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Abstract

An one-layered, two-leaf canopy model which calculates the fluxes of sensible heat, latent heat and CO, separately for sunlit
and shaded leaves is presented. The two-leaf model includes: (1) a simple but robust radiation model, (2) an improved leaf
model accounting for the interaction of conductance and photosynthesis and the response of stomata to water vapour pressure
deficit and available soil water and (3) a new parameterisation of radiative conductance which simplifies solution of the leaf
energy balance equation. Comparisons with a multi-layered model show that predicted fluxes of CO,, latent and sensible heat
fluxes usually agree within 5% over a range leaf area index typical of a wheat crop grown in a temperate climate. The two-leaf
model is computationally 10 times more efficient than the multi-layered model and is suitable for the incorporation into
regional and global climate models. For a hypothetical canopy with a leaf area index of 5 under very dry (vapour pressure
deficit of air of 2 kPa) and sunny conditions, the net canopy photosynthesis and latent heat fluxes calculated by the two-leaf
model agree with those by the multi-layered model within 10% for the whole range of soil water conditions (from very dry to
wet) and the sensible heat fluxes of the canopy calculated by the two-leaf model agree with those by the multi-layered model
within 25 W m ™2 (or usually within 15%). For a canopy with leaf area index less than 2, the differences in the modelled fluxes
of canopy CO,, latent or sensible heat are less than 5% between the multi-layered model and two-leaf model. Our results show
that the two-leaf model can predict net photosynthesis, latent and sensible heat fluxes of a canopy quite accurately under a
wide range of soil water availability and meteorological conditions, as compared with the multi-layered model. © 1998
Elsevier Science B.V. All rights reserved.
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1. Introduction absorption of radiation at the earth’s surface, the
partitioning of available energy into sensible and

The terrestrial biosphere and regional and global latent heat and through variation in surface roughness
climate are closely linked through the reflection and (Garratt, 1992). Many models have been developed to
describe the interaction between the biosphere and

*Corresponding author. Fax: 61 3 92394444; e-mail: atmosphere and several of these surface schemes have
ypw@dar.csiro.au been incorporated into regional or global climate
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models (Dickinson et al., 1986, Sellers et al., 1986,
1992, 1996, Kowalczyk et al., 1991, 1994 and Garratt
et al., 1993).

The latest version of the Simple Biosphere Model
(SiB2) of Sellers et al. (1992, 1996) treats the canopy
as one big leaf, solves the coupled equations for leaf
energy balance, stomatal conductance and photo-
synthesis for a leaf at the top of the canopy and then
scales up to the whole canopy. A similar approach was
also taken by Amthor et al. (1994) and Lloyd et al.
(1995). Such simple scaling from leaf to canopy is
made possible by arguing, as first proposed by Field
(1983), that limited resources such as nitrogen are
distributed optimally through the canopy. However,
sunlit and shaded leaves are not treated separately in
SiB2 (Sellers et al., 1992). This is theoretically incor-
rect (Norman, 1993) because the quantum response of
leaf photosynthesis is non-linear and use of mean
absorbed radiation in the big leaf model will signifi-
cantly overestimate the canopy photosynthesis (Spit-
ters, 1986). Furthermore, the partitioning of available
energy and photosynthesis are also non-linearly
related to the leaf to air temperature difference. Sunlit
leaves can be several degrees warmer than shaded
leaves under sunny and dry conditions, so ignoring the
temperature difference between sunlit and shaded
leaves will bias the estimates of photosynthesis and
sensible and latent heat fluxes for the canopy.

It is conceptually convenient to formulate a big-leaf
model of a canopy using the same set of equations that
apply to the individual leaves. Unfortunately the
equations are non-linear and it is not possible to
calculate correctly canopy fluxes by using simple
arithmetic averages of the leaf-level parameters which
occur in these equations (Raupach and Finnigan,
1988, Baldocchi et al., 1991, Raupach, 1991, 1995
and McNaughton, 1994). It may even be mathemati-
cally impossible to define a physically consistent
averaging scheme for both latent and sensible heat
fluxes (Raupach, 1995), but fortunately the errors are
usually small when suitable simple flux-matching
averaging schemes are used (Raupach, 1995). Simi-
larly, Leuning et al. (1995) used a multi-layered model
to show that transpiration from a canopy is closely
approximated when canopy conductance is calculated
as the separate sums of conductances of sunlit and
shaded leaves, weighted by their respective leaf area
fraction within the canopy. This procedure satisfies the

requirement that canopy conductance is calculated as
the sum of the stomatal conductance of the individual
leaves weighted by the net radiation absorbed by each
leaf (McNaughton, 1994). The simple two-leaf
approach was successful because net radiation and
hence the weighting factor, is quite similar within
sunlit or shaded leaf classes but differs strongly
between them. Early work by Monsi and Saeki
(1953) and Saeki (1961) also recognised this impor-
tant distinction between sunlit and shaded leaves for
estimating canopy photosynthesis and has been con-
firmed by numerous other studies (eg. Spitters, 1986
and Norman, 1993).

These findings have motivated the development of a
canopy model with two big leaves, one sunlit and the
other shaded, that is simple enough for incorporation
in climate models but which overcomes some of the
deficiencies summarised above. This paper describes a
new two-leaf model and compares its performance to
an earlier multi-layer model of Leuning et al. (1995).
Predictions for fluxes of available energy, sensible
heat, latent heat and CO, assimilation are shown to
be very similar for the two modelling approaches. A
companion paper (Leuning et al., 1998) compares
model predictions against measurements taken over
two wheat fields. The two-leaf canopy model devel-
oped here will be incorporated into a complete Soil-
Canopy-Atmosphere Model (SCAM, Raupach et al.,
1997) to become the new surface scheme in the
general circulation model in CSIRO.

2. Model description

The two-leaf model is derived from the multi-
layered model of Leuning et al. (1995) which predicts
canopy conductance, photosynthesis and partitioning
of the absorbed radiation into latent and sensible heat
fluxes. In the multi-layer model the approximations
developed by Goudriaan (1977) were used to calculate
the amounts of radiation absorbed by sunlit and
shaded leaves in the photosynthetically active, near
infra-red and thermal wavebands at five levels within
the canopy. The known absorbed radiation was then
coupled with a leaf-level model to calculate stomatal
conductances and fluxes of CO,, H,O and sensible
heat using numerical techniques. Gaussian integration
(Goudriaan, 1986) was used to calculate canopy fluxes
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from leaf-level fluxes using inputs of air temperature,
air humidity, solar radiation and wind speed and
measured leaf area index (LAI). Several improve-
ments are made to the original multi-layered model
in this paper: (1) allowance for leaf angle distributions
which are non-spherical; (2) an improved theory for
the exchange of solar and thermal radiation between
the air, canopy and soil; and (3) modification of the
stomatal model of Leuning (1995) to account for
effects of soil water deficit on stomatal conductance
and photosynthesis. These extensions are also incor-
porated into the two-leaf model described below and
allow the models to apply to a wider range of vegeta-
tion types and climate conditions than the original.
Meteorological and soil moisture data required for the
model may be provided by another model at large-
scale or from field measurements.

One of the major differences between various sur-
face schemes is the method of representing canopy
conductance. Leuning (1995) critically reviewed sev-
eral existing stomatal models and concluded that the
model proposed by Ball et al. (1987); BWB hereafter)
and then modified by Leuning (1990, 1995) is satis-
factory when soil water stress is not significant.
Because it requires fewer parameters than some other
models (eg. Jarvis, 1976), the original BWB stomatal
model has been implemented in the latest version of
SiB2 (Sellers et al., 1996). The BWB model uses
relative humidity at the leaf surface as an independent
humidity variable but Leuning (1995) showed that
the use of water vapour pressure deficit (VPD) is
theoretically preferable and provides superior results.
This approach was adopted here and the stomatal
model was further modified to account for soil water
deficits.

The two-leaf canopy model consists of two parts:
(1) a radiation submodel which calculates the PAR,
near infrared radiation (NIR) and thermal radiation
absorbed by sunlit and shaded leaves and (2) a coupled
model of stomatal conductance, photosynthesis and
partitioning of absorbed net radiation into sensible and
latent heat (Leuning et al., 1995). The coupled model
for two big leaves is formulated using the same set of
equations as for a single leaf (Leuning et al., 1995), but
the parameters in the coupled model are first inte-
grated separately over all the sunlit and the shaded
leaves within the canopy. Integration of the equations
for the two-leaf model is achieved by assuming that

the intercellular CO, concentrations and leaf tempera-
tures are the same within each leaf class but differ
between them (cf. Fig. 2 in Leuning et al., 1995). This
may not be true within a dense canopy, as the surface
temperature of sunlit leaves near the bottom of the
canopy can be up to 10°C higher than that of sunlit
leaves near the canopy top, however the overall con-
tribution of those leaves to total canopy fluxes are
relatively small and this error will be neglected. As
shown later in our comparison between the two-leaf
and multi-layered models, our assumption is quite
reasonable in most circumstances. Additional assump-
tions are: (1) the canopy is horizontally homogeneous
and thus all structural, physical and physiological
parameters only vary vertically; (2) leaf day respira-
tion, rg, is proportional to maximum carboxylation
rate (Collatz et al., 1991) and (3) maximal carboxyla-
tion rate, vemax, maximal potential electron transport
rate, jnax and the stomatal conductance at the light
compensation point, go, decrease in proportional to
leaf nitrogen concentration within the canopy.

In describing the model, we use lower case letters to
represent leaf-level quantities and the corresponding
upper case letters for the same quantities for the big
leaves or the whole canopy. Subscript i=1 is used for
sunlit leaves and i=2 for shaded leaves; while sub-
script j represent radiation wavebands, with j=1, 2 and
3 for PAR, NIR and thermal radiation, respectively.
All symbols, their definitions and units are listed in
Appendix A

As the coupled model is the core of both the multi-
layered and two-leaf model, we shall describe it first.

2.1. The coupled model of stomata-
photosynthesis-transpiration

Following Leuning et al. (1995), the coupled model
of stomatal conductance, photosynthesis and tran-
spiration for the big sunlit leaf (i=1) or big shaded
leaf (i=2) is:

Energy balance

Qnﬁi = )\Ec,i + Hc,i (1)

Evaporation

Ecﬁi = Gs,i Ds,i = Gw,i(Da + SATi) (2)
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Sensible heat
H.;= Gh,iCpATi 3)

Photosynthesis-gas diffusion
Ac,i = bsch,i(Cs‘i - Cz) = Gc,[(ca - Cl) (4)

Stomatal conductance

arfwAc,
Gsi = Go,; + 5
S (Ve S TN Ny B
Photosynthesis-biochemistry
Aci=Vii— Ry, (6)

where O, ; is the net available energy, which is parti-
tioned into latent, AE.; and sensible H.;, heat fluxes
and where A is latent heat of vaporisation for H,O
d mol_l). D, and Dy ; are water vapour mol fraction
deficits (VPD) in the ambient air and at the leaf
surface, respectively. Gs;, Go,; are the bulk stomatal
and residual (G,; when A.; = 0) conductance for
water vapour, Gy ; and G ; are the total conductance
from the intercellular space of the leaves to the
reference height above the canopy for H,O and
CO,, respectively; Gy; is the total conductance for
the heat transfer from the leaf surface to the reference
height above the canopy (see Appendix D), ¢, is the
specific heat of the air (J mol ' K™Y, AT, is the
temperature difference between the surface of the
big leaf and that of the air at the reference height, s
is the slope of the function relating saturated water
vapour mol fraction to temperature and by, is the ratio
of diffusivity of CO, and H,O through the stomata.
Ac; is the net photosynthesis rate, V,,; is the net
carboxylation rate, Ry; is the day respiration rate
and C,, Cs; and C; are CO, mol fractions in the air,
at the leaf surface and intercellular spaces, respec-
tively, while I' is the CO, compensation point. In the
stomatal model Dy is a parameter for stomatal sensi-
tivity to VPD, while a; is related to the intercellular
CO, concentration by C;/Cs; = 1 — 1/a; at maximal
stomatal opening (when both Dg; and Gy; are zero
and f,=1). A major improvement over the original
stomatal model is the incorporation of the function
fw to describe the sensitivity of stomata to soil water
content, 6.

Similar to Gollan et al. (1986), the effect of soil
water supply on stomatal conductance is modelled
using the empirical function

10(6s — Omin)
3(6max - emin)

where 0,,;, and 6,,,, are the soil water content at the
field capacity and at wilting point of the top 25 cm soil
and 6 is the measured soil water content of top 25 cm
soil. Parameter f,, represents the relative availability of
soil water for plants.

Parameters for the big leaves in the two-leaf model
are scaled up from the corresponding parameters for
the individual leaves in the canopy. Appendix C
describes the scaling rules and Table 1 lists the for-
mulae for some conductances for the two big leaves.
More details about the photosynthesis model (Eq. (6))
are given in Appendix D

The coupled model consists of the above six
equations. There are six unknowns (AT;, Dy,
Cs,i, Ci, Ac i, Gs,;) for given meteorological conditions
above the canopy and soil water content from which
we obtain the desired fluxes M. ; (Eq. (2)), H., ;
(Eq. 3)) and A. ; (Eq. (4)) from the absorbed
radiation, calculated as described in the following
section.

£ = min(l.O, 7

2.2. Radiation absorption

The net energy available to the big leaf i in wave-
band j, is On; calculated as:

3
Oni=>_ 0ij ®)
j=1

Leaf temperature needs to be known for calculating
the absorbed long-wave radiation (Q; 3), because leaf
temperature is a part of the solution to the coupled
model. This problem is avoided by using the isother-
mal net radiation (@, ;) defined as

Qi = Oni + cpGriAT; )

The second term on the right-hand side of Eq. (9)
accounts for the additional thermal exchange under
non-isothermal conditions. Loss of thermal radiation
of the big leaf to the air under non-isothermal condi-
tions is described using G, ;[= 4£faT§’ /cp), the radia-
tive conductance of the big leaf (Jones, 1983), where
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Table 1
Formulation of the parameters for the two big-leaf model®

Gor,i = gor(0)Li
Gou,1 = gou(0)¥{0.5k, + kv }
Gbu,2 = gbu(O)[Jl{OSku} — W{OSku + kb}]

Gr=1 = |: W{kb +kd} +

40’T3kd6f
Cp kh - kd

exp(—kgL) — exp(—k;,L)}

exp(—kqL) — exp(—k,L)

40Tk
Grr = {”—dsf] [2w{kd} — Wk + ka} —
Cp ky — kg

# The total conductances for CO,, H,O and heat,G. ; and Gy, ; are calculated as
—1 -1 -1 -1
Gc,i = Ga,i + (bchb-,i) + (bSCGS-,i)
-1 _ ~—1 —1 —1
G, =G, +G,; +Gg;
—1 —1 -1
Gy =G, ; + (nbpnG,:)

and Gy; = Gpy,i + Gy

where by, by and by, are constants required to convert conductances for water vapour to those for CO, and heat and where n =1 for
amphistomatous leaves and n =2 for hypostomatous ones. For other parameters of the big leaves, see Appendix C.

er 1s the leaf emissivity, o is the Steffan Boltzman
constant and 7, is air temperature (K). The radiative
loss is approximately proportional to the temperature
differences between the leaf and the ambient air at the
reference height, AT;, when AT; is relatively small
(<5°0).

Absorption of PAR and NIR is calculated using the
theory developed by Goudriaan (1977) and Goudriaan
and van Laar (1994) in which absorption of scattered
radiation is accounted for. (See Appendix B for details
concerning the calculation of Q; ;). Compared with the
radiation scheme used in SiB2 (Sellers, 1985), Gou-
driaan’s theory is much simpler, but gives very similar
amounts of total radiation absorbed by the two big
leaves for both PAR and NIR (Wang and Leuning,
unpublished results).

3. Implementation of the model

An analytical solution was not found for the
coupled equations for stomatal conductance, photo-
synthesis and partitioning of available energy
(Egs. (1)—(9)), so a reliable and efficient numerical
approach was adopted which minimises the number of
equations to be calculated within the iteration loop
(see Table 2 and Appendix E for details). The model

Table 2
Structure of the coupled, two-leaf model

Set all physical, physiological constants
Read in location and plant species-dependent parameters
Read in meteorological data (do loop)
Initialise some variables
Calculate radiation absorbed under isothermal conditions
Calculate parameters of the two big leaves
Solve the coupled model (iteration loop for two big leaves)
End of iteration loop
Calculate Ac ;, Gs,i, AEc i, He
Output results
End do loop

is written as an independent module, so that it can be
easily incorporated into land surface models, such as
SCAM (Raupach, 1995) or used in regional and global
climate models (McGregor et al., 1993).

4. Results
4.1. Comparison of the two-leaf model of canopy
photosynthesis with that of de Pury and

Farquhar (1997)

A sunlit and shaded, two-leaf model for canopy
photosynthesis has recently been presented by de Pury
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and Farquhar (1997). In contrast to their model which
focuses on photosynthesis, the model presented here
includes coupled equations for stomatal conductance,
photosynthesis and the leaf energy balance. This
allows calculation of intercellular CO, concentration,
C; and leaf temperature, Tt ;. Our parameterisation of
the big shaded leaf also differs from that of de Pury
and Farquhar (1997).

Canopy photosynthesis calculated using mean
absorbed PAR can be significantly overestimated
when the PAR absorbed by the leaves vary because
of the non-linear response of photosynthesis to
light, that overestimation depends on the variance
of the absorbed PAR by the leaves within the
canopy (Smolander and Lappi, 1985). The nonlinear
response of photosynthesis to the absorbed PAR
forms the justification for the sunlit and shaded,
two-leaf model of de Pury and Farquhar (1997).
These authors calculate photosynthesis for each of
the two big leaves using the bulk formulae that
provide reasonably accurate estimates of the
photosynthetic rate of the two big leaves if the var-
iance in the absorbed PAR is relatively small by the
sunlit or shaded leaves within the canopy. This may
not always be correct. Our calculations using the
multilayer model show that while the variation in
the irradiance of sunlit leaves only contributes errors
of a few percent of the total photosynthesis of sunlit
leaves when mean absorbed radiation is used, this
assumption causes up to 34% overestimation of the
photosynthesis of shaded leaves and hence 11% for
the whole canopy with a nitrogen distribution coeffi-
cient, k, = 0.5 and LAI=4 (Fig. 1). Because the
relative variance of the PAR absorbed by shaded
leaves within the canopy is larger than that for sunlit
leaves, the relative errors in the big-leaf model of de
Pury and Farquhar (1997) are also larger for shaded
than for sunlit leaves.

The solution to the problem of non-uniform irra-
diance of shaded leaves adopted in this paper was to
estimate J,, the potential rate of electron transport of
shaded leaves in a hypothetical canopy, with the
following properties:

1. the integral of jyax 2 Of all the shaded leaves within
the hypothetical canopy is equal to Jmax 2

2. the total amount of absorbed PAR is equal to that
absorbed by all the shaded leaves Q »;

20
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Fig. 1. Comparison of the photosynthetic rates of the big shaded
leaf (a) and total canopy photosynthesis (b) calculated using our
approach (cross) with that using the approach by de Pury and
Farquhar (1997) (circle) or that using the multi-layered model of
canopy photosynthesis (Leuning et al., 1995) (triangle). Leaf area
index of the canopy is 4 and the leaf angle distribution is spherical.
The zenith angle of the sun is 0. The beam fraction of incident PAR
(fv) is calculated as fi, = min (0, 1 — 300/1;), where [, is the flux
density of incident PAR above the canopy (umol m~2s™"). In this
comparison, the non-rectangular PAR response of the potential
electron transport rate was used. Parameter values used are:
C;=245umolmol™'; T"=30pumol mol™"; K.(14+0;/
Ko)=585 pmol mol™!; 0=0.7; a=0.385, k,=0.5; Vemax and Jmax
for the leaves at the top of the canopy were 100 and

210 pmol m 2 s, respectively.

3. both j,.x and absorbed PAR of shaded leaves
within the hypothetical canopy vary in proportion

to exp(—kgylf).

Where kj ; is the effective extinction coefficient for
diffuse radiation and £ is the cumulative leaf area
index measured from the top of the canopy. The final
expression for J; is presented in Eq. (D7).

Our approach provides a reasonably accurate esti-
mate of photosynthesis of shaded leaves for a realistic
range of nitrogen distributions within the canopy. For
example, photosynthesis rates of shaded leaves and of
the whole canopy calculated by our big-leaf model
agreed with results from the multi-layered model, to
within 1% and 4% respectively, for a canopy with leaf
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area index of 4 and of 0.5. For k,>1 the differences in
the photosynthesis of shaded leaves calculated by both
two-leaf models become quite small, because in this
case photosynthetic capacity is concentrated in the
upper canopy where irradiance distribution of shaded
leaves is more uniform. Overall our two-leaf model
gives better estimates of canopy photosynthesis than
the model developed by de Pury and Farquhar (1997),
relative to the multilayer model.

4.2. Comparison of the two-leaf model with a multi-
layered model

The multi-layered model is suitable for studying the
spatial variation of leaf photosynthesis or water use
within the canopy, whereas a major advantage of the
two-leaf model is that it is at least ten times more
efficient computationally. This makes the two-leaf
model suitable for incorporating into some regional
and global climate models provided there is no sig-
nificant loss of accuracy. Our goal is to show that the
two-leaf approximation provides results very similar
to the reference multilayer model, while a companion
paper (Leuning et al., 1998) compares model predic-
tions for fluxes of available energy, sensible heat,
latent heat and CO, measurements for a wheat crop.

Data required to run the model (meteorological
variables, leaf area index and soil moisture content)
were obtained during an experiment on wheat at
Wagga Wagga (35°S, 147.3°E), NSW, Australia from
May to November 1993. Details of the experimental
site and the fertiliser treatments used on two adjacent
five ha. fields can be found in Leuning et al. (1998) and
in Poss et al. (1995). Meteorological measurements
included incident solar radiation, windspeed and dry
and wet bulb temperatures measured at ~0.3 m above
the canopy. Soil moisture was measured using Time
Domain Reflectometry (Zegelin and White, 1989).
Plant biomass and canopy leaf area index were also
measured by harvest sampling. These data are used as
input to both the two-leaf and multi-layered models
and predictions from the two models are presented
here. Values of the model parameters are listed in
Table 3.

We included all available half-hourly data collected
during vegetative growth of the crop for the model
comparisons. The measurements were carried from
day of year (DOY) 231 to 295 (18 August— 21
October). During that period, canopy leaf area index
increased from 1.0 to 2.4 in the control (unfertilised)
block and from 1.8 to 4.5 in the fertilised block. In
total 228 valid half hourly measurements of net CO5,

Table 3
Values of key parameters used in the simulation model
Class of parameter Parameter Value Units
Photosynthesis Vemax 1.5x107* mol CO, m 257!
o 0.385 mol e mol ' quanta
(at Ty =20°C) K. 3.02x1074 mol mol ™!
(at T =20°C) Ko 0.256 mol mol ™
Stomatal conductance D, 0.01 PaPa!
a; 11.0 (-)
20 0.01 mol H,Om 257!
Leaf width wy 0.01 m
Leaf scattering coefficients: wr, 1 0.20 (-)
wr, 2 0.85 =)
Leaf emissivity ef 0.96 (-)
Leaf angle distribution X 0.0 (-)
#Soil reflectances: P51 0.10 (-)
Soil emissivity Es 0.94 (—)
Windspeed extinction coefficient ky 0.5 (=)

Photosynthesis parameters are from (Leuning, 1990, Leuning, 1995).

* Soil reflectance of near infra-red radiation is calculated as a function of soil water content, of the top 5 cm (Garratt, 1992), i.e. ps » = 0.18

if 6:>0.5, ps» = 0.52 — 0.686; otherwise
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Fig. 2. Incident solar radiation, air temperature and the saturated
water vapour partial pressure deficit of the ambient air (D,)
above the canopy measured in a wheat field at Wagga Wagga
in 1993.

latent and sensible heat fluxes were made using micro-
meteorological methods during the experiments.
Incident solar radiation, ambient air temperature
and VPD above the crop canopy are shown in Fig. 2.
They represent typical climatic conditions experi-
enced by spring wheat crops in much of the south-
east Australian wheat growing area. Peak solar radia-
tion increased gradually from 700 to 1000 W m >
during the observation period, while there were no
clear trends in maximum 7, and D, Most of the
variation in these variables occurred diurnally.
Excellent agreement was obtained between predic-
tions by the two-leaf and multi-layer models for
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canopy fluxes of net photosynthesis, latent and sen-
sible heat and for canopy conductance for the fertilised
field (Fig. 3). Slopes of the linear regressions (are very
close to 1, intercepts are close to zero, ¥ values are
>0.94 and values for the agreement index (d) of
Willmott (1981) are close to 1 as required for perfect
agreement (Table 4). Systematic and random errors
are also small, with the worst results for sensible heat
fluxes where the systematic root-mean-square error,
RMSE,, is about 6 Wm~2. Similar results were
obtained for the unfertilised field and subsequently
only results for the fertilised block will be presented.

Fig. 4-6 compare the predictions by the two-leaf
and multi-layered models for diurnal variation of net
CO,, latent and sensible heat fluxes for six days
representing the early, middle or late stages of the
growing seasons, when the canopy leaf area index was
2, 4 and 3, respectively. There is little difference
between the two models for net CO, assimilation
by the shaded leaves but the two-leaf model slightly
overestimated the net CO, fluxes for sunlit leaves for
Day 265 and 294. Overall the net photosynthesis rates
by the canopy predicted by the two models agree
within 4%, showing that both the average and dynamic
response of A; are similar in the two models.

Differences in the latent heat fluxes (AE.;) pre-
dicted by the two models are very small for both sunlit
and shaded leaves (Fig. 5). The two-leaf model tends
to overestimate A\E.; (see Fig. 5, Day 266 and 294).
The mean difference in the predicted latent heat flux
by the two models is less than 8 W m ™2 for both sunlit
and shaded leaves and the average relative difference
in the predicted total latent heat flux by two models is
about 5%.

Compared to the multi-layer model, the two-leaf
model underestimates sensible heat fluxes on average
by 3 W m 2 for sunlit or shaded leaves (Fig. 6). This
can be explained by the surface temperature predicted
by the two models (Fig. 7(a)). On average, the two-
leaf model underestimates the mean surface tempera-
ture of the sunlit leaves by 0.07°C, but underestimates
the surface temperature of the shaded leaves by
0.09°C, these differences are still too small to have
any significant influences on the predicted A.; and
AE.; fluxes. As a consequence, the two-leaf model
underestimates on average the Bowen ratio
(Hc;/\E.;) by 6% for sunlit leaves and 24% for the
shaded leaves (Fig. 7(b)).
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Fig. 3. Comparison of the predicted net canopy CO, flux (A.), canopy conductance (Gj), canopy latent (AE.) (and sensible) heat flux by the
multi-layered model (x-axis) against those by the two-leaf model (y-axis). The lines are the best-fit linear regressions (y=ax) and values of a
are also shown in the figure.

Because the net available energy is similar for all when compared with the multi-layered model. Net
sunlit leaves, the two-leaf model predicts Bowen radiation absorbed by the shaded leaves decreases
ratios and leaf to air temperature differences of the more slowly from the top of the canopy than does
sunlit leaves better than those of the shaded leaves, absorbed PAR. Thus the weighting factor W, based on
Table 4
Results of linear regression analysis, y=ax+b, comparing predictions of the two-leaf model versus a multilayer model
Site Variable Unit a b P d RMSE;, RMSE,
Fertilised Ay pmol m s 1.04 0.17 1.00 0.99 0.89 0.43
Acr pmol m™2s™! 1.00 0.01 1.00 1.00 0.01 0.01
G mol m~%s~! 1.04 0.01 1.00 0.99 0.03 0.02
Gin mol m™2s™! 0.99 0.00 1.00 1.00 0.00 0.00
AE. | W m? 1.05 1 1.00 1.00 8 4
Ae2 W m™? 1.05 —1 1.00 1.00 2 1
H. | W m2 0.91 3 0.98 0.99 5 6
H,, W m—? 1.19 -5 0.94 0.97 5 6

Control At pmol m 25! 0.99 0.48 1.00 1.00 0.33 0.34
Acn pmol m™2s™! 1.00 0.01 1.00 1.00 0.01 0.02
G 1 mol m 257! 0.99 0.02 1.00 1.00 0.01 0.01
Gsn mol m™2s™! 0.99 0.00 1.00 1.00 0.00 0.00
AE, | Wm 2 1.00 3 1.00 1.00 3 3
ME.» Wm™? 1.05 -1 1.00 1.00 1 1
H. | W m 2 0.93 2 0.99 0.99 3 4
H. > Wm2 1.22 -1 0.88 0.95 3 5

Also shown are the agreement index (d) and the systematic (RMSEs) or unsystematic (RMSEu) root mean square errors. For more details
about agreement index, see Leuning et al. (1998).
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Fig. 4. The predicted net CO, fluxes by all the sunlit leaves or
shaded leaves of the canopy by the multi-layered model (A |,
circle; A , square) or by the two-leaf model (solid curves) for
different days during the early, middle and late times of the
vegetative growth of the crop.

the vertical distribution of canopy leaf nitrogen
(Eq. (C7)) is biased towards shaded leaves near the
top of the canopy, causing the radiative conductance
(see Table 1) to be overestimated and leaf to air
temperature differences to be underestimated. The
absolute difference in the total CO, and H,O fluxes
of all the shaded leaves predicted by the two models
are relatively small and because the sunlit leaves
contribute to more than 75% of the total canopy fluxes
(Ac, AE. and H,), the predicted total canopy fluxes are
not significantly different from those of the multi-
layered model. But if sunlit leaves are not considered
separately from the shaded leaves, as in the models by
Sellers et al. (1992) and Lloyd et al. (1995), the

differences in total canopy fluxes will be significant.
The one big-leaf model overestimates the latent heat
flux and canopy photosynthesis by up to 40% and
underestimates the sensible heat flux by as much as
100 W/m? under sunny conditions, as compared with
our two-leaf model.

The soil during the growing season in 1993 was
quite moist and crop photosynthesis and transpiration
were only moderately limited by soil water late in the
season (Leuning et al., 1998). To compare the pre-
dicted fluxes by the two-leaf model with those by the
multi-layered model under some extreme conditions,
we simulated the response of photosynthesis, latent
and sensible heat fluxes of a hypothetically sparse
(LAI=2) or dense (LAI=5) crop canopy under sunny
and dry conditions (Ip,=800 W m 2 and D,=2 kPa).
The results are shown in Fig. 8—11. As the availability
of the soil water increases, both models predict that
crop photosynthesis, total available energy and latent
heat fluxes increase nonlinearly while sensible heat
flux decreases. Canopy fluxes for CO,, latent and
sensible heat predicted by the multi-layer and two-
leaf models differed by <5% when LAI<2 and the
results are not shown here.

For a canopy with leaf area index of 5, photosynth-
esis of the sunlit leaves is underestimated by the two-
leaf model when the fraction of available water,
fw < 0.7 and overestimated when f,, > 0.7, the dif-
ference is largest when f,, is about 0.56 (Fig. 8). The
difference in the photosynthesis of the shaded leaves is
very small (<0.06 pmol m 2 s~ '). The two-leaf model
predicts a more rapid response of canopy photosynth-
esis to soil water availability than the multi-layered
model, however the difference is quite small
(<2 pmol m > sfl).

The two-leaf model predicts a smaller sensitivity
of net available energy to soil water availability
than the multi-layered model, particularly when the
availability of the soil water is low (f, < 0.5), even
though the difference is only 4% (Fig. 9). The two-
leaf model overestimates H.; when the availability
of soil water is low to moderate (f,,<0.7) but under-
estimates H.; when the availability of soil water is
high (f,>0.7) (Figs. 10 and 11). Overall there are only
small differences between the models for predictions
of ME.; 4+ H.; for sunlit and shaded leaves and
only 4% even when the availability of soil water is
extremely low (f,,<0.2).
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Fig. 5. As Fig. 4 but for AE. ; and \E, ;.

When the availability of soil water is extremely low,
differences in the predicted sensible heat flux by two
models may result from the effect of radiative cou-
pling. The degree of radiative coupling depends on the
leaf to air temperature difference. In the two-leaf
model, it is assumed that the leaf to air temperature
difference is constant within the canopy for all the
sunlit or shaded leaves, but is different between them.
Simulations using the multi-layered model by Leun-
ing et al. (1995) showed that leaf to air temperature
difference of the sunlit leaves can vary up to 3°C and
will be considerably greater when the availability of
soil water is extremely low. This is ignored in the two-
leaf model. Because both the leaf boundary conduc-
tance for free convection and loss of long-wave radia-

tion by the leaves are non-linearly related to leaf
temperature, the two-leaf model gives biased predic-
tions of the sensible heat fluxes when compared with
the multi-layered model. An example is shown in
Fig. 12 for sunlit leaves that have a larger leaf to
air temperature difference than the shaded leaves and
therefore a stronger radiative coupling. The sensible
heat flux will be overestimated because the extra loss
of long-wave radiation by the sunlit leaves is not
considered in the energy balance equation if radiative
coupling is ignored (G;; = 0). However radiative
coupling alone has very small effect on the response
of latent heat flux to the availability of soil water.
Therefore the difference shown in Figs. 9—-11 results
from other effects, such as the exponential rise in
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Fig. 6. As Fig. 4 for H. ; and H, ;.

water vapour pressure deficit at the leaf surface
with temperature. Radiation coupling has the largest
effect on sensible heat flux and smallest effect on
net CO, flux of all the sunlit or shaded leaves (data
not shown). Similar results were also obtained
by Baldocchi et al. (1991) and Baldocchi and
Harley (1995).

5. Conclusions

A two-leaf canopy model has been developed
which calculates separately the conductances and
fluxes of energy and CO, for sunlit and shaded
leaves. Separating sunlit and shaded leaves is neces-

sary because photosynthesis and partitioning of the
available energy are non-linearly related to absorbed
PAR and short-wave radiation. A single big-leaf
model that does not account for the difference in
the radiation absorbed by the two leaf classes will
inevitably bias fluxes towards those for leaves near
the top of the canopy and thus overestimate canopy
fluxes. Our two-leaf model includes: (1) a simple but
robust radiation model, (2) an improved leaf model
accounting for the interaction of conductance and
photosynthesis and the response of stomata to water
vapour pressure deficit and available soil water and (3)
a new parameterisation of radiative conductance
which simplifies solution of the leaf energy balance
equation. This increases the computational efficiency
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of our canopy scheme relative to a multilayer
approach but without compromising model accuracy
significantly.

Comparisons with a multi-layered model show that
predicted fluxes of CO,, latent and sensible heat fluxes
usually agree within 5% over a range leaf area index
typical of a wheat crop grown in a temperate climate.
The two-leaf model is 10 times more efficient com-
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Fig. 8. The predicted responses of net CO, flux of the whole crop
canopy (A.), sunlit leaves (A., ;) and shaded leaves (A ) to the
availability of soil water by the two-leaf model (curve) or the
multi-layered model (circle). The canopy leaf area index was
assumed to be 5 and incident solar radiation above the canopy was
800 W mfz, ambient air temperature of 25°C and saturated water
vapour pressure deficit of 2 kPa.

putationally and is therefore more suitable than the
multi-layered model for incorporation into some
regional and global-scale climate models.

For a dense canopy (LAI=5) under dry and sunny
conditions (fractional available soil water <0.7) the
two-leaf model overestimates the sensible heat flux by
~20 W m ™2 (or 10%) relative to the multi-layered
model. The two-leaf model also underestimates the
net canopy CO, fluxes by up to 2 pmol m 2 s~ ' when
the availability of soil water is moderately limiting
(0.45<f,,<0.65) but overestimates the net canopy CO,
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Fig. 9. The predicted responses of net available energy (AE.+H.),
latent (AE.)and sensible (H.) heat flux of the whole canopy to the
availability of soil water by the two-leaf model (curve) or the
multi-layered model (circle).

fluxes by up to 2 umol m~2s~' when £,>0.65. The
direct effects of radiative coupling on fluxes of water
vapour and CO, for sunlit leaves are less important
than the indirect effects via water vapour pressure
deficit on stomatal conductance and therefore photo-
synthesis and transpiration.
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Appendix A

Symbols, their definitions and units

Aci net photosynthesis (umol m~2s™');
a an empirical parameter;
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bbc

ratio of the diffusivity of CO, to H,O
across the leaf boundary layer (=0.73);
ratio of the diffusivity of heat to H,O
across the leaf boundary layer (=0.93);
ratio of the diffusivity of CO, to H,O
across the leaf stomatal pores (=0.64);
specific heat of the air (J mol ' K™1);
the ambient CO, concentration at the
reference height above the canopy
(umol mol_l);

CO, concentration at the leaf surface
(umol molfl);

intercellular CO, concentration of the
leaf (umol mol ™ ');

agreement index;
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Fig. 12. The predicted responses of net available energy
(AE¢,1 + H. 1), latent (AE. ;) and sensible (H. ) heat fluxes of
all the sunlit leaves by the two-leaf model with (square) or without
(circle) radiative coupling. When radiative coupling is absent, the
radiative conductance is set to zero.

the saturated deficit of water vapour
pressure of the air at the reference
height (Pa);

the saturated deficit of water vapour
pressure at the leaf surface (Pa);

an empirical parameter (Pa);

canopy transpiration rate (mol H,O
m s )

transpiration rate of the big leaf (mol
H,O m > sfl);

an empirical parameter describing the
relative availability of soil water for
plants;
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stomatal conductance of a leaf or big
leaf for HO when net leaf photosynth-
esis is zero (mol m2s™1);

stomatal conductance of a leaf or big
leaf for H,O (mol m 2s™');

boundary conductance of a leaf or the
big leaf for H,O (mol m2s);
boundary conductance due to forced
convection of a leaf or a big leaf for
H,O (mol m > s_l);

boundary conductance of the big leaf
due to free convection for H,O
(mol m~2 sfl);

total conductance for CO, from the
intercellular space of the leaves to the
reference height above the canopy
(mol m 2 sfl);

total conductance for heat transfer
from the leaf surface to the refe-
rence height above the canopy (mol
m s )

radiative conductance of a leaf or big
leaf (mol m > sfl);

G function as defined by Ross (1981);
total conductance for H,O from the
intercellular space of the leaves to the
reference height above the canopy
(molm2s ),

sensible heat flux of the canopy
(Wm™);

sensible heat flux of the big leaf
(W m™2);

flux density of the incident short-wave
radiation above the canopy (W m™?);
flux density of incident PAR, NIR
or thermal radiation (Wm™2 or
pmol m 2 s_l);

downward long wave radiation in the
canopy (W m™2);

upward long wave radiation in the
canopy (W m~?)

the flux density of incident direct beam
radiation above the canopy (W m~?);
the flux density of the incident diffuse
radiation above the canopy (W m™?);
potential electron transport rate of a

leaf, or the big leaf (e m 2s™1);

Jmaxs> Jmax,i
K.

K,

ke

ks, j

«
kg ;

0,

qij, Qij

»
i3

*
n,i

Qn,i

T,
Ty
vcmax b

chax, i

maximum potential electron transport
rate of a leaf or the big leaf (e m ™2 s~ ');
Michaelis—Menten constant for CO, for
Rubisco carboxylation (mol mol”);
Michaelis—Menten constant for O, for
Rubisco oxygenation (mol mol™');
extinction coefficient of a canopy of
black leaves for direct beam radiation;
extinction coefficient of a canopy for
direct beam radiation;

extinction coefficient of a canopy for
diffuse radiation;

extinction coefficient of a canopy of
black leaves for diffuse radiation;

an empirical parameter used to de-
scribe the vertical distribution of leaf
nitrogen in the canopy;

an empirical parameter used to de-
scribe the vertical variation of wind
speed within the canopy;

canopy leaf area index;

leaf area index of the big leaf;
intercellular O, concentration
(mol mol™");

radiation absorbed by a leaf or the big
leaf (W m2);

absorbed long-wave radiation under
isothermal condition (W mfz);

net available energy of the big leaf
under isothermal condition (W m™2);
net available energy of the big leaf
under non-isothermal condition
(W m™?);

flux density of radiation absorbed by
the sunlit or shaded leaves in the
canopy (umol m 2 s™');

day respiration of a leaf or the big leaf
(umol m 2s Y

the slope of the curve relating satura-
tion water vapour pressure to tempera-
ture (Pa K™ ');

ambient air temperature (°C or K);
leaf surface temperature (°C or K);
maximum carboxylation rate when
photosynthesis is limited by Rubisco
activity of a leaf or the big leaf

(umol m 2 s_l);
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net carboxylation rate of the big leaf
(umol m2 sfl);

Rubisco-limited carboxylation rate of
the big leaf (umol m~?2 sfl);

RuBP regeneration-limited carbo-
xylation rate of the big leaf
(uwmol mfzsfl);

fraction of sunlit leaf area within the
canopy;

weighting factor;

leaf to air temperature difference (°C);
a parameter or flux of individual leaf or
the big leaf;

parameter or flux of the whole canopy;
quantum efficiency of RuBP regenera-
tion (mol mol ™ ');

psychrometer constant (Pa K™');

the modified psychrometer constant
(PaK ™)

the canopy reflectance for direct beam
radiation;

the canopy reflectance for diffuse
radiation;

the effective canopy-soil reflectance
for direct beam radiation;

the effective canopy-soil reflectance
for diffuse radiation;

soil reflectance;

cumulative leaf area index from the
canopy top;

latent heat of vaporisation (J mol™);
emissivity of the air;

emissivity of the leaf;

emissivity of the soil;

scattering coefficient of the leaf;
Stefen—Boltzman constant (5.67 X
10°8Wm 2K,

an empirical parameter describing the
leaf angle distribution;

zenith angle of the sun (radian);
volumetric fraction of soil water;
volumetric fraction of soil water at
field capacity;

volumetric fraction of soil water at
wilting point.

CO, compensation point of leaf photo-
synthesis (umol mol ™ 1);

r CO, compensation point of leaf photo-
synthesis when leaf day respiration is
zero (umol molfl);

i=1 for the big sunlit leaf; or =2 for the big
shaded leaf;
j=1 for photosynthetically active radia-

tion; =2 for near infra red radiation
and =3 for long-wave radiation.

Appendix B
The radiation submodel

The radiation submodel uses the approximations
developed by Goudriaan (1977) and Goudriaan
and van Laar (1994) to calculate the radiative
transfer within the canopy, including the scattered
radiation.

The amount of radiation within waveband j
absorbed by the big leaf (Q;;) is

L

Qij = / qijwi(§)dE (B1)

0

where j=1 for PAR and j=2 for NIR radiation, g;; is
the radiation absorbed by the sunlit leaves (i=1) or
shaded leaves (i=2) within the canopy, £ is the cumu-
lative leaf area index from the canopy top and wy(§) is
the fraction of sunlit leaves at LAI depth £ and w(§)
(=1—w)) is the fraction of shaded leaves at £ (see
Egs. (C3) and (C4)).

Radiation absorbed by sunlit and shaded leaves at £
is given by

q1j = q2j + loj ko (1 — wr) (B2)
q2j = lajkg;(1 — puaj)exp(—kg ;<)
+ IbJ[k§J(1 - Ptb.j)eXP(_kiJf) (B3)
— ko (1 — wr)exp(—kvg)]

where Iy; and I; are the incident direct beam and
diffuse radiation above the canopy respectively and
where kj ;, ki ; and ky, are the extinction coefficients
for diffuse radiation, beam radiation in real canopies
and for a theoretical canopy with black leaves, wy; is
the leaf scattering coefficient, pg; and pyq,; are the
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effective reflection coefficients for canopy plus soil
for diffuse and direct beam radiation.

By substituting Eq. (B2) or Eq. (B3) into Eq. (B1)
and then integrating, we have

01y = la;j(1 — puay)ki ;W {ky; + ko}
(1= poog )l K + K}
+ I (1 — wrj)ke[P{ko} — ¥{2ks}]  (B3b)
02,1 = 1aj(1 — praj)ky;[W{ky;} — U{ky; + kp}]
+ 1o (1 = puog)ky [ {ky ;} — Uk, + ko }]
= Ij(1 —wej)ko[Plko} — {2k}] (B4

in which the function ¥ is defined as

7} = / exp(~<€)de = (1 — exp(—<L))/z (BS)
0

Egs. (B3) and (B4) have also been derived by de Pury
and Farquhar (1997). Extinction coefficients (k; j and
k3 J) and reflection coefficients (pg,; and pyq;) are
calculated according to Goudriaan and van Laar
(1994). The extinction coefficient for beam radiation
and black leaves, k, is a function of the sun’s zenith
angle, 0 and is calculated as

kp = Gioss/cost (B6)

where the function G,z Was defined by Ross (1981)
and is the projection of the unit leaf area in the
direction of the sun’s beam. Following Sellers
(1985) it was calculated as:

Gross = 0.5 — (0.633 — 1.11cosf)x
— (0.33 — 0.579cos0) x*
—04<x<0.6 B7)
where y is an empirical parameter related to the leaf
angle distribution and is equal to O for a spherical leaf
angle distribution.
The downwards (/3]) and upwards (I5T) long-wave

radiation flux density within the canopy under iso-
thermal condition are calculated as

I ] (€

g Ta4

= et — (er — €a)exp(—kaf)

+ (1 — &) [1 — exp(—kq&)]
X [ef — (er — es)exp(—ka(L —&))]  (BY)

LT (€)

g Ta4

=¢er — (er — &5)exp[—ka(L — &)]

+ [er — (er — €a)exp(—kaf)]
X {(1 —&r)[l — exp(—ka(L —¢))]
+ (1 — &g)exp[—2kqa(L — §)]}
+er(1 — &y)exp[—ka(L — &)]
x {1 —exp[—ka(L — )]} (B9)
The long-wave radiation absorbed by sunlit
and shaded leaves under isothermal condition is
given by
L
Qi3 = /CXP(—kbﬁ)d(ls T-051) (B10)
0
L

0ia= [(1—epl-ke)as T 15 1) @11

0
By substituting Eqgs. (B8) and (B9) into Egs. (B10)
and (B11), we obtain
075 = —kao T er(1 — )P {ks + ka} + (1 — &)
X (& — €4)W{2ka} W {ky — ka}] (B18)
—kao T er(1 — )W {ka} — (1 — &)
X (ef — ea)exp(—kal)¥{ka}] — Q15  (B19)

where ¢y, €, and ¢, are the emissivity of the leaf, sky
and soil, respectively. Emissivity for clear skies was
calculated using the formula of Brutsaert (1975).

X
%

Appendix C

Scaling up the parameters in the coupled model
for single leaf to the big leaves

Provided sunlit and shaded leaves are treated sepa-
rately, values of parameters in the coupled model for
the two big leaves can be closely approximated by
integrating values for individual leaves, ie.

L
Y, — / V(i) 1
0
and
Y=Y 41, ©2)
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where y; is the parameter value or flux (CO,,
net available energy, H,O or sensible heat flux) of
individual sunlit or shaded leaf within the canopy
and Y; is the value of the corresponding parameter
or flux for the big leaves, £ is the cumulative leaf area
index from the canopy top and L is the total canopy
leaf area index. Y represents the parameter value or
the total flux of the whole canopy, w; (£) is the fraction
of sunlit (i=1) or shaded (i=2) leaf area within the
canopy and is given by

w1 = exp(—kpé) (C3)
and
wy = 1 — exp(—kpé) (C4)

If yi(&) is proportional to leaf nitrogen and leaf
nitrogen decreases exponentially from the top of
the canopy, Eq. (C1) can be integrated analytically.
That is

Y, = /y(O)eXp(—knf)Wi(ﬁ)dﬁ =yO)W; (C5)
0

and

Wy = W{ky + ka} (Co6)
W, = w{kn} - W{kb + kn} (C7)

where the exponential function ¥ is defined in
Eq. (BS).

The total leaf area index of the big sunlit leaf (L)
and shaded leaf (L,) is

Ly = Wik} (C8)
and
Ly =L—W{k} (C9)

Note that the units for y; and Y; are different. For
example, if y; represents day respiration rate of sunlit
leaves, its unit is mol CO, m ™2 leaf area s~' and the
unit for Y; is mol of CO, total area of sunlit leaves per
ground area per second and then the unit for Y is
mol m~? ground area s~ .

In this study, parameters Rq i, Go.i, Vemax, is Jmax,i for
the big leaves are scaled up from the values of the
respective parameters for individual leaves in the
canopy using Eq. (C5).

