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Abstract. Modeling vegetation photosynthesis is essen-
tial for understanding carbon exchanges between terrestrial
ecosystems and the atmosphere. The radiative transfer pro-
cess within plant canopies is one of the key drivers that
regulate canopy photosynthesis. Most vegetation cover con-
sists of discrete plant crowns, of which the physical obser-
vation departs from the underlying assumption of a homoge-
nous and uniform medium in classic radiative transfer the-
ory. Here we advance the Geometric Optical Radiative Trans-
fer (GORT) model to simulate photosynthesis activities for
discontinuous plant canopies. We separate radiation absorp-
tion into two components that are absorbed by sunlit and
shaded leaves, and derive analytical solutions by integrat-
ing over the canopy layer. To model leaf-level and canopy-
level photosynthesis, leaf light absorption is then linked to
the biochemical process of gas diffusion through leaf stom-
ata. The canopy gap probability derived from GORT differs
from classic radiative transfer theory, especially when the
leaf area index is high, due to leaf clumping effects. Tree
characteristics such as tree density, crown shape, and canopy
length affect leaf clumping and regulate radiation intercep-
tion. Modeled gross primary production (GPP) for two de-
ciduous forest stands could explain more than 80 % of the
variance of flux tower measurements at both near hourly and
daily timescales. We demonstrate that ambient CO, concen-
trations influence daytime vegetation photosynthesis, which
needs to be considered in biogeochemical models. The pro-
posed model is complementary to classic radiative transfer
theory and shows promise in modeling the radiative trans-

fer process and photosynthetic activities over discontinuous
forest canopies.

1 Introduction

Terrestrial plants assimilate atmospheric carbon dioxide
through photosynthesis (Keenan et al., 2013; Myneni et al.,
1997). The climate system, in turn, affects vegetation devel-
opment and photosynthetic activities (Broich et al., 2014; Xia
et al., 2014; Yi et al., 2010). Photosynthesis, accompanied
by exchanges of heat, water vapor, and trace gases within
the planetary boundary layer, modifies microclimates and lo-
cal environments and determines ecosystem functions and
services (Peng et al., 2014; Xu et al., 2013). The complex
biosphere/atmosphere feedbacks are dynamic and interactive
(Bonan, 2008; Heimann and Reichstein, 2008), such that ro-
bust numerical models that simulate vegetation photosynthe-
sis are required in terrestrial ecosystem models to understand
the global carbon cycle (Cramer et al., 2001; Kucharik et al.,
2006).

Vegetation photosynthesis activity is regulated by envi-
ronmental factors, and the light environment within plant
canopies is one of the key drivers (Law et al., 2002; Pearcy
and Sims, 1994). Biophysical models such as production
efficiency models assume linear relationships between ab-
sorbed photosynthetically active radiation (APAR) and vege-
tation primary production (Field et al., 1995; Monteith, 1977;
Potter et al., 1993; Prince and Goward, 1995; Running et
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al., 2000). Because vegetation photosynthesis harvests so-
lar radiation by green chlorophyll, recent studies have at-
tempted to quantify the fractions of APAR that are absorbed
by green chlorophyll (Zhang et al., 2005, 2014). Physio-
logically, plants assimilate carbon dioxide via the biochem-
ical diffusion processes through stomata, numerous small
pores on the leaf surfaces (Collatz et al., 1991; Farquhar and
Sharkey, 1982). Stomata can open and close in response to
microenvironments, thereby regