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ABSTRACT

The energy exchange, evapotranspiration, and carbon exchange by plant canopies depend on leaf stomatal
control. The treatment of this control has been required by land components of climate and carbon models.
Physiological models can be used to simulate the responses of stomatal conductance to changes in atmospheric
and soil environments. Big-leaf models that treat a canopy as a single leaf tend to overestimate fluxes of CO,
and water vapor. Models that differentiate between sunlit and shaded leaves largely overcome these problems.

A one-layered, two-big-leaf submodel for photosynthesis, stomatal conductance, leaf temperature, and energy
fluxes is presented in this paper. It includes 1) an improved two stream approximation model of radiation transfer
of the canopy, with attention to singularities in its solution and with separate integrations of radiation absorption
by sunlit and shaded fractions of canopy; 2) a photosynthesis—stomatal conductance model for sunlit and shaded
leaves separately, and for the simultaneous transfers of CO, and water vapor into and out of the leaf—Ieaf
physiological properties (i.e., leaf nitrogen concentration, maximum potential electron transport rate, and hence
photosynthetic capacity) vary throughout the plant canopy in response to the radiation—weight time-mean profile
of photosynthetically active radiation (PAR), and the soil water limitation is applied to both maximum rates of
leaf carbon uptake by Rubisco and electron transport, and the model scales up from leaf to canopy separately
for al sunlit and shaded leaves; 3) a well-built quasi-Newton—Raphson method for simultaneous solution of
temperatures of the sunlit and shaded leaves.

The model was incorporated into the Common Land Model (CLM) and is denoted CLM 2L. It was driven
with observational atmospheric forcing from two forest sites [Anglo-Brazilian Amazonian Climate Observation
Study (ABRACOS) and Boreal Ecosystem—Atmosphere Study (BOREAS)] for 2 yr of simulation. The simulated
fluxes by CLM 2L were compared with the observations, and with the results by the CLM with a single big-
leaf scheme (CLM 1L) and by the CLM with the assimilation—stomatal conductance scheme of NCAR Land
Surface Model (LSM). The results showed that CLM 2L was an improvement compared to the CLM 1L and
the CLM for the test cases of tropical evergreen broadleaf land cover and coniferous boreal forest.

1. Introduction

Canopy models that link the terrestrial biosphere to
atmosphere can be categorized as either multilayer or
big-leaf models. A multilayer model integrates the flux-
esfrom each layer to givethetotal flux (Wang and Jarvis
1990; Leuning et al. 1995); while the big-leaf approach
maps properties of the whole canopy onto a single leaf
to calculate the flux (e.g., Sellers et al. 1996a; Bonan
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1996; Dickinson et al. 1998). These methods necessarily
use different parameterizations for the nonlinear rela-
tionships that govern assimilation and transpiration. The
multilayer models can use parameters that are measured
at the leaf level. The big-leaf models require parameters
at the canopy level that cannot be measured directly,
nor defined as the arithmetic mean of leaf-level param-
eters because of nonlinearity (McNaughton 1994; Wang
et al. 2001). Rather, they require some plausible as-
sumption about the vertical profile of leaf properties
such as the Rubisco enzyme. This is commonly deter-
mined through the hypothesis that the limiting rate of
carbon uptake V,, should vary with canopy depth as
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the photosynthetically active radiation (PAR; e.g., Sell-
ers et al. 1992). With such an assumption, canopy prop-
erties, such as Vv, and potential electron transport rate
Jwax Can be related to the corresponding measurable
properties of the leaves at the canopy top.

Big-leaf models have been extensively used in land
surface climate modeling (Sellers et a. 1996a; Bonan
1996; Dickinson et al. 1998; Dai et a. 2003). They
require fewer parameters and are more economical in
computer time than the multilayer models. They treat
the canopy as single big leaf with the fluxes of |eaf
energy, water, and CO,, calculated by coupled equations.
The models of Bonan (1996) and Dickinson et al. (1998)
treat the assimilation and stomatal conductance of sunlit
leaves separately from that of shaded leaves but use a
single leaf temperature.

Wang and Leuning (1998) developed a more com-
prehensive two-leaf approach with the canopy described
by variables and parametersthat represent the bulk prop-
erties of all sunlit or shaded leaves, using the Goudriaan
and van Larr (1994) radiation model to estimate the total
amount of radiation in visible, near-infrared, and ther-
mal bands. Conductances of the stomata and |eaf bound-
ary layer are also integrated over all the sunlit and shad-
ed leaves separately. They compared the fluxes of CO,,
water vapor, and sensible heat as predicted by their two-
leaf model with those of a multilayered model, and
found no significant differencesin their predictions. The
two-leaf model has recently been refined to further im-
prove the agreement in the predicted fluxes between the
two-leaf model and a multilayered canopy model (Wang
2000). Wang (2003) showed that the fluxes predicted
by the two-leaf model with Goudriaan and van Larr's
radiation are very similar (relative differences <5%) to
those by the two-leaf model using the two-stream ap-
proximation (Sellers 1985). Wang and Leuning (1998)
derived the physiological and physical properties for
both sunlit and shaded leaves similar to the approach
of Sellerset a. (1992, 1996a), but considered sunlit and
shaded leaves separately. Other differences between
Wang and Leuning’s two-leaf model and Seller’s one
big-leaf model are use of a different stomatal model,
allowing for decoupled vegetation (see Raupach 1995).

The leaf biochemical processes depend on PAR and
leaf temperature. Direct sunshine heats leaves more than
the scattered light in the shade, and hence sunlit leaves
can be several degrees warmer than shaded |eaves under
sunny and dry conditions. Leaves that are most fre-
guently shaded are thinner than those in the sun. Both
the epidermal and mesophyl| tissues are thicker in sunlit
leaves, and the number of cells per unit leaf volumeis
higher. Morpho-anatomical and physiological adapta-
tions allow the chestnut to optimizeits use of the limited
radiant energy available, but shading greatly reduces
productivity (Boardman 1977). The net photosynthetic
rate A, of sunlit leaves is relatively high due to light
saturation but there is a drastic reduction in A, with the
low light levels of shaded leaves. If such differencesin
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physiological properties of leaves and the differences
in PAR and temperatures between sunlit and shaded
leaves are neglected, the estimates of photosynthesisand
energy fluxes for the canopy may be significantly in
error. Photosynthesis of shaded |eaves has an essentially
linear response to absorbed PAR, while photosynthesis
of sunlit leaves is often light saturated and so indepen-
dent of absorbed PAR. Hence the averaging of PAR in
each of these two classes of leaves, sunlit and shaded,
is appropriate and should introduce little error in the
final predicted canopy photosynthesis. This concept
(Sinclair et a. 1976) has been introduced into land sur-
face modeling by de Pury and Farquhar (1997), Wang
and Leuning (1998).

Leaves change their position with wind and the sun
during the day causing the surfaces in direct sun (sun-
flecks) to move around. Leaves require on the order of
3-20 min for opening stomataand 12—-35 min for closing
stomata (Woods and Turner 1971; Sellers 1985). L eaves
change their temperatures over similar time scales or
shorter. Thus, over the typical model time step, it is
appropriate to assume leaf stomatal function and tem-
peratures have equilibrated to light levels as assumed
in the separation into sunlit and shaded fractions.

We have developed a submodel for assimilation and
stomatal conductance with two big leaves that treats the
leaf temperatures and fluxes (energy, water, and CO,)
separately for sunlit and shaded fractions of canopy. The
submodel formulations and parameters are described in
section 2. The submodel was incorporated into the Com-
mon Land Model (CLM) and run for two forest sites
for 2 yr with the observed meteorological forcings. The
simulated fluxes and leaf temperatures were evaluated
with the observations and compared with what were
obtained by CLM with a single big-leaf submodel and
CLM with a National Center for Atmospheric Research
(NCAR) Land Surface Model (LSM) scheme, as pre-
sented in section 4.

2. Model description

Canopy photosynthesis is modeled by equations de-
scribing the fluxes of both CO, and water vapor at the
leaf level, and some method of scaling from leaf to
canopy. Leaf-level responses require some form of pa-
rameterization of both the biochemistry within chloro-
plasts and the stomatal response to the environment.
Most canopy gas exchange models employ the leaf bio-
chemical model of photosynthesis by Farquhar et al.
(1980) and some form of empirical stomatal response
(Ball 1988; Leuning et al. 1995). In this section, we
give the expressions used for the fraction of sunlit and
shaded leaves, energy balance, radiative transfer, the
photosynthesis and stomatal conductance for sunlit and
shaded |leaves separately, and their scaling up from leaf
to canopy.
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Fic. 1. Leaf area index of sunlit fraction of canopy [Eqg. (3)] for
the case of leaves with random distribution of leaf angles [i.e., G(un)
= 0.5], 6 is solar zenith angle.

a. Fraction of sunlit/shaded leaves

Leaves are sunlit leaf area if not shaded in the di-
rection of the sun. The fractional area over which this
occurs decreases exponentially with the cumulative | eaf
area index from the canopy top. The fractions of sunlit
and shaded leaves at a canopy depth x, fg,,, and fq.,,
are calculated from

fSun(X) = eikbx; fSha = 1 - fSJn! (1)
where X is the cumulative leaf area index measured
downwards from the top of the canopy, k, is the direct
beam extinction coefficient of the canopy and

k, = G(w)/u, (2

where G(w) = ¢, + d,u, p, = 0.5 — 0.633y — 0.33y2,
¢, = 0.877(1 — 2¢,), and y is an empirical parameter
related to the leaf angle distribution, varying from —1
to 1 (1 for horizontal leaves, —1 for vertical leaves, and
0 for a spherical leaf angle distribution), and w is the
cosine of solar zenith angle. The leaf areaindex of sunlit
and shaded fraction of canopy are calculated by inte-
grating (1):
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La
Lo = J Fan() x = (1 — e-tota);
0 kb

Lewa = Lar — Lsin- 3
The sunlit and shaded fractions of the canopy are
Fan = Lawnl/Las Fsa = Lea/Lar- (4)

This division into sunlit and shaded leaves is impor-
tant in scaling canopy processes, because the sunlit
leaves will receive amuch higher light flux density than
shaded leaves under sunny conditions. The possibleim-
portance of such leaf orientation effects as discussed by
Sinclair et al. (1976) and Norman (1979) is not consid-
ered here. Figure 1 calculates the variation of the sunlit
fraction of a canopy with solar angle 6. The sunlit frac-
tion decreases significantly for 6 > 30° and reaches
constant values for leaf area index greater than 5. The
L., calculated by Eg. (3) is in reasonable agreement
with the measurements by Kucharik et al. (1998): typ-
ically, Lg,, in aspen (L,, = 3.3) range between 0.8-1.0
at a 70° sun angle and 1.1-1.6 at a 30° sun angle.
The canopy keeps a considerable percentage of leaves
in shade at all solar angles with a minimum fraction
Fea = 20% for L,, = 1to Fg, = 60% for L,, = 5.

b. Equations of leaf temperatures and fluxes

1) LEAF TEMPERATURE OF SUNLIT/SHADED
FRACTION OF CANOPY

Leaf temperatures are determined by the canopy en-
ergy budget equations for sunlit and shaded fractions of
canopy as follows:

a[T],

CCT = 0= [I]; + [I]; = [H; = LIE];. (9

TSR

Hereafter, the subscript **j”’ denotes the sunlit (j = 1)
and shaded (j = 2) fraction of canopy, respectively; [ ],_,
and [ ],_, denote the integration for sunlit and shaded
fractions of canopy, respectively, that is, [5* [ ]fg,, dX
and [ [ ]fs.a dX, but for temperatures and partial pres-
sures, they mean the bulk (averaged) values. The value
C, is the canopy heat capacity (J m~—2 K-*) and is as-
sumed to be negligible, | is the summed net solar ra-
diation absorbed by sunlit and shaded fraction of canopy
(W m~2), I, is the net longwave radiation absorbed by
sunlit/shaded fractions of canopy (W m~-2), H. is the
sensible heat flux from foliages to canopy air (W m~2),
E. is the moisture fluxes (transpiration and evapo-
ration of intercepted water) from leaves to canopy
air (kg m—2s71). The equations are

[Tl]j:1 - Taf
[Folj-s

[Tl]j:2 - Taf
[Folj-2

[Hc]j=1 = pCpLSun (6&)

[Hli-2 (6b)

pcp(LSha + SAI)
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F - 81— ) LSUﬁ}

X {0a([Ti]j=) — a4} (78)

1

. ~ fuedlswr———
[Ec]rZ p{SZ(l Wa)LSha[rb]jzz + [rs]J:2

T {1 - (1 — b (law + sA.)i}

[roli-
X {qw([Tl]jzz) - qaf}’ (7b)

where p and c, is the density and specific heat of air
(kg m=3, Jkg~* K1), respectively; 8, and 8, isthe step
functions for sunlit and shaded leaves, respectively, and
1 for positive argument and 0 for negative argument of
{9 ([T\]) — 94}; Sa, isthe dead leaf or stem areaindex;
f.e 1S fraction of wet leaves; r, is the averaged (bulk)
leaf boundary layer resistance (sm~1); r istheaveraged
leaf stomatal resistance (sm~1); g, (T,) isthe saturated
specific humidity (kg kg—*) at temperature T,; T, is the
leaf temperature of canopy. Here, T, and g, are the
temperature and specific humidity of canopy space air,
respectively, (K, kg kg1).

The air within the canopy has negligible heat capacity
and so heat flux from foliage [H ];_,, [H.];—, and from
the ground H, must be balanced by heat flux to atmo-
sphere H_, that is,

Ha = Hg + [Hc]j:1 + [Hc]j:Z' (8)

Similarly, the canopy air is assumed to have zero ca-
pacity for water vapor storage so that the flux of water
from canopy air E, balancesthe flux from foliage[E],_,
and [E.];_,, and the flux from the ground, E,, that is,

Ea = Eg + [Ec]j=1 + [Ec]j=2' (9)

Here, T, and g, (or e,) are updated by (8) and (9) within
theiterative procedure for leaf temperature cal culations,
respectively. The numerical solution of Eq. (5) is de-
scribed in appendix C.

N.B., the equations for ry, E,, E;, H,, and H, are
exactly the same as that in the CLM (http://climate.eas.
gatech.edu/dickinson).

2) CO, BALANCE

The CO, flux budget within the canopy can be de-
scribed by a CO, concentration conservation equation:

ac,
CO, E

=0=-F, — [An]j:1 - [An]j:2

+ R, + Ry (10)
In this study, the CO, storage (C,) within canopy air
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is assumed to be negligible. The value R, is the CO,
flux from soil surface to canopy air; R, is the nonleaf
plant respiration, which was taken as zero in this study.
Here, [A,]; is the net CO, assimilation of canopy by
sunlit (j = 1) or shaded leaves (j = 2), and can be
written as

[Ad; = ([90];/1.37)(c. — [cd]) (11)

ThevalueF.isthe CO, flux from canopy to atmosphere,
and can be written

F. = (9./1.37)(c, — ¢.), (12)

where c,, c,, and c,, are the mixing ratio of CO, in air
at leaf surface, canopy air space and atmosphere ref-
erence height, respectively. Here, g, is aerodynamic
conductance of water vapor between reference height
and canopy air space, [g,]; is the bulk leaf boundary
conductance (j = 1 for sunlit and j = 2 for shaded).

c. Radiation absorption
1) SOLAR RADIATION

The two-stream approximation for theradiation trans-
fer within acanopy (Dickinson 1983; Sellerset al. 1985)
is used to describe the interception, reflection, trans-
mission, and absorption of radiation by vegetation and
soil using standard parameterizations for soil and snow
albedos (Dickinson et al. 1993). The solutions for sin-
gularity points, not previously considered, are provided
in appendix A.

It is assumed that shaded leaves receive diffuse light
only, sunlit leaves receive both diffuse and direct ra-
diation (Spitters et al. 1986). The solar radiation flux
density absorbed by the sunlit leaves in the canopy is
given as the sum of components of direct-beam |, scat-
tered direct-beam |, and diffuse radiation |,4. That is,

1], = f Tt (et 1)) b (139

Solar radiation flux density absorbed by the shaded
leaves in the canopy is given as the sum of components
of scattered direct-beam |, and diffuse radiation I,,:

Lai
[Is]j:2 = j (los 1) Fona X (13b)
(o)
The direct incident beam radiation absorbed by leaves
at canopy depth x (per unit leaf areaindex)—excluding
scattering, |, is obtained from the exponential light
profile with the complementary transmission as

l, = (1 — w)k,e™ox1,,. (14)
The scattered direct-beam radiation absorbed by leaves
at canopy depth x, |, is given by

+ d(I(Till' — Iéir)

lips = {wkbe_kbx dx }IbOl (15)
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Fic. 2. Absorption of PAR by sunlit/shaded fraction of canopy for
direct and diffuse incident of PAR radiation [Egs. (13a)—(13b)]; the
values are as the fractions related to the incident PAR (divided by
incident direct and diffuse, respectively), where y = 0, o = 0.15,
0= 0°.

where 1}, |4, are the upward and downward diffuse
fluxes of the scattered direct-beam radiation, respec-
tively, normalized by the incident direct-beam radiation
above the canopy. The first term is the direct-beam flux
penetrating to the specified cumulative leaf area depth
X in the canopy without scattering; the second term is
the change of net upward of scattered direct-beam ra-
diation flux. Here, I, is the incident direct-beam radi-
ation above the canopy, |4, is the incident diffuse ra-
diation above the canopy. The total amount of incident
diffuse and scattered diffuse radiation absorbed by can-
opy depth x, 1,4, is given by

| = d('&if — Iéiif)l
d — dx dos

where 1, |4 are the upward and downward diffuse
fluxes of incident diffuse radiation and scattered diffuse
radiation, respectively, normalized by the incident dif-
fuse solar flux density above the canopy. Total absorbed
flux density of incident solar radiation by the canopy is

[ = [0 + [ 17

The calculations of Egs. (13)—(17) are performed for
visible and near-infrared components separately.
Figure 2 shows how the PAR absorptions by sunlit

(16)
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and shaded fractions of canopy vary with leaf areain-
dex. It is clear that the near maximum absorption of
PAR as calculated by Eqgs. (13a)—(13b) are achieved in
the range of 4-5. Also, the effect of solar incident pat-
tern (direct/diffuse) is significant, it is important to dis-
criminate between the direct and diffuse components of
solar incident. Sunlit |eaves absorb the major portion of
both the direct and diffuse component of solar visible
fluxes, only a very low portion of direct beam is ab-
sorbed by shaded leaves (<5%). Thus the PAR absorp-
tion of direct beam by shaded leaves commonly has
been ignored, such asinthe NCAR LSM (Bonan 1996).
The sum of the direct and diffuse terms add up to 0.96
and 0.95, respectively. The remaining radiation has con-
tributed to the abedo.

2) LONGWAVE RADIATION

The net absorbed thermal radiation does not account
for different canopy location of the sunlit versus shaded
leaves, but are calculated by

[Iir]j:1 = (Laat - 2O-I:-I—I]j[l:l‘st + 5Tgat)Fsunv

for sunlit leaves (18a)
[Iir]j:2 = (La8t - 20—[T|]j4:261 + UTS@)FSha'
for shaded leaves, (18b)

where L, is the incident thermal infrared radiation, &,
isthe fraction of longwave radiation absorbed by canopy
and §, = 1 — e 4, o isthe Stefan—Boltzmann constant
(W m~-2K~4), T, is the ground temperature (K).

d. Canopy photosynthesis and stomatal conductance

1) LEAF PHOTOSYNTHESIS AND STOMATAL
CONDUCTANCE

This paper addresses how temperatures for sunlit and
shaded fractions of canopy can be distinguished and
photosynthesis aggregated from leaf to canopy. We use
the leaf photosynthesis—stomatal conductance model
[second version of Simple Biosphere Model (SiB2)] of
Sellers et al. (1996a) that implemented the photosyn-
thesis model of Farquhar et al. (1980), as formulated
by Collatz et al. (1992) and relating stomatal conduc-
tance to carbon assimilation according to Ball (1988).
This approach is summarized with modificationsin Ta-
ble 1. The symbols and definitions of parameters are
listed in Table 2. Three modifications were made in 1)
electron transport rate J, 2) soil water stress on maxi-
mum catalytic capacity of Rubico V,,,,, and 3) potential
electron transport rate J,.,,, -

The value V,, is the maximum catalytic capacity of
Rubisco at saturating levels of Ribulose bisphosphate
(RuBP) and intercellular partial pressure of CO,,
(mol m~2 s~*), which varies with leaf temperature and
soil water:
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TaBLE 1. Equations of the leaf photosynthesis and stomatal conductance model.

Equation Definition

Photosynthesis rate:

A, =A-R, Net assimilation (mol m-2 s°1) (19)
A = min(w,, w,, W.) Leaf assimilation rates (mol m—2 s) (20)
|
g
Ri—S 2 1 foc _ .
w, = H C + K (1 + O,K,) Rubisco (leaf enzyme) limited rate of assimilation (mol m=2 s1) (21)
WV, for C,
H] ¢ — I'*
P for C3
w, = 1 (¢, + 2r*) Light-limited rate of assimilation (mol m-2 s-1) (22
o, for C,
0.5V, for C,
Ws = Carbon compound export limitation (C, plants), or PEP-carboxylase (C,) (23)

2 X 10*V,c/p, for C,
Ry = faf:(Ty)
A, — g, model:

limitation on photosynthesis (mol m=2 s1)
Dark respiration rate, f,, is the dark respiration of leaf at 20°C (mol m=2 s1) (24)

g = m%hsp +b A semiempirical model for photosynthesis and stomatal conductance (25)

s

H,O and CO, exchanges with external environment:

E. g —e)=0e — &) H,0 flux (kg m2 s (26)
C.—GCG g C— G O
A, = — = - CO, fl mol m=2 st 27
T iy . flux ( ) (27)
where
g, = leaf stomatal conductance (mol m=2 s1);
g, = leaf boundary conductance (mol m=2 s-1);
m = empirical coefficient from observations;
b = empirical coefficient from observations (mol m-2 s-1);
p = atmospheric pressure at surface (Pa);
O, = partial pressure of O, in leaf interior (Pa);
hy = relative humidity at leaf surface;
e, &, € = partia pressure of H,O in canopy air space, at the leaf surface, and inside the leaf (saturated) (Pa), respectively;
C., C, C; = partia pressure of CO, in canopy air, at leaf surface, and interior leaf (Pa), respectively;
1.37, 1.6 = ratio of the diffusivities of H,O and CO, in the leaf boundary and stomatal pores, respectively.

TABLE 2. Biome physiological parameters.

Parameter Symbol Unit

Biome dependent

Maximum Rubisco capacity at top canopy at 25°C per leaf area V max mol m2s?t
Intrinsic quantum yield epsilon € mol mol—*
Stomatal slope factor m —
Minimum stomatal conductance b mol m2s?t
One-half point of high temperature inhibition function S, K
One-half point of low temperature inhibition function S, K
Coefficient of leaf nitrogen allocation within canopy K, —

Biome independent
CO, compensation point I'* = 0.50,/S Pa
Rubisco Michaels-Menten constant for CO, K, = 30 X 2.1%v Pa
Rubisco inhibition constant for oxygen K, = 30000 X 1.2% Pa
Rubisco specificity for CO, relative to oxygen S = 2600 X 0.57%» Pa
Q,, temperature coefficient Qo = (T, — 298.16)/10 —
Slope of high temperature inhibition function s, =03 K-t
Slope of low temperature inhibition function s, = 0.2 K-t
Slope of high temperature inhibition function (leaf respiration) ss = 1.3 K-t
One-half point of high temperature inhibition function (leaf respiration) Ss = 328.16 K
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Vm = Vmax fT(TI) fw(e)! (28)

where V,,, is the V,, in the presence of saturating soil
water and at temperature 25°C, and is assumed to be a
function of leaf nitrogen as over 20% of leaf nitrogen
is invested in Rubisco. The temperature dependence
f+(T,) of V,, are calculated as follows:

O 2.1Quw0

1+ et =) for C,V,,
f(T) =0
2.1% for C,V,
0{1 + e} /{1 + es«T}) OF &4 Vi
(29)
fo(T) = 21%/{1 + es(—=}, for R,V,.. (30)

Here, J is the electron transport rate for a given ab-
sorbed photon radiation I, and related to the minimum
of the potential maximum (light saturated) electron trans-
port rate 0.25J,.,, and the PAR absorbed by photosystem
Il, el.. Usualy, J is described by a nonrectangular hy-
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perbolic function: BJ? — (el + 0.25J, ) + 0.25¢l J..,
= 0 (Smith 1937; Farquhar and Wong 1984; Wang and
Polglase 1995) to smooth the transition. In SiB2 (Sellers
et al. 1992, 1996a), it was only related to the PAR ab-
sorption with no maximum limit. To permit J to be in-
tegrable analytically over the canopy leaf area, the sim-
pler relation is taken in this model, that is,

J = min(el,, J,/4). (31)

Here, |, refers to the PAR absorbed by the leaf
(mol m-2s-1) and ¢ is the quantum yield of electron
transport; J,, is potential electron transport rate
(mol m~2 s~1), which varies with leaf temperature
and soil water (Tezara et al. 1999),

Jn = T T (T) £,(6). (32)

The modifier, f,(6), is newly implemented to reduce
Ja @S done for V, ., when soil water islimiting (Wang
et al. 2001). The temperature dependence f(T,) of J,,
is adopted from de Pury and Farquhar (1997) as

(1) =

Here, H = 220 X 103 Jmol ~* as a curvature parameter
for J..; R = 8314 J mol-* K-, the universal gas
constant; S = 710 J K—* mol -*, the electron-transport
temperature response parameter; E, = 37 000 J mol 1,
the activation energy.

The effect of soil water stress on assimilation is as-
sumed given by

S L//max - d/j
Fu(0) = D) Fom, [ mee— Y1),
( ) 21: ’ <¢Imax - (//fc)

Here, n is the total number of soil layers, subscript j is
the number of soil layer. The value f ., ; is the root
fraction within soil layer j, 1., 1S the maximum value of
soil matrix potential before leaves wilt (—1.5 X 10° mm),
. isthe soil matrix potentia at filed capacity, thefactor
(Umax — W (P — ) ranges from O at the permanent
wilting point to 1 at field capacity.

(34)

2) SCALING UP FROM LEAF TO CANOPY

The Egs. (19)—(27) are applied to a single leaf with
known physiological, physical properties, and forcing
conditions. The next step is to integrate these equations
to describe the canopy photosynthesis [A,]; and stomata
conductance [g.];.

The maximum Rubisco capacity V,,, could be cor-
related with a measurement of leaf nitrogen concentra-
tion N,. A linear relationship between V., and N, is
commonly assumed (Field 1983; Leuning et al. 1991;

(1 + exp{(ST, — H)/(RT))})

, forJ,. (33)

Harley et al. 1992) with aresidual leaf nitrogen content
N, (a threshold value of leaf nitrogen content below
which there is no photosynthesis, when V., = 0), that
iS, Voux = Xo(N;, — N,), in which y, is the ratio of
Rubisco capacity to leaf nitrogen, could be used to relate
Ve (from leaf photosynthesis measurements) to mea-
surements of N,. The vertical profile of leaf nitrogen
has been modeled as decreasing exponentially with cu-
mulative relative leaf areaindex, x, from the top of the
canopy (Hirose and Werger 1987; Leuning et al. 1995;
de Pury and Farquhar 1997), that is, N,(X) = (N, — N,)
exp(—k,x) + N, where N, is the nominal leaf nitrogen
content at the top of the canopy, k, is the coefficient of
leaf nitrogen allocation. Hence, the Rubisco capacity
V..o 1S Qiven by

V. = (35)

where V.. is for leaves at the top of the canopy at
25°C, and chax = Xn(NO - Nb)

The potentia electron transport, J,,..., within the can-
opy was assumed to be proportional to exp(—k%,x)
(Wang and Polglase 1995; Wang and Leuning 1998),
that is, it decreases exponentially from the top to the
bottom of the canopy, that is,

chax exp(_ an),

i (36)

where K%, is the extinction coefficients for diffuse PAR;
J.max 1S fOr leaves at the top of the canopy at 25°C, the
relationship of V.., and J... has been widely inves-
tigated by Wohlfahrt et al. (1999) who found that afixed

= Jcmax eXp(_ kg,lx)v
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value of J_,./Verax = 2.1 could be applied to a wide
variety of leaves.

The equations for leaf-level photosynthesis and sto-
matal conductance can now be integrated over the depth
of the canopy to yield bulk canopy values of [A]; and
[9.]; for sunlit and shaded fractions of canopy individ-
ually. This is done by the following:

1) Common (canopy average or bulk) [c];, [cd];, [&d];
and leaf temperature [T,]; for sunlit/shaded leaves,
respectively, are assumed.

2) Equation (35) is inserted into (21), (23), and (24)
via (28); and (21), (23), and (24) are integrated over
the depth of the canopy for sunlit and shaded frac-
tions of canopy. Essentialy, these integrations are
only needed for the V., and photosynthetic capacity
of the sunlit and shaded |eaf-fractions of the canopy
are calculated as the integrals, respectively,

Lai
[Vmax]j:l = f Vmax(x) fSun(X) dX
0
=V 1 — e kntkolal ¥t
cmax{ e }kn + kb (3 a)
Lai
[Vmax]j:2 = f Vmax(x) fSha(X) dX
0
1
= — @ knkall —
chax ({ 1 € } kn
1
— — @ (kntkp)Lal
f1-e i kb)'
(37b)

3) Equation (36) is inserted into (22) via (31), and in-
tegrated over the depth of the canopy for sunlit and
shaded fractions of canopy. The integration for ab-
sorbed PAR was given by (13), and the integrations
for potential electron transport J,, over sunlit and
shaded leaf-fractions of the canopy are calculated as
the integrals, respectively,

Dned)s = f 7 3 Fan)

=] 1 — e Kaitkpla , 38
cmax{ e }kéil + kb ( a')
Lai
[‘]max]j:2 = f ‘]max(x) fSha(X) dX
0
1
=] 1 — e Kula)—
— {1 — e Kurtkolal .
{i-e i k,:}
(38b)
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4) For avoiding abrupt transition, the assimilation rate
terms are described by combining into two quadratic
equations, which are then solved for the smaller
roots:

Bcj [Wp112 - [Wp]j([wc]j + [We]j)

+ [weli[we]; = 0 (39)
BDS[A]JZ - [A]]([Wp]j + [Ws]j)

+ [wpli[wd; = 0. (40)

The canopy photosynthesis curvature factors 3, and
B, are assumed to be 0.877 and 0.99. The net as-
similations of leaves are

[Ad; = [Al — [Ry]; (41)
5) The integrals of Eq. (25) are written by
[0, = mh B @)

[cd; [el];
whereb* = bf ,(6) X leaf areaindex of sunlit/shaded
fraction of canopy. Equation (42) was converted to
aquadratic equation of [g,];, and solved for thelarger
roots.

The bulk canopy values of the partial pressures of
CO,([c]; and [c,];) and leaf surface relative humidity
[h]; = [e];/[&]; are linked to conditions in the canopy
air space through the canopy stomatal conductance[g.];,
the bulk canopy boundary layer conductance [g,];, the
net flux of CO, [A,]; [Eq. (27)], and the transpiration
[Eq. (26)], and are given by

[Cs]i =G~ 1'37[An]jps/[gb]jv
[c]; = [cd; — 16[A;p./lad;,

_ lgulile]; + [gdie,
(e =g, 7 0,

where [g,]; is the bulk leaf boundary conductance, [g];
is the canopy stomata conductance, [g]; is water vapor
pressure at interior leaf and taken as the saturated value
(temperature T, dependence only).

The unit of [g.]; was converted from mol m=2s* to
m s~* before used by equations (7a) and (7b):

[T], 1.013 x 10
273.16

(43)

(44)

1(ms?t) = 0.0224 (mol m=2s1)

S

(45)

The success of scaling up photosynthesis largely de-
pends on biochemical properties in one-layered canopy
models. The maximum Rubisco activity V,, was as-
sumed to be linearly related to the leaf nitrogen, and
that the nitrogen allocation was assumed to decline ex-
ponentially with cumulative L,,. The potential electron
transport J..., has been found to be closely correlated
with V., (Wullschleger 1993; Wohlfahrt et al. 1999;
Medlyn et al. 1999), and its vertical profile has also



15 JuNE 2004 DAI ET AL. 2289

f\ ZOO T T T T T T T T 200 T T T T T T T T

U) —3 —

T k" 05 ............. [JJ!\]AUL“A" 1 ' k" 1'0 _____________ [ﬁJ_rn]_suulit,_T
00 150 150 s
28
‘O B [Jm]snaded [‘Jm]shnded
SNy ; I ; e
ga ; -7 vV ; 7
02 100: z ~m L 100 F: . -

8 : 7 - : K4
Eo 3 J e 3 J
25 |/ Al [Volawa ]
é ﬁE 50 o ,/} // n 7
> o Voo Lsn

-8 g - — _[_ aded_

o i/ )

-/
>E 0 j// L 1 1 L. A T N B

O 2 4 6 8
Leaf—area index

10 0 2 4 6 8

10
Leaf—area index
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for sunlit/shaded fraction of canopy [Egs. (38)—(41)] at the coefficient of nitrogen allocation:

@ k, = 05, (b) k, = L.0.

been assumed to paralel to that of light (Wang and
Polglase 1995; Wang and Leuning 1998). Based on
these assumptions, the canopy valuesof [V, ] and [J,...]
can be obtained by integrating from leaf to canopy, that
is, Egs. (37) and (38). Figure 3 shows the unstressed
photosynthetic capacity of canopy, [V..J and [J..J,
over arange of leaf area index values. Here, [V, ] and
[J.] for sunlit leaves saturate at lower values of
L (~2) than that for shaded leaves (L, ~ 5). However,
[J..] depends strongly on the assumed value of k,,. Both
sunlit and shaded leaves have higher values of [V, ] a
the lower value of k, = 0.5. Thus, with a more rapid
decrease of leaf nitrogen concentration within the can-
opy, Rubisco activity is more likely to be limiting for
the same top leaves.

For the assumed parameters, Fig. 4 shows that the
shaded fraction of the canopy is always electron-trans-
port-limited (i.e., [w,],_, < [w,.],—,) and that the sunlit
leaves are usually Rubisco-limited (i.e, [w.];.; <
[we];—,), except when the incident PAR is lower than
150 W m-2,

Figure 5 shows the increase of assimilation in chang-
ing from very clear sky to totally diffuse radiation. The
rate of assimilation saturates at lower values of PAR
with a higher diffuse fraction. Hence, it has been sug-
gested that diffuse radiation alone enhanced noontime
photosynthesis of deciduous forests by 23% in 1992 and
8% in 1993 under cloudless conditions after the 1991
Mount Pinatubo eruption (Gu et al. 2003). Evidently, it
is important to be able to distinguish between the direct
and diffuse components. Although such data is usually
not available in observations, it is readily generated by
climate models.

3. Implementation with the common land model

The Common Land Model (CLM) has been devel-
oped for community use by a grass-roots collaboration
of scientists who have an interest in making a general
land model available for public use and further devel-
opment (Dai et al. 2003). Its major model characteristics
include: enough unevenly spaced layers to adequately
represent soil temperature and soil moisture, and a mul-
tilayer parameterization of snow processes; an explicit
treatment of the mass of liquid water and ice water and
their phase change within the snow and soil system; a
runoff parameterization following the Topography-
based Runoff Prediction Model (TOPMODEL) concept;
a canopy photosynthesis—conductance model that de-
scribes the simultaneous transfer of CO, and water va-
por into and out of vegetation; atiled treatment of sub-
grid fraction of energy and water balance. The CLM
has been extensively evaluated in offline mode and by
coupling runs with atmospheric models.

Its submodel of photosynthesis—stomatal conductance
of CLM was directly adopted from the NCAR LSM
(Bonan 1996), in which the[A, ] and [g,] were calculated
for the sunlit and shaded leaves using average absorbed
PAR partitioned to sunlit and shaded leaves, but in
which the calculation is applied a common energy bud-
get equation and a common leaf temperature for sunlit
and shaded leaves.

The original CLM code, has been modified to include
a two-stream approximation scheme (Sellers 1985) (see
appendix A) for a treatment of singularities. The sub-
routinefor leaf temperature was rewritten for anonlinear
system of energy budget equations by the quasi-New-
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FiG. 4. Canopy rates of Rubisco-limited [w,] and light-limited [w,]
as functions of incident PAR [Egs. (22)—(23) with Egs. (38)—(41)].
Values used in this calculation: 50% direct solar incident, 50% diffuse
solar incident, L,, = 4, leaf angle distribution is spherical, solar zenith
angle is 0°, and soil water stress f,(0) = 1, [T ],_, = [T|];-, = 25°C.
Other parameters used are: [¢,] = 24.5 Pa, ¢, = 35 Pa, O, = 20 900
Pa, ¢ = 0.08, k, = 0.5, V o = 100 wmol m-2 s,

ton—Raphson iteration method (see appendix C), the se-
guence of iteration calculations are listed as follows:

 aerodynamic resistance and bulk boundary layer re-
sistance of leaves, heat conductance for air, leaf and
ground,;

* photosynthesis and stomatal conductance for sunlit
fraction of canopy;

« photosynthesis and stomatal conductance for shaded
fraction of canopy;

* |eaf temperatures based on the energy balance equa-
tions;

« fluxes: CO,, transpiration, evaporation, and sensible
heat from leaves; and

» evaluation of stability-dependent variables using
Monin—Obukhov length for next iteration.

The iteration stops at a convergence criterion of the
energy budget residual and a small enough difference
of leaf temperature between two iteration steps [Egs.
(C4) and (C5)].
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g = 0.08, k, = 0.5, Vo = 100 umol m=2 s71,

4, Offline simulation with CLM

The runs were carried out for two forest sites using
the observed meteorological forcing. For each case, the
atmospheric forcing data for the first year are used for
model spinup with soil water initialized at full satura-
tion, both leaf and soil temperatures at the air temper-
ature, and both snow depth and snow age at zero. The
CLM were run with (i) two-big-leaf submodel (CLM
2L); (ii) one-big-leaf submodel (CLM 1L, appendix B);
and (iii) NCAR LSM (A, — g.) scheme (i.e., CLM),
respectively. The calculated CO, flux, sensible heat flux,
latent heat flux, canopy photosynthesis rate, canopy sto-
matal conductance, and the leaf temperatures were com-
pared with the observations.

a. Evergreen broadleaf forest (Reserva Jaru,
Roddonia, Brazl)

Theforcing datafor the year 1992—93 were taken from
the continued measurement by the automatic weather sta-
tion at the top of the tower (52 m) at an undisturbed
tropical rain forest at Reserva Jaru, Brazil (10.083°S,
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TaBLE 3. List of biome-dependent parameters used in the model for tropical evergreen broadleaf trees (TEBT) and northern old black
spruce (NOBS). The V,,,, for TEBT is from Lloyd et al. (1995); V.« ad ¢ for NOBS are from Dang et al. (1998) and Chen et al. (2000);
other biochemical parameters are from Sellers et al. (1996b). Here, L,, for TEBT is from Dai et a. (2003); for NOBS from Chen et al.
(1997). The values bracketed are canopy averaged [V,..] used by CLM.

Parameters TEBT NOBS Unit

Vi max 68 (29.3*) 35** (15) pumol m—2 st

€ 0.08 0.021 mol mol-*

m 9 9 —

b 0.01 0.01 mol m—2 st

S, 313 303 K

S, 288 278 K

K, 0.5 0.5 —

fq 0.7 — pmol m-2 st
Leaf area index (L,, m2 m—2)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

TEBT 4.48 4.09 3.74 3.68 3.68 3.68 3.68 3.68 3.68 3.85 4.36 4.60
NOBS 3.0 3.0 3.0 33 4.0 4.2 4.5 4.6 4.2 4.0 35 3.0

* The canopy averaged (V,,,) derived from the (V,,) = Vea {1 — exp(—k,L)}/(k,L,), the annual averaged L, was used (equal to 4.0).
** The V. derived from V., = (Vo) /({1 — exp(—k.L)}/k.L,), the annual averaged L, was used (equal to 3.7).

61.916°W). The measurements of the CO, flux, sensible
and latent heat fluxes arefor 8 days during the dry season
(September 1992) and for 48 days during wet season
(May—June 1993). An eddy covariance system mounted
15 m above the 30-m-tall forest was used to measure the
fluxes over an area of about 1 km? (Grace et al. 1995).
The same vegetation parameters are assumed for all three
runs, the biome-dependent parameters are listed in Table
3. The soil respiration was taken as a constant 0.22 umol
m-2s*in CLM 2L and CLM 1L runs.

Figures 6 and 7 show the averaged diurnal cycles of
CO, flux, sensible and latent heat fluxes (above the can-
opy), CO, assimilation rate, canopy stomatal conduc-
tance and leaf temperatures over the dry season (8 days,
September 1992) and the wet season (48 days, May—
June 1993), respectively, by models and measurements.
Positive value here for CO, flux indicates a net down-
ward flux into the canopy. The observed CO, flux above
the canopy shows net uptake during daylight and a
nighttime efflux. A feature of two periods was the large
spike of CO, leaving in the early morning. Photosyn-
thesis was maximal in the first part of the morning, well
before 1600 local time the canopy was typically in a
state of carbon balance; during the night, respiration was
1-20 umol m~2 s~*. Except for the feature of CO, efflux
in the early morning, CLM 1L and CLM 2L could re-
produce most features in the measured fluxes. As ex-
pected, CLM 1L predicted higher values of CO,, uptake,
stomatal conductance, and hence related latent heat flux
than did CLM 2L during the daytime. Bulk stomatal
conductance predicted by CLM 1L and CLM 2L ap-
proach the peak value in the early morning, falling as
the day progressed, which will match that obtained from
measured evapotranspiration rates (Grace et al. 1996).
Also as expected, CLM 2L predicted higher sunlit leaf
temperature [T,],_, than the shaded [T,];_,, the differ-
ence of the peak values are 3.4°C in the wet season and

4.3°C in the dry season. The leaf temperature by CLM
1L and by CLM are within the [T/];_, and [T,],_, and
very closeto [T,];_,. Compared with CLM 1L and CLM
2L, the CLM shows performances that are very similar
to that of CLM 1L.

All three runs failed to reproduce the observed spikes
of CO, efflux above the canopy in the early morning,
which were associated with the onset of turbulent con-
ditions that followed calm nights. Typically, the natural
ventilation of the canopy is poor at night, and respired
CO, accumulates near the ground to over 500 ppmv
(Grace et al. 1995). This disagreement might be from
either. 1) inappropriate formulation of the plant or soil
respiration; or 2) our neglect of storage or lateral trans-
port of the CO,, storage within the canopy or soil storage.
The turbulence model used in the CLM and the over-
lying atmosphere should be as appropriate for other sca-
lar transports as that of moisture.

There are not much differences in fluxes and temper-
atures between dry and wet season (Figs. 6 and 7) in both
the observed and the simulated. There is good evidence
to suggest that trees rely on deep roots in the dry seasons
(Nepstad et al. 1994; Zeng et a. 1998; Dai et a. 2003).

Table 4 presented the comparison of mean values of
fluxes and temperature over two full years by threeruns.
All numbers are as expected, that is, higher assimilation
and latent heat flux, lower sensible heat flux and skin
temperatures by CLM 1L compared to CLM.

b. Evergreen conifer forest (Thompson, Manitoba,
Canada)

The site is near the northern edge of the boreal forest,
in the zone of discontinuous permafrost (55.88°N,
98.48°W). Theforcing datafor 2-yr period of 18 January
1994-17 January 1996 were the average of two neigh-
bor sites of the BOREAS Northern Study Area, which
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FiG. 6. Averaged diurnal variations of (a) net CO, flux, (b) sensible heat flux, (c) latent heat flux, (d) photosynthesis, (€) stomatal conductance,
and (f) leaf temperatures over rainforest at Reserva Jaru in southwestern Amazonia during the dry season (7-14 Sep 1992) as observed and
predicted by CLM with the two-big-leaf submodel (CLM 2L), CLM with the single-big-leaf submodel (CLM 1L), and CLM with LSM/NCAR
scheme (CLM). Note that the CO, flux by CLM in (a) does not include the negative contribution from the respiration due to no calculation.

were quality checked by A. K. Betts. The eddy-corre-
lation fluxes for CO, and H,O were collected at a 30-
m-tall tower that extends well above the canopy height
of approximately 10-m-tall 120-year-old black spruce
(Goulden et al. 1997). The same vegetation parameters
are assumed for all three runs, the biome-dependent
parameters for al three runs are listed in Table 3. The
leaf and soil respirationsin CLM 2L and CLM 1L runs
are the fitted temperature-related equations from La-
vigne et al. (1997): R, = 0.26 exp{ 0.07(T, — 283.16)},
soil respiration: Ry, = 0.6 exp{0.119(T, — 273.16)}.
Figure 8 shows, as an example, the averaged diurnal
cyclesof CO, flux, sensible and | atent heat fluxes (above
the canopy), CO, assimilation rate, canopy stomatal
conductance, and leaf temperatures over a period with
the longest continuous recorded and high-quality ob-

servation (1 June-30 September 1994), by models and
measurements. CLM 1L and CLM 2L provided a con-
sistent performance as they did for the Amazon rain-
forest. CLM predicted lower assimilation rate and sto-
matal conductance, and hence, lower latent heat flux
(Fig. 8 and Table 5), which are not consistent with that
for the case of a tropical broadleaf forest. The under-
lying causes are unknown. But we quote the suspicion
of Farquhar et al. (2001), ‘‘thereis a need to introduce
penumbral effects, especially for coniferous species.”

5. Summary and discussion

Stomatal conductance exertsamajor control on canopy
transpiration. Its functioning is closely linked to the as-
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FiG. 7. Same as in Fig. 6, but for wet season (10 May—26 Jun 1993).

similation of carbon by leaves. Hence carbon assimilation
models are used to parameterize stomatal conductance
for climate models. The two-big-leaf model presented
here improves previous such modeling by Collatz et al.
(1991, 1992), Sellers et al. (1992, 1996a), Bonan (1996),
de Pury and Farquhar (1997), Dickinson et al. (1998),
and Dai et a. (2003) through the following:

1) separate treatments of sunlit and shaded |eaves;

2) separate calculation of radiation absorption for sunlit
and shaded leaves,

3) separate calculation of leaf temperatures, stomatal
conductance, and fluxes (water, CO,, and sensible
heat) for sunlit and shaded fractions of canopy;

4) inclusion of exponential profiles for distribution of
canopy photosynthetic capacity, and maximum po-
tential electron transport rate;

5) use of soil water limitation for both maximum rates
of RuBP carboxylation and electron transport;

6) separation of scaling up from leaf to canopy for sunlit
and shaded fractions separately; the parameters of
the canopy model have equivalent definitions and
rel ationships between the leaf and canopy scales; and

7) coupled solution of the energy balance equations for
sunlit and shaded leaf temperatures.

The functioning of these parameterizations has been
tested in two 2-yr offline simulations with CLM. The
simulations were reasonably successful in predicting the
diurnal variation in leaf temperatures, canopy conduc-
tance, and fluxes (energy, CO,, and water vapor). Con-
sequences of altering the distribution of leaf nitrogen
(Fig. 3), the density of incident of PAR (Fig. 4), and
the fractions of diffuse and direct-beam radiation (Fig.
5) on canopy photosynthesis were also explored. This
type of sensitivity analysis allows examination of the
relative importance of various parameters of the model,
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TaBLE 4. Comparison of fluxes and temperatures simulated by CLM 2L, CLM 1L, and CLM. Mean values are 2-yr averages from 1 Jan
1992 to 31 Dec 1993 at Amazon rainforest site.

Variable CLM 2L CLM 1L CLM Unit
Sensible heat flux 46.4507 36.8699 35.9084 W m-2
Latent heat flux 85.7762 98.0852 99.0203 W m-2
Net radiation 132.249 134.931 134.893 W m-2
Ground heat flux —0.015 26 —0.016 52 —0.03561 W m-2
Assimilation rate 6.111 74 8.421 85 7.708 71 pumol m2 st
Respiration 2.183 00 2.053 12 0.0 umol m-2 st
Skin temperature 299.081 298.738 299.042 K
Leaf temperature 300.079%/298.688* * 298.761 299.058 K

* Leaf temperature of sunlit fraction of canopy.
** | eaf temperature of shaded fraction of canopy.

Boreal Evergreen Conifer Forest (Jun.1—Sept.30, 1994)
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Fic. 8. Same as in Fig. 6 except over old black spruce at BOREAS/NOBS research site (1 Jun—30 Sep 1994). Also, the model averages
are based on the time step values that are sampled only for the time step in which observation were taken.
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TaBLE 5. Comparison of fluxes and temperatures simulated by CLM 2L, CLM 1L, and CLM. Mean values are 2-yr averages from 18 Jan
1994 to 17 Jan 1996 at an old black spruce site of BOREAS/NOBS research.

Variable CLM 2L CLM 1L CLM Unit
Sensible heat flux 42.9223 43.1598 46.6155 W m-2
Latent heat flux 22.0164 22.3806 18.3768 W m—2
Net radiation 66.2251 66.8210 66.3250 W m-2
Ground heat flux 1.297 13 1.296 97 1.33334 W m—2
Assimilation rate 0.954 117 1.128 56 0.786 453 pmol m—2s-t
Respiration 0.606 891 0.565 736 0.0 pmol m-2 st
Skin temperature 269.466 269.346 269.455 K
Leaf temperature 271.201*/269.025** 269.335 269.436 K

* Leaf temperature of sunlit fraction of canopy.
** | eaf temperature of shaded fraction of canopy.

and hence, provides insight into the behavior of real
plant canopies.

CLM 1L, which does not account for the difference
in the radiation absorption and the difference of leaf
temperature between sunlit leaves and shaded leaves,
was found to give higher canopy fluxes (CO, and water
vapor) than the CLM 2L. Vertical variation in leaf area
index, fraction of diffuse beam radiation, and the leaf
nitrogen content, preclude an accurate treatment of can-
opy photosynthesis with the one-leaf model (de Pury
and Farquhar 1997). The two-big-leaf model presented
here allows within-canopy profiles of the important |eaf
properties for carbon assimilation, and hence gives an
accurate biochemically based model of photosynthesis.

CLM, which does not account for the difference of
leaf temperature between sunlit leaves and shaded
leaves, the varying of photosynthetic capacity with leaf
areaindex L,,, and the N distribution with canopy depth,
was found to overestimate canopy fluxes (CO, and water
vapor) for atropical rainforest and underestimate them
for the boreal conifer forest. CLM did use afixed value
of V., a 25°C (i.e, include the nitrogen limitation in
V,.x,» and does not allow the changes with L,,), the V,
fitted at L,, = 4 was 20% smaller than that at L,, = 2
and even smaller at higher leaf area indices (at k, =
0.5). For the plant with constant L,, and uniform N
distribution with canopy depth, the errors may be less
important. However, it may be significant when L,, is
varying, such as in models that predict the response of
vegetation to climate change.

Important aspects of canopy modeling not addressed
here are: dependence of V.., on Rubisco, hence nitrogen
cycling (Dickinson et al. 2002); plant and soil respi-
ration; canopy turbulent transport of mass and en-

ergy.
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APPENDIX A

The Supplementaries to Two-Stream
Approximation Radiative Transfer
Model of Sellers (1985)

Radiative transfer within vegetation canopies is cal-
culated from the two-stream approximation of Dickin-
son (1983) and Sellers (1985). The equations are as
follows:

“ESH (1- (- Bl - ol

= Wik, (K (A
A (1= (- A}l — oBl’

= WEK( ~ Bo) oK), (n2)

where, |7, 1+ are the upward and downward diffuse ra-
diative fluxes, respectively, normalized by the incident
flux; u isthe cosine of the zenith angle of incident beam;
G(u) isthe projected area of phytoelementsin direction
w; w is the average inverse diffuse optical depth per
unit leaf area; K is the optical depth of the direct beam
per unit leaf area, and K = G(u)/u; B, B, are the up-
scatter parameters for diffuse and direct beams; w isthe
scattering coefficient of phytoelements;
The projected area in direction w is given by

G(n) = ¢ + dop, (A3)

where, ¢, = 0.5 — 0.633y — 0.33x2, ¢, = 0.877(1 —
2¢,), and y isan empirical parameter related to the leaf
angle distribution. The average inverse diffuse optical
depth per unit leaf areais
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This integral is based on the assumptions: ¢, # 0 and
¢, # 0. Actualy, ¢, or ¢, could be zero, the integral
(A4a) does not work for these cases. We provide sup-
plementary solutions as follows:

= 10877, if ¢, =0 (Adb)
= UQ2gpy), if¢p,=0. (Adc)

The analytic solutions of equations (A1) and (A2)
provided by Sellers (1985) are strictly at o # 0. We
provide the solution for the singularity at o = O,

I 1

h 1
hye < + hjelx — E—l<x + —) e Kx (A5)

7T K
|* = hie®x + hexx

1 1 h 1
+ == + p,— - —Kx,
c{ K Ez(p3x P, 2K> d} e (A6)

The coefficients are given by

b={1-Q1- B}
C= wp

d = oprKp,

f = 0Kl - B)
h= é‘\/b2 - c?

[

o= K2 — (b2 — c?)
h, = —dp, — cf

h,= —fp, — cd

p, = b + &h

p, = b — xh

p; = b+ 1K

P, = b —uK

S = exp(—hLy)

S, = exp(—KL,)
m, = (1 - ag,difpl/c)a

m, = (1 - ag.dipr/C)/Sl

h 1
m, = ﬁ_l2<LAI + R)Sz

1 1h 1
+ ag,difg{_iﬂ_lz(psl—/u + p4i> - d}sz

+ ag,dirsz
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1 h
n3=mﬂ—12p4+d

h, = (myp, — myn,)/(M,p, — m,p,)

h; = (myp, — myny)/(Mp, — Myp,)
h, = h,p/c
hs = hip,/c.