Appendix D

Parameterisation of biochemical model
of photosynthesis for the big leaves

The net carboxylation rate of the big leaf is calcu-
lated as

Vi = min{Ve;, Vy;} (D1)

where V, ; is the Rubisco-limited gross photosynthesis
rate and V;; is RuBP-limited gross photosynthesis rate
of all sunlit leaves within the canopy. The Rubisco
limited rate is calculated as

chaxA,i(Ci - Fl*)

V=
G+ K1+ 0;/K,)

(D2)

where K. and K, are Michaelis-Menten coefficients
for CO, and O,, respectively. The RuBP-limited car-
boxylation rate is a function of potential electron
transport rate (J;) (von Caemmerer and Farquhar,
1981). That is:

(Ci—TI)J;

V=Ll D3
1= 4G+ 2T (D3)

where J; is the potential rate of electron transport and
is calculated as

L

Ji= /j(ql‘ﬁl)wi(f)df (D4)

0

and where j is calculated as

a%}ljmax

= D5
/ adi1 + 2'1jmax ( )

in which o is the quantum use efficiency and jmax,
is the maximum electron transport rate. The follow-
ing approximations (Eqs. (D6) and (D7)) are also
applicable to the non-rectangular response function
of potential electron transport rate to the absorbed
quantum flux as used by de Pury and Farquhar (1997)
and others.

For the big sunlit leaf, Eq. (D4) can be approxi-
mated using the big leaf parameterisation with reason-
able accuracy for J; (the relative error usually less than
10%) as compared with the multi-layered canopy
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model (Wang and Polglase, 1995 and de Pury and
Farquhar, 1997). That approximation is equivalent to
applying the two-point Gaussian integration to
Eq. (D4) (Wang and Polglase, 1995). That is

anl + 2'-1Jmax,]

However the big-leaf approximation as used by de
Pury and Farquhar (1997) usually overestimates J, by
10 to 40% as compared with the multi-layered model,
even though the overall relative errors in the total
canopy photosynthesis is significantly much lesser.
Leuning et al. (1995) numerically demonstrated that
total photosynthesis of shaded leaves is relatively
insensitive to the nitrogen distribution within the
canopy for a given amount of total canopy nitrogen.
As photosynthesis of shaded leaves within the canopy
usually is limited by absorbed PAR. We assumed that
J» is equal to the the potential electron transport rate of
all shaded leaves within a hypothetical canopy having

_ ol = poo )k 1 [PkG ) — kg, + Ko} — (1 — wrn)ko [P {ko } — P{25 }]]

tical canopy:

L

/ Jon(€)(1 — exp(—knf))dE

0

— / (€)1 — exp(—kn0))dE  (D8)
0
[ (€)1 - exp(—ho)ae
0

_ / 01(6)(1 — exp(—kef))dE (DY)
0

43,(&) = (1 + c2)la kg (1 — pua)exp(—ky &)
(D10)

Solving the above equations, we have

jr*nax(o) = JmaxﬁZ/(!p(k:l,l) — W(ky + kﬁ,l)) (DI11)

2

the following properties:

1. the total j,.x of all shaded leaves within the
hypothetical canopy is equal to Jiax 2;
2. the total amount of absorbed PAR is equal to
0123
3. both the j,.« and absorbed PAR of shaded leaves
within the hypothetical canopy vary in proportional
t0 exp(—k}, &).
Then J, can be calculated as
044371 (0)jmax- (0)
a3 1(0) +2.1j5,(0)
D7)
where ¢ ,(0) and j;.,(0) are the PAR absorbed
by the shaded leaves and the maximum potential
electron transport of shaded leaves at the top of
the hypothetical canopy, respectively; ¢;; and
Jmaxare determined from the following equations
derived from the assumed properties of the hypothe-

Jr = (Ulky,) — Ylkg, + kb))

Lai (1 — pua)kg  [PAkG Y — O{kg ) + ko )]

(D12)

Appendix E

Solving the coupled model of stomata-
photosynthesis and energy partitioning

The equations for the coupled model for the big
leaves can be written as:

aifwAc.i
Gay = Gog + Csi(1 ]‘{D:,i/DO) =D
Aci = Vi — Ra; (E2)
Aci = (Cs; — C)by G (E3)
(Csi — Ci)by Gy = (Cy — Ci)Ge,i (E4)
0, — &pGriAT; = (D, + sAT:) Gy + ¢ Gn i AT;
(E5)
Dy ;G = (Dy + sAT:)G,, (E6)

There are six unknowns, AT;, Dy ;, G, Ci, G, A
Therefore at least one set of solutions exist. It is not
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possible to solve the above six equations analytically.
Several numerical methods can be used to solve the
equations, all of them involve iteration until the
solutions converge. The method for solving the
equations must be efficient and reliable, the number
of equations to be iterated must be minimised and
evaluation of first-order or higher-order differentials
should be avoided.

Egs. (E1),(E2) and (E3) can be solved analytically
for a given value of AT;, Cs; and Dy;.

The analytic solution for C; is (Leuning, 1990):

—b \/b* — 4bob
C = 1+ 2b1 0b2 (E7)
2

C,-—F*_
Ci+ds

Aci=d> Rg; (E8)

where
bo = —(1 — d\Cs;)(daI™ + d3Ra;) — God5Cs;
by = (1 —d\Cy;)(d2 — Ra;) + Goi(ds — Cs;)
—di(da™ + d3Rq;)
by = Go;+d,(d2 — Rq;)

aifw
(Cs; — I')(1 + Ds;/Dy)

and for Rubisco-limited photosynthesis

d =

dy = Vemax
d3 = Ko(1+ 0i/K,)
for RuBP-limited photosynthesis
dy =0.25J
dy =2I"

Solution (Eq. (E7)) should be calculated for both
Rubisco-limited and RuBP-limited photosynthesis
and the smaller value of A. ; from Eq. (E8) should
be used to calculate G, ; with Eq. (E1).

Egs. (E5) and (E6) can be solved for AT; for given
values of Gy; and Gy, (Monteith and Unsworth,
1990):

_ 'Y* Q;,i _ Da
s+ v* Cp(thi + Gm') S+ v*

AT; (E9)

where ~" is the modified psychrometer constant and is

related to the psychrometer constant (vy) as

Ghi+ G,
7 Gw,i

*_

Egs. (E4) and (E6) can be re-arranged to give the
values of Cy; and Dy ; for a given values of AT;, C; and
all conductances. They are

Csi = Ci+ (Cy — C))Ge i/ (bs:Gs,) (E10)
Dy; = (Dy + sAT;)Gy i/ Gow,i (E11)

To solve the coupled equation numerically, initially
AT; is set to zero and Cs; and Dy ; are assigned their
respective values at the reference height above the
canopy (C,, D,). The initial values of C;, A.; and Gs;
are obtained from Egs. (E7),(E8) and (E1) and these
are used to update the values of 7;, C; and Dy, ; using
Egs. (E9),(E10) and (E11). The new values of AT,
C.,;and Dy, are then used to update the values of C;,
A.,; and Gy in the each iteration until the values of AT;
between two successive iterations is <0.01°C.
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