Campbell and Nor-
man, 1998). After reducing separately incident photosynthetically active radiation
(PAR) and near-infrared radiation (NIR) by the radiation reflected from the canopy
top, the remaining radiation is then transmitted through the canopy. Campbell and
Norman’s (1998) light transmission model is used to estimate the sunlit and shaded
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portion of foliage at each canopy level and, consequently, estimate the radiation
flux density absorbed by the foliage. The fractionτb(ψ) of incident beam radiation
from a zenith angleψ that penetrates through the canopy is given by

τb(ψ) = exp(−√αKbe(ψ)al5), (9)

whereα is the leaf radiation absorptivity,Kbe(ψ) is the extinction coefficient for
ellipsoidal leaf distribution,al (= ∫ zh0 a(z)dz wherezh is the canopy height) is the
leaf area index, and5 is the clumping factor of leaf distribution. The absorptivity
is defined withα = 1 for a black body, and for canopy radiation transmission, the
typical values areα = 0.8 for PAR andα = 0.2 for NIR.

For ellipsoidal leaf distribution,Kbe(ψ), defined by the fraction of leaf area pro-
jected onto a horizontal plane from a particularψ , can be calculated by (Campbell
and Norman, 1998)

Kbe(ψ) =
√
x2
e + tan2ψ

xe + 1.774(xe + 1.182)−0.733
, (10)

wherexe is the ratio of average projected area of canopy elements on the horizontal
and vertical surfaces (e.g., for a spherical leaf distribution,xe = 1; for a vertical
distribution, xe = 0; and for a horizontal leaf canopy,xe approaches infinity).
Typically, x = 1.0 and5 = 0.8 for conifers.

2.6. TIME-DEPTH INTEGRATION

The required input variables in the model are 30-minute mean meteorological
conditions at some reference height above the canopy (i.e., air temperature, water
vapour and CO2 concentrations, mean longitudinal velocity, and photosynthetically
active radiation), and all radiative, physiological, biophysical, and drag properties
of the canopy (i.e.,a(z), ld , 5, α, and the kinetic constants listed in Table I). The
model calculates mean concentration, sources, sinks and fluxes within and above
the canopy for heat, CO2 and H2O. Additionally, intercellular CO2 concentration,
leaf surface temperature, absorbed radiation, and first-order and second-order flow
statistics at all levels within the canopy are computed.

The lower boundary conditions for the flow are attributed to soil respiration
and evaporation. We used the flow statistics from the Wilson and Shaw (1977)
closure model and a gradient-diffusion approach that estimates the scalar ground
fluxesFg(t) from the CO2 and water vapour concentration gradients. We assumed
a turbulent boundary-layer approximation in conjunction with Monin–Obukhov
similarity theory at the forest-floor with fluxes determined from measured concen-
tration near the ground (z = 10 cm). Hence, an integrated flux-gradient approach for
the lower boundary conditions for CO2, H2O, and heat is adopted with the turbulent
diffusivity near the forest floor computed from modelledσw and Reynolds stress
u′w′.
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By considering the scalar storage within each canopy layer, the impact of un-
steadiness in the scalar conservation equation is incorporated. The scalar storage
flux Fs(t) is calculated by integrating∂C̄/∂t between 0 andzh, and is given by

Fs(t) =
∫ zh

0

∂C̄

∂t
dz. (11)

The model calculations are performed as follows:
(i) Generate the turbulent velocity statistics using the assumed drag coefficient,

measureda(z), and the second-order closure model described in Appendix B.
(ii) Using the modelledŪ , σw from step (i) along with assumedTL, computeDij

using Thomson’s random walk algorithm.
(iii) For each 30-minute time step, Equations (1)–(10) as well as the equations

in Appendix C are simultaneously solved by initially assuming well-mixed
temperature, H2O, and CO2 concentration within the canopy, and iteratively
refining the calculations until no change inTs is noted at all levels in the
canopy between two successive iterations. Check if the linearization in (8) is
reasonable (i.e.,|Ts − Ta| < 2 ◦C).

(iv) Storage rate corrections are then applied to (1) between two successive 30-
minute time steps in an iterative manner. The details of such calculations are
discussed in Section 4.4.

3. Experiment

3.1. STUDY SITE

The data set was collected during 24–31 August 1998 at the Blackwood Division of
the Duke Forest near Durham, North Carolina (36◦2′N, 79◦8′W, elevation = 163 m).
The site is a uniformly planted loblolly pine (Pinus taedaL.) forest that extends
300–600 m in the east-west direction and 1000 m in the north-south direction.
The mean canopy height was 14.0 m (±0.5 m) at the time of the experiment. The
topographic variations are small (terrain slope changes< 5%) so that the influence
of topography on the turbulence transport can be neglected (Kaimal and Finnigan,
1994).

3.2. EDDY COVARIANCE MEASUREMENTS

The CO2 and water vapour fluxes above the canopy were measured by an eddy-
covariance system comprising of a Licor-6262 CO2/H2O infrared gas analyzer
(LI-COR, Lincoln, NE, U.S.A.) and a Campbell Scientific triaxial sonic anem-
ometer (CSAT3, Campbell Scientific, Logan, UT, U.S.A.). Figure 1 shows the
experimental setup and the instrument heights relative to the canopy.The CSAT3
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Figure 1. Schematic display of instrumentation heights for the experimental setup, where ECS
represents the eddy-covariance system.

was positioned at 15.5 m above the ground surface, and was anchored on a hori-
zontal bar extending 1.5 m away from the walkup tower. The infrared gas analyzer
was housed in an enclosure 4.5 m from the inlet cup, which is positioned under the
eddy covariance system. The sampling flow rate for the gas analyzer is 9 L min−1,
sufficient enough to maintain turbulent flow in the tubing. A krypton hygrometer
(KH2O, Campbell Scientific) was positioned with the CSAT3 to assess the mag-
nitude of the tube attenuation and time lag between vertical velocity and scalar
concentration fluctuations as discussed in Katul et al. (1997a,b).

The analog signals from these instruments were sampled at 10 Hz using a
Campbell Scientific 21X data logger with all digitized signals transferred to a
portable computer via an optically isolated RS232 interface for future processing.
All 10 Hz raw measurements processing was performed using the procedures de-
scribed in Katul et al. (1997a,b) with scalar covariance computed after maximizing
the cross correlation between vertical velocity fluctuations and scalar concentration
fluctuations for each 30 minute run. Other measurement and processing corrections
are described in Katul et al. (1997a,b).
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3.3. OTHER METEOROLOGICAL VARIABLES

In addition to the eddy covariance flux measurements above the canopy, a HMP32C
Ta/RH (Vaisala) probe (Campbell Scientific) was positioned at the same height to
measure the mean air temperature and relative humidity. A Q7 Fritchen type net
radiometer and a LI-190SA quantum sensor (LI-COR) were installed to measure
net radiation (Rn) and PAR, respectively. The net radiation measurements were
also used to assess the energy closure. Using eddy-covariance measured latent and
sensible heat fluxes and estimates of the heat storage flux within the canopy volume
and soil heat flux (assumed at 10% ofRn), the closure was, on average, 90%.
The mean skin temperature was measured using an infrared transducer (Everest
Interscience, CA, U.S.A.) placed at 15 m and angled at 45◦. The emissivity was set
to 0.98 and was determined from runs in which sensible heat flux did not exceed
20 W m−2 and friction velocity was greater than 0.5 m s−1. All the meteorological
variables were sampled at 1 s and averaged every 30 minutes using a 21X Campbell
Scientific datalogger.

3.4. CO2/H2O PROFILES WITHIN THE CANOPY

A multi-port system was installed to measure the CO2/H2O concentrations inside
the canopy at 10 levels (0.1 m, 0.75 m, 1.5 m, 3.5 m, 5.5 m, 7.5 m, 9.5 m, 11.5 m,
13.5 m and 15.5 m). Each level was sampled for one minute (45 s sampling and
15 s purging) at the beginning, the middle, and the end of a 30-minute sampling
duration. The flow rate within the tube (internal diameter = 4 mm) was 0.9 L min−1

to dampen all turbulent fluctuations.

3.5. LEAF-LEVEL PLANT PHYSIOLOGICAL PARAMETERS

The leaf-level measurements presented in Table I are described in Ellsworth (1999).
The leaf-level physiological parameters (m andb) were determined from measure-
ments by a portable infra-red gas analyzer system for CO2 and H2O (CIRAS-1,
PP-Systems) operated in open flow mode with a 5.5-cm long leaf chamber and an
integrated gas CO2 supply system. The chamber was modified with an attached
Peltier cooling system to maintain chamber temperature near ambient atmospheric
temperature. The data were collected for upper canopy foliage at 11–12 m height,
accessed with a system of towers and mobile vertically telescoping lifts. All meas-
ured gas exchange rates are reported on a unit projected area basis in this paper. For
cylindrical pine needles, the projected area is obtained from the surface areaAs as
As /2.364. These measurements were collected over a broad range of environmental
conditions spanning a period of 1.5 years (May 1997–October 1998).

The mean soil moisture content (θ̄) in the root zone (0–30 cm) was 0.16 and was
determined by averaging 24 CS 615 water content reflectometer rods (Campbell
Scientific) over the entire experiment duration. Oren et al. (1998) demonstrated
that soil moisture content exerts minor control on canopy stomatal conductance in
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this stand forθ̄ > 0.2. However, forθ̄ ∼= 0.15, the canopy stomatal conductance
is diminished by 30% when compared to its value forθ̄ > 0.2 under similar
mean meteorological conditions. Hence, it is clear that the present experimental
conditions, withθ̄ = 0.16, cannot be classified as well watered. We note that the
performance of the Collatz et al. model, described in Appendix C, is substantially
reduced for dry soil moisture conditions (i.e., whengs is primarily controlled by
θ̄) (Baldocchi and Meyers, 1998). However, its performance for intermediate soil
moisture content remains the subject of on-going investigation.

4. Results and Discussions

The ability of the model to reproduce measured scalar fluxes, mean scalar concen-
tration profiles, and other characteristics of the canopy microclimate are investig-
ated. In all calculations, the canopy is divided into one-metre planar homogeneous
layers, and Equations (1)–(10) along with all equations in Appendices B and C are
applied to each individual layer to solve for mean scalar concentration, sources and
sinks, and vertical fluxes. For clarity, the velocity statistics used to drive much of
the scalar transport calculations, and the radiation attenuation used to drive much
of the modelled physiological sources and sinks, are considered first.

4.1. VELOCITY FIELD

Contrary to earlier Lagrangian dispersion model calculations, the present approach
computes the flow field statistics based on the drag properties and leaf area distri-
bution of the canopy. The second-order closure model of Wilson and Shaw (1977)
was previously tested at a different location but in the same stand using a six-level
velocity statistics profile experiment (Katul and Chang, 1999).

To further investigate the differences among the measuredσw, theσw profiles
generated by the Wilson and Shaw (1977) closure model and that suggested by
Raupach (1988) at this particular location, we carried out a multi-level experiment
to measure the flow statistics within the canopy at eight levels. The experimental
setup and the results are shown in Appendix B. From the comparisons in Appendix
B, the modelledσw was in good agreement with the measurements, while differ-
ences between Raupach’s assumed profile and the measuredσw is significant in
the lowest layers of the canopy. Differences inσw gradients within such layers
are critical to theDij calculations as evidenced from (4), particularly whenσw
is small. Hence, we performed a sensitivity analysis onDij using the modelled
and Raupach’sσw profiles and found a 65% difference in dispersion matrix values
(see regression slopes in Table II). Figure 2 contrasts the twoDij derived from the
differentσw profiles as shown in the Appendix B. Two groups of points emerged:
the plus sign indicates the parcel concentrations atz = 1 m in the concentration
profile, contributed by each unit source released fromz = 1 to 14 m, while the open
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Figure 2.Comparison (open circles) between dispersion matrices (Dij ) computed from theσw profile
suggested by Raupach (1988) with those computed after Wilson and Shaw (1977);i and j are
concentration and unit source location indices, respectively. For clarity, theD1j comparisons are
shown in plus. The 1 : 1 line (solid) is also shown.

circles are for the remaining points. Using the suggestedσw of Raupach (1988), the
unit source at eachzj contributes about the same toC̄z at z = 1 m. However, using
the velocity statistics generated by the second-order closure model, the contribution
of each unit source tōCz at z = 1 m diminishes with increasing height. The high
Dij values produced close to the ground by the closure-model calculations implies
greater resistance to disperse the scalar concentration at that height, resulting in
a higher concentration difference between ground level and the reference height,
as described in (2). A quantitative comparison between the two computedDij is
shown in Table II, suggesting great sensitivity to the specification of flow statistics.
If the points forC̄z at z = 1 m (points designated at plus sign in Figure 2) are
excluded from theDij comparison, the coefficient of determination (R2) improves
only slightly (see Table II). Hence, the contrast between the twoDij calculations
is not limited to a near-ground description ofσw.
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TABLE II

Model performance via comparisons between measured and modelled variables. The regression slope
(A), the intercept (B), the coefficient of determination (R2), and the standard error of estimate (SEE)
are presented for the regression modely = Ax + B, wherey andx are measured and modelled
flow variables. Here,Ts is the skin temperature,LE is the latent heat flux,H is the sensible heat
flux, C̄a is the mean CO2 concentration inside the canopy andFs is the storage flux. Thei andj
represent concentration and unit source location indices, respectively, andN is the number of points
in the regression analysis. For theDij comparison,x is theDij computed from the Raupach (1988)
velocity statistics.

Variable Measurement/model type N A B R2 SEE

Dij (s m−1) For i = 1–15 m;j = 1–14 m 210 0.35 0.004 0.27 0.012

Dij (s m−1) For i = 2–15 m;j = 1–14 m 196 0.20 0.02 0.33 0.003

Ts , (all data) (◦C) Infrared thermometer 322 1.02 −2.04 0.97 0.783

Ts , (day time) (◦C) Infrared thermometer 121 1.03 0.90 0.97 0.83

LE (W m−2) Eddy covariance at 322 0.85 −0.75 0.63 36.46

z/zh = 1.1

H (W m−2) Eddy covariance at 322 0.65 42.34 0.84 33.80

z/zh = 1.1

Fs (µmol m−2 s−1) Gas analyzer at 10 levels 322 0.81−0.01 0.57 2.42

Fc, (no storage) Eddy covariance at 322 1.03−2.52 0.52 4.19

(µmol m−2 s−1) z/zh = 1.1

Fc, (Scheme 1) Eddy covariance at 322 0.62−2.27 0.30 5.07

(µmol m−2 s−1) z/zh = 1.1

Fc, (Scheme 2) Eddy covariance at 322 0.67−2.29 0.35 4.89

(µmol m−2 s−1) z/zh = 1.1

C̄a , (no storage) (ppm) Gas analyzer at 10 levels 2254 1.09−35.14 0.84 19.54

C̄a , (Scheme 1) (ppm) Gas analyzer at 10 levels 2254 1.09−35.14 0.84 19.54

C̄a , (Scheme 2) (ppm) Gas analyzer at 10 levels 2254 0.94 23.53 0.70 26.82

4.2. RADIATION TRANSFER

Much of the physiological sources and sinks are driven by absorbed radiation
at different levels within the canopy. The radiation flux density absorbed by the
leaves at each discrete layer is calculated separately for the sunlit and sun shaded
fractions. To qualitatively illustrate the combined effects of sun angle, leaf area
density distribution, canopy radiation transmission parameters and clumping, as
well as cloud cover, on canopy radiation attenuation, the time-depth dynamics
of the absorbed energy is displayed in Figure 3a. Notice in Figure 3a that much
of the incoming energy is absorbed in the top 50% of the canopy. The absorbed
radiation by the whole canopy can be calculated by integrating alongzh longwave
and shortwave radiation absorbed at each discrete layer. In Figure 3b, a comparison
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between the modelled absorbed radiation by the canopy and measured net radiation
above the canopy is shown for the experimental duration. Differences between
measurements and model calculations are due to the finite amount of energy flux
density incident at the soil surface. This incident energy is dissipated as ground
evaporation, sensible heat, and soil heat fluxes. These computed ground fluxes are
used to drive the lower boundary conditions for heat and water vapour transfer.

While explicit evaluation of the radiation attenuation model was not performed,
other indirect indicators can be used for validation. For example, modelled and
measured mean leaf surface temperatures in the top 50% of the canopy are com-
pared in Figure 3c. In this comparison, the modelledTs is averaged for the top
50% for consistency with the calculated footprint of the measured infraredTs . The
model tends to systematically underestimate the measured surface temperature by
2 ◦C. Such underestimation can be attributed to many measurement and modelling
factors, including the use of constant emissivity and fixed volume averaging for
measuredTs , and the use of literature values for the canopy radiative properties
(see Table I) without any modification. In addition, the footprint of the infrared
transducer is an integral volume of leaves and branches resulting in higher meanTs
when compared to leaf temperature measurements only (Ewers and Oren, 1999).

Despite such a bias, the agreement between modelled and measured skin tem-
perature was reasonable as evidenced by the regression statistics in Table II. The
regression slope is 1.02 andR2 = 0.97, with an intercept =−2.04 ◦C. The dif-
ferences between modelled and measuredTs are more obvious during cloudy days
(days 2 and 3) and evening runs (see Figure 3c). If we exclude these data points, the
intercept reduces to +0.9◦C. These systematic offsets indirectly alter the modelled
sensible heat fluxes shown in the next section.

4.3. SCALAR SOURCES, SINKS, FLUXES, AND CONCENTRATION WITHIN AND

ABOVE THE CANOPY

The modelled source/sink strength for (a) CO2, (b) H2O and (c) heat is shown in
Figure 4. Our calculations suggest clear dissimilarity between heat and the two
other scalars in the source/sink strength distribution. While mid-day maximum
CO2 sinks and water vapour sources are co-located with maximum leaf area dens-
ity, the maximum heat source strength is limited to within the top 25% of the
canopy. This is attributed, in part, to the role of stomatal control on scalar but not
heat transport. Much of the mechanisms that reduce the aerodynamic resistance,
such as large wind speeds and radiation absorption, occur in the upper canopy
layers despite the low leaf area density. While explicit assessment of the source
strength and distribution calculation is not possible by direct field measurements,
we consider two indirect validations: (1) comparisons between computed and
measured scalar fluxes above the canopy, and (2) comparisons between modelled
and measured scalar concentration within the canopy.
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Figure 3. (a) Time-depth evolution of absorbed radiation by the canopy. Regions of maximum ra-
diation absorption are in dark. (b) Comparison between modelled radiation absorbed by canopy
(solid line) and net radiation measured above canopy (open circle). The difference is the incident
radiation at the ground. (c) Comparison between measured (open circle) and modelled (solid line)
depth-averaged(z/zh = [0.5− 1]) skin temperature. For reference,Ta (plus) is also shown.
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Figure 4.(a) Time-depth evolution of modelled source/sink strength for CO2 (µmol m−3 s−1). (b)
Latent heat (W m−3) and (c) sensible heat (W m−3). The solid line indicates the height of maximum
a(z).
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Reasonable agreements, between the modelled and measured diurnal patterns
of CO2, latent and sensible heat fluxes are noted in Figures 5(a), (b) and (c),
respectively (see R2 in Table II). From Table II (see slopes), the model appears
to overestimate the measured H2O flux above the canopy by 15%. While not signi-
ficantly large when compared to the measurement uncertainty (Katul et al., 1999),
such overestimation can be attributed to the fact that, (1) the parameters of the
gs model were derived from leaf level measurements (see Table I) that may not
reflect all the leaves sensed by the eddy-covariance system, and (2) the hydrologic
conditions (i.e.,̄θ < 0.2) are less than optimal for the application of the Collatz et
al. (1991) physiological model. In fact, the tendency of the model to overestimate
the latent heat flux is consistent with previous assessments of the Collatz et al.
model for dry conditions (Baldocchi and Meyers, 1998). Additionally, our model
tends to underestimate the sensible heat flux during evening runs. Here, the model
discrepancy with measurements is for nighttime runs and is due to the systematic
biases in computedTs as shown in Figure 3c.

To further investigate the adequacy of computed sources and sinks, Figure 6
shows the time-depth comparison between modelled and measured CO2 concen-
tration profiles inside the canopy volume. The model reproduced much of the
dynamics in the measured concentration profiles despite a tendency to underes-
timate some events (see slopes in Table II). The systematic underestimation is
primarily due to the crude parameterization of the soil CO2 efflux, and the exclu-
sion of atmospheric stability corrections inside the canopy. The effect of storage
flux on CO2 fluxes estimated above the canopy, and estimated CO2 concentration
within the canopy volume, is considered next.

4.4. STORAGE CALCULATION

The procedure to incorporate a storage term in (2) is not clear and may be approx-
imate at best. This uncertainty is due to the fact that (2) applies for steady-state
conditions while (1) can include transients in mean concentration. We investigated
two different schemes to compute the storage flux. For reference, the results are
contrasted to the negligible storage scenario in which∂C̄/∂t = 0 in (1). These
calculations are performed by first assuming steady-state conditions in (1) and (2)
and determiningC̄ for two consecutive 30-minute time steps. After estimating
C̄ for each of the two successive 30-minute intervals, the following methods are
considered:

1. Use these computed profiles to estimate∂C̄/∂t and re-calculate the scalar
fluxes from (1). In this method, the relationship in (2) is unaffected by∂C̄/∂t .

2. Represent∂C̄/∂t as a virtual source/sink term superimposed on the vegetation
sources/sinks in (2) and redo all the calculations, including∂C̄/∂t corrections
in (1), until the turbulent fluxes above the canopy do not change by more than
1% between two successive iterations.
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Figure 5.Comparisons between measured (open circle) and modelled (solid line) scalar fluxes (a)
CO2, (b) latent heat (LE) and (c) sensible heat (H ) fluxes above the canopy. The storage flux is not
taken into account.
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Figure 6. Time-depth evolution of measured (top) and modelled (bottom) CO2 concentration
(µmol mol−1) inside the canopy.
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We compared integrated storage (Fs ) calculations with measurements in Fig-
ure 7a and found reasonable agreement between model and measurements for both
methods (see Table II). TheFs is quite variable in time as evidenced in Figure 7a.
Both modelled and measuredFs are substantially diminished for the two cloudy
days when compared to non-cloudy days.

The CO2 fluxes above the canopy, computed by accounting for the storage term
via these two schemes are compared with the measured fluxes in Table II. From
Table II, accounting for the storage flux term does not significantly improve the
modelled flux or CO2 concentration within the canopy (see regression statistics in
Table II). Hence, while the model can reproduce the measured integrated storage
flux as shown in Figure 7a, the fluxes above the canopy are predominantly gov-
erned by vegetation source/sink strength except for certain periods of the day (see
Figure 7b). The results in Figure 7b are ensemble averaged by time of day using
the modelled results in Figure 7a along with the modelled CO2 fluxes above the
canopy. The time in whichFs is important when compared to the CO2 fluxes above
the canopy corresponds to, (1) early morning hours in which the evening CO2 build
up is flushed into the atmosphere, and (2) late afternoon hours in which ground
efflux and canopy respiration are large yet the atmospheric transport capacity is
small.

The contrast between the important role of vegetation sources and sinks and
the minor role of storage flux to the overall turbulent flux above the canopy is
evident from the measurements as well. The mean measuredFs was two orders
of magnitude smaller than the mean eddy-covariance flux atz/zh = 1.11 for the
seven day duration. Additionally, the overall comparison between modelled and
measured mean CO2 concentration and canopy fluxes did not significantly improve
when the storage flux was included (see regression statistics in Table II).

4.5. DISCUSSION

Having demonstrated the ability of a modifiedCANVEGmodel to describe the can-
opy microclimate, such an approach can now be used to investigate how changes
in physiological or biophysical properties alter biosphere-atmosphere water and
carbon exchange. For example, changes or adjustments in foliage physiological
properties or distribution due to elevated atmospheric CO2, as quantified from
leaf, chamber, or Free Air CO2 Enrichment (FACE) experiments, can be readily
implemented inCANVEGto assess how much the net ecosystem carbon exchange
and water vapour flux will be altered in response to such atmospheric CO2 perturb-
ations. Other immediate applications of the modifiedCANVEGapproach includes
guiding the development and assessment of simpler approaches, such as big-leaf
approaches, which are currently used in many hydrologic, mesoscale, and climatic
models.
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Figure 7.(a) Comparisons between measured (open circle) and modelled (solid line) depth-integrated
CO2 storage fluxes (Fs (CO2)) on a 30-minute time step. The ground efflux is also shown
(thick line); (b) Comparisons between ensemble measured (open circle) and modelled (solid line)
depth-integrated CO2 storage fluxes. The ensemble runs are constructed by averaging the modelled
storage flux based on time of day. The modelled CO2 flux at the canopy top is also shown (dashdot)
for reference.
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5. Conclusion

A one-dimensional canopy model that combines conservation of momentum (Eu-
lerian), scalar mass (Lagrangian), radiative transfer, and physiological functions
was developed and field-tested in a pine forest. This study demonstrated the
following:
1. Theσw profile computed with a second-order closure model is significantly

different from their commonly assumed values in canopy Lagrangian transport
models. Thisσw discrepancy translates to a significant difference (65%) in the
dispersion matrixDij , particularly close to the ground surface.

2. The model underestimates leaf surface temperature by 2◦C, mainly because of
poor parameterization of longwave reflectance for cloudy conditions.

3. The modelled source/sink profiles suggest that maximum CO2 and water va-
pour source strengths are co-located with the maximum leaf area density. In
contrast, maximum heat source strength is within the top 25% of the canopy.
This source location difference is attributed, in part, to stomatal control on
scalar, but not heat, transport. The broader implication of such findings is that
the zero-plane displacement height, commonly computed from the centroid (or
centre of pressure) of the source/sink distribution, is different for heat when
compared to other scalars such as H2O and CO2.

4. The model reproduced well the measured time-depth concentration and in-
tegrated CO2 storage flux within the canopy volume. The calculations also
revealed that the magnitude of the CO2 storage flux relative to the flux meas-
ured above the canopy is significant only during early morning and late
afternoon hours. However, the overall contribution of storage flux, when depth
and time averaged over the entire experiment duration, remains two orders of
magnitude smaller than the fluxes at the canopy top.

5. The model reproduced well the eddy-covariance measured CO2 and H2O
fluxes above the canopy despite the fact that, (1) the parameters of thegs
model were derived from leaf level measurements, and (2) the hydrologic
conditions (i.e.,θ̄ < 0.2) were less than optimal for the application of the
Collatz et al. (1991) physiological model. The proposed model performance
for this forest was better than otherCANVEGmodel results derived for well-
watered homogeneous short vegetation such as soybeans (Baldocchi, 1992).
The broader implication of the close agreement between modelled and meas-
ured fluxes is that theCANVEGmodel framework is useful for scaling up
leaf-level physiological measurements to the ecosystem.
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Appendix A: Boundary Conditions and Parameterization of Random-Walk
Modeling

The determination ofDij is performed via the random-walk particle trajectory
calculations of (3) and (4) and is given by

Dij = ci − cR
sj1z

,

whereci is the concentration at level indexi generated by a unit source placed at
level indexj (not to be confused with intercellular concentration), andcR is the
reference concentration above the canopy. In the calculations ofci , the canopy
was divided into 14 layers, with 5000 fluid parcels released at each layer and
allowed to disperse for at least 100 s (Baldocchi, 1992). The trajectory domain
was restricted to seven times the canopy height. The time interval1t was set to
0.05TL as discussed in Hsieh et al. (1997). Raupach (1988) pointed out that the
range of1t is restricted and hence easy to select since in atmospheric turbulence
flows, the acceleration time scaleTk(∼ TLR

−1/2
e ) is much less than the integral

time scale. The boundary conditions for the particle trajectory are as follows:
1. the bottom boundary: fluid parcels intercepting the soil surface are perfectly

reflected.
2. the top boundary: fluid parcels reaching the top of the domain are assumed to

bounce back to conserve total mass.
We chose the particle trajectory domain to be sufficiently large (= 7zh) so that
inside and just above the canopy the concentration is not significantly influenced
by this artificial top boundary.

Appendix B: The Wilson and Shaw (1977) Closure Model

Upon time and horizontally averaging the mean momentum and Reynolds stresses
equations, and after performing the following simplifications:
1. steady-state adiabatic flow,
2. assuming the form-drag by the canopy can be modelled as a general drag force,
3. neglecting the viscous drag relative to the form drag,
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4. closing all the triple-velocity products by a gradient – diffusion approximation
(Donaldson, 1973; Mellor, 1973; Mellor and Yamada, 1974; Wilson and Shaw,
1977; Shaw, 1977; Wilson, 1988, 1989; Andren, 1990; Canuto et al., 1994;
Abdella and McFarlane, 1997),

5. modeling the pressure-velocity gradients using return-to-isotropy principles,
6. assuming the viscous dissipation is isotropic and dependent on the local

turbulence intensity (Mellor, 1973),
7. assuming horizontal homogeneity,

the second-order closure model of Wilson and Shaw (1977) reduces to:

Mean momentum:

0= −d〈u
′w′〉

dz
− Cda(z)〈ū〉2,

Shear stress:

0= −〈w′2〉d〈ū〉
dz
+ 2

d

dz

(
qλ1

d〈u′w′〉
dz

)
− q〈u

′w′〉
3λ2

+ Cwq2d〈ū〉
dz

,

Longitudinal variance:

0= −2〈u′w′〉d〈ū〉
dz
+ d

dz

(
qλ1

d〈u′2〉
dz

)
+ 2Cda(z)〈ū〉3

− q

3λ2

(
〈u′2〉 − q

2

3

)
− 2

3

q3

λ3
,

Lateral variance:

0= d

dz

(
qλ1

d〈v′2〉
dz

)
− q

3λ2

(
〈v′2〉 − q

2

3

)
− 2

3

q3

λ3
,

Vertical variance:

0= d

dz

(
3qλ1

d〈w′2〉
dz

)
− q

3λ2

(
〈w′2〉 − q

2

3

)
− 2

3

q3

λ3
,

with length scales defined by

λj = cjL(z); j = 1,2,3

L(z) = max

{
L(z−1z)+ κ1z

γ

Cda(z)



MODELLING VEGETATION-ATMOSPHERE CO2 EXCHANGE 115

L(0) = 0.

Here,ui(u1 = u,u2 = v,u3 = w) are the instantaneous velocity components along
xi , xi(x1 = x, x2 = y, x3 = z) are the longitudinal, lateral, and vertical directions,
respectively,(.̄) and〈.〉 denote time and horizontal averaging (Raupach and Shaw,
1982; Raupach et al., 1991), respectively, and primes denote departures from the

temporal averaging operator,q =
√
〈u′iu′i〉 is a characteristic turbulent velocity,

λ1, λ2, andλ3 are characteristic length scales for the triple-velocity correlation,
the pressure-velocity gradient correlation, and viscous dissipation, respectively,
κ (= 0.4) is von Karman’s constant,1z is the depth increment defined by the
discretization interval used to numerically solve the set of equations above and
is different from the1zj defined in (2),Cd is the foliage drag coefficient,a(z) is
the leaf area density,γ is an empirical constant, andc1, c2, c3, andCw are closure
constants that can be determined such that the flow conditions well above the can-
opy reproduce established surface layer similarity relations. The numerical values
of these constants are determined from measurements and similarity relations (see
Katul and Albertson, 1998). With estimates of these five constants (c1, c2, c3, Cw,
andγ ), the five ordinary differential equations listed above can be solved for the
five flow variables〈ū〉, 〈u′w′〉, 〈u′2〉, 〈v′2〉, 〈w′2〉 if appropriate boundary conditions
are specified. The flow boundary conditions are assumed to approach the neutral
atmospheric surface-layer similarity theory values (Panofsky and Dutton, 1984)
well above the canopy, atz/zh � 1,

d〈ū〉
dz
= u∗
κ(z− d),

σu

u∗
= 2.4,

σv

u∗
= 1.9,

σw

u∗
= 1.25,

〈u′w′〉
u2∗
= −1.

At the ground surface, the boundary conditions are:

〈ū〉 = 0,

dσu
dz
= 0,
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dσv
dz
= 0,

dσw
dz
= 0,

d〈u′w′〉
dz

= 0.

The numerical scheme to solve this set of equations is described in Katul and Al-
bertson (1998, 1999). To demonstrate the differences among measuredσw profile,
Raupach’s empiricalσw profile and theσw profile generated by Wilson and Shaw’s
model described above, a multi-level experiment was carried out recently, and the
experimental setup was detailed as follows.

The three velocity components and virtual potential temperature inside the can-
opy were measured at eight levels (z = 1.3, 2.9, 4.8, 6.5, 8.5, 10.7, 12.1, 15.5 m)
between August 23 and August 30, 1999 with eight sets of CSAT3 sonic anemo-
meters. Each CSAT3 was anchored on a horizontal bar extending 1.0 m from
the walkup tower. The sampling frequency was 10 Hz for all sonic anemometers.
All analog signals were digitized by a Campbell Scientific CR-9000 data logger,
and transferred to a laptop computer for future processing. This experiment was
performed at the Duke Forest AmeriFlux tower site where the turbulent flow prop-
erties, scalar fluxes, and scalar concentration profiles are acquired. The velocity
statistics were collected over a wide range of atmospheric stability conditions. The
comparisons among measuredσw profile, Raupach’s empiricalσw profile, and the
σw profile predicted using the second-order model are shown in Figure 8.