APPENDIX B

One-Big-L eaf Model

The leaf temperatures are determined by the canopy
energy budget equations:

il
c oot

C = O = [Is] + [Iir] - [HC] - L[EC] (Bl)
Here, [ ] denotes the integration canopy, that is, {y* [ ]
dx, the sensible heat flux H, and LE, latent heat flux

from foliages to canopy air are given, respectively,
[TI] — Taf

[Hc] = pCpLAIT (BZ)
1
L[E] = L{P(l - fwa)81LA|rbTr
+ pfual(la + SAI)%}
X {da([T]) — as}- (B3)

Here, r isthe averaged |eaf stomatal resistancefor sunlit
and shaded. The radiation absorbed by leaves of the
canopy are given by,

1] = fLA'{I.w (oo + 10} & (B4)

[l] = &« — 20[T]* + oTY). (BS)

The CO, flux budget within canopy can be described
by the CO, concentration conservation equation:

ac,

CCOZE

=0=-F. - [A]+R,+R,. (B
The scheme of [A, — g.] is similar to the two-big-leaf
submodel, but the integrations of Egs. (19)—27) over
canopy are for single big-leaf. The canopy values of

V. and J..., are given by

Vi = fLAI Voo (X) dX = Vw1 — e*knLA.)ki (B7)

n

Lai 1
e = f () OX = Joma (1 = €7*0tn), = (BE)
0

d,1
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whose components are the individual equations to be
satisfied simultaneously, that is,

Fl([TI]j:1! [T|]j:2) =0

Fz([Tl]jzla [Tl]j:Z) =0. (Cl)

The equations of leaf temperatures [Eq. (5)] can be The numerical solutions are given by quasi-Newton—
written as a two-dimensional vector-valued function

Raphson method as follows:

FroF,/o[T],—, —

F2oF,/0[T ;-

[5T|]j:1 =

[8Tl]j=2 =

O[T (OFIO[T] ) — (OFa[T] —)aF-lo[T],
FroF,/o[T],., — F30F,/0[T];-,

where the superscript n denotes the number of the it-
eration step, 6, here, is the difference in iteration step
n + 1 and n. The convergent criterions for iteration are

o> >

C., Cs, C

IFIl = VF2 + F2 < 01, and (C3)
IX|| = V[8T]Z, + [6T]2, < 0.01. (C4

APPENDIX D
List of Symbols Used in Paper

Leaf assimilation rates (mol m=—2 s—1)

Net leaf assimilation (mol m=2 s-%)
Minimum stomatal conductance

(mol m-2s71)

Partial pressure of CO, in canopy air, at the
leaf surface and interior leaf, respectively
(pa)

Partial pressure of CO, in atmosphere ref-
erence height (pa)

Specific heat of air (Jkg=* K1)

Flux of water from canopy air

Partial pressure of H,O in canopy air space,
at the leaf surface and inside the leaf, re-
spectively (pa)

Water vapor flux (including transpiration
and interception loss) from leaves to canopy
air (kgm—2s71)

Water vapor flux from the ground
Transpiration (kg m-2 s71)

Leaf respiration factor

CO, flux from canopy to atmosphere

Root fraction within soil layer

Fraction of shaded leaves of the canopy
Fraction of shaded leaves at canopy depth
Fraction of sunlit leaves of the canopy
Fraction of sunlit leaves at canopy depth x
Temperature dependence of V,, or J, .

Soil moisture dependence of V,, or J,..

ORJO[T] (O[T ) — (FWIT],0)aF,oT] '

(C2)

Fuvec

Oa

9
Os
g
Os
G(w)

Iéiir

I(Tiir

Fraction of wetted leaves of the canopy
Aerodynamic conductance of water vapor
between reference height and canopy air
space

Canopy stomatal conductance

Bulk canopy boundary layer conductance
Leaf boundary conductance (mol m—2 s-1)
Leaf stomatal conductance (mol m—2 s—1)
Projected area of phytoelementsin direction
of the sun

Sensible heat flux from canopy to atmo-
sphere (W m~—2)

Sensible heat flux from foliages to canopy
ar (W m-2)

Sensible heat flux from the ground (W m~2)
Relative humidity at leaf surface

Incident direct beam (W m~2)

Incident diffuse beam (W m~—2)

Downward diffuse fluxes of diffuse incident
solar multiscattered by leaves and ground,
normalized by the incident diffuse solar flux
Upward diffuse fluxes of diffuseincident so-
lar multiscattered by leaves and ground, nor-
malized by the incident diffuse solar flux
Downward diffuse fluxes of the direct in-
cident solar scattered by leaves and ground
normalized by the incident direct solar flux
Upward diffuse fluxes of the direct incident
solar scattered by leaves and ground, nor-
malized by the incident direct solar flux
Net absorbed thermal radiation for sunlit
leaves (W m~2)

Absorbed direct incident beam—uwithout
scattering (W m-2)

Absorbed diffusion radiation scattered by
leaves for direct incident beam (W m~2)
Absorbed diffuse incident beam (W m~2)
Net solar radiation absorbed by sunlit/shad-
ed fraction of canopy (W m~2)

Potential electron transport (mol m-2 s—1)
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cmax
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Electron transport rate (mol m=—2 s—1)
Leaves at the top of the canopy at 25°C
(mol m-2s71%)

Maximum (light-saturated) electron trans-
port rate (mol m-2 s1)

Direct-beam solar extinction coefficient of
canopy

Rubisco Michaels-Menten constant for CO,
(pa)

Extinction coefficients for diffuse PAR
Coefficient of leaf nitrogen allocation within
canopy

Rubisco inhibition constant for oxygen (pa)
Incident thermal infrared radiation

(mol m-2s71%)

Leaf area index (m? m-2)

Leaf areaindex of shaded fraction of canopy
(m?m-2)

Leaf areaindex of sunlit fraction of canopy
(m?m=2)

Stomatal slope factor

Leaf nitrogen

Nominal leaf nitrogen content at the top of
the canopy

Leaf nitrogen concentration

A residual leaf nitrogen content (athreshold
value of leaf nitrogen content below which
there is no photosynthesis) when V,,,, = 0
Partial pressure of O, in leaf interior (pa)
Atmospheric pressure at surface (pa)

Q,, temperature coefficient

Specific humidity of canopy space air

(kg kg™

Saturated specific humidity (kg kg=*) at
temperature T,

Universal gas constant, 8.314 J mol ~* K-t
Leaf boundary layer resistance (s m~1)
Dark respiration rate (mol m=2 s1)
Nonleaf plant respiration (mol m-2 s-1)
Leaf stomatal resistance (s m—1)

CO, flux from soil surface to canopy air
Rubisco specificity for CO, relative to ox-
ygen (pa)

Slope of high temperature inhibition func-
tion (K-%)

One-half point of high temperature inhibi-
tion function (K)

Slope of low temperature inhibition function
(K1)

One-half point of low temperatureinhibition
function (K)

Slope of high temperature inhibition func-
tion (leaf respiration) (K1)

One-half point of high temperature inhibi-
tion function (leaf respiration) (K)

Dead leaf or stem area index

Temperature of canopy space air (K)
Ground temperature (K)

VoLumE 17
T, Leaf temperatures
V imax Maximum rubisco capacity at top canopy at
25°C per leaf area (mol m—2 s—1)
V., Maximum catalytic capacity of Rubisco at

saturating levels of Ribulose bisphosphate
(RuBP) and intercellular partial pressure of
CO,, (mol m—2s71)

Vax Maximum rate of carboxylation

A Rubisco (leaf enzyme) limited rate of assim-
ilation (mol m=2 s1)

W, Light-limited rate of assimilation
(mol m-2s71)

W, Carbon compound export limitation (C,

plants), or PEP-carboxylase (C,) limitation
on photosynthesis (mol m-2 s—1)
m Cosine of solar zenith angle
p Density of air (kg m=3)
0 Solar zenith angle, soil volumetric content
o Stefan—Boltzmann constant (W m—2 K—4)
X Empirical parameter related to the leaf angle

distribution
€ Intrinsic quantum yield epsilon (mol mol ~*)
= CO, compensation point (pa)
8., 6, Step functions for sunlit and shaded leaves
6, Fraction of longwave absorbed by canopy
e Soil matrix potential at filled capacity (mm)
1/ Soil matrix potential before leaf desiccation
(mm)
Xn Ratio of Rubisco capacity to leaf nitrogen
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