Appendix C: The Collatz et al. Model

Except for the stomatal conductance equation given in Section 2.3, all the equa-
tions needed for estimating leaf-scale CO2 assimilation are given in this Appendix.
Hence, for present purposes,C̄ represents mean CO2 concentration (more formally,
the ‘mean’ must represent time and horizontal averaging). Using the models of
Farquhar et al. (1980) and Collatz et al. (1991), the net photosynthetic rate depends
on light, CO2 and leaf temperature and can be described as:

An ≈ min

 JE
JC
JS

− Rd (C1)

whereJE, JC andJS are the assimilation rates restricted by light, ribulose bisphos-
phate (RuBP) carboxylase (or Rubisco), and the export rate of sucrose synthesis,
respectively, andRd is the respiration rate during day but in the absence of
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Figure 8. Comparisons between profiles of measuredσw (dots), Raupach’s (1988) empiricalσw
(dot-dash line), and the second-order closure model predictedσw (solid line). The normalized
measured leaf area density is also shown.

photorespiration. Photorespiration is treated separately in the model parameteriza-
tion. The gross assimilation rate (= An+Rd ) is determined by the minimum of the
three capacities since no photosynthesis can occur if the supply of any component
is insufficient. In (C1),JE describes the dependence of photosynthesis on light
using:

JE = αpemQp

C̄ − 0∗
C̄i + 20∗

, (C2)

whereαp is the leaf absorptivity for PAR,em is the maximum quantum efficiency
for CO2 uptake,Qp is the PAR irradiance on the leaf, and the CO2 compens-
ation point,0∗, is the CO2 concentration at whichAn = 0 in the absence of
photorespiration, given by:

0∗ = [O2]
2ω

, (C3)

where [O2] is the oxygen concentration in air (≈ 210 mmol mol−1), andω is a ratio
of kinetic parameters describing the partitioning of RuBP to the carboxylase or
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oxygenase reactions of Rubisco. In other words,ω is a measure of the competition
between CO2 and O2 for RuBP that is intrinsic to the Rubsico enzyme in C3 species.
JC is the Rubisco-limited rate and is computed from:

JC = Vm(C̄i − 0∗)
C̄i +Kc(1+ [O2]/Ko)

, (C4)

where Vm is the maximum catalytic capacity of Rubisco per unit leaf area
(µmol m−2 s−1), Kc andKo are the Michaelis constants for CO2 fixation and O2

inhibition with respect to CO2, respectively. Equation (C4) shows thatJC increases
linearly with increasingC̄i, but approaches a maximum value atVm under high
CO2 concentration conditions that are generally not encountered under current
conditions.
JS is the capacity for the export or utilization of photosynthesis products, and

sucrose synthesis is most likely the rate limiting step (see Collatz et al., 1991).JS
is estimated by:

Js = Vm/2. (C5)

The rapid cutoff transition implied in (C1) suggests that to be more realistic, a
mathematical scheme needs to be applied to account for the gradual transition from
one limitation to another, and to allow for some co-limitation amongJE, JC and
JS . We used the quadratic functions described in Collatz et al. (1991) to circumvent
these limitations (not shown here).

We assume that the respiration rateRd in (C1) is linearly related toVm by
(Farquhar et al. (1980))

Rd = 0.015Vm. (C6)

The parameterization of model kinetic variables in terms of temperature de-
pendence follows the procedure of Campbell and Norman (1998), in which five
parameters are adjusted for temperature:Kc, Ko, ω, Vm andRd . For the first three
parameters, a modifiedQ10 temperature function is employed:

k = k25 exp[y(Ts − 25)], (C7)

wherek is defined at leaf surface temperatureTs , k25 is the value of the parameter
at 25◦C, andy is the temperature coefficient for that parameter from Campbell and
Norman (1998). In addition,Vm andRd are adjusted by a more complex function
incorporating deactivation effects at extreme high temperatures:

Vm = Vm,25 exp[0.088(Ts − 25)]
1+ exp[0.29(Ts − 41)] (C8)
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and

Rd = Rd,25exp[0.069(Ts − 25)]
1+ exp[1.3(Ts − 55)] , (C9)

whereVm,25 andRd,25 are the values ofVm andRd at 25 ◦C, respectively. This
equation assumes that these two quantities are significantly reduced whenTs >

41◦ C for Vm andTs > 55 ◦C forRd .
Finally, C̄s , C̄i, andC̄a are related by:

C̄i = C̄s − An
gs

(C10)

and

C̄s = C̄a − An
gb
, (C11)

wheregs(= r−1
s ) is the stomatal conductance andgb(= r−1

b ) is the leaf boundary
layer conductance.
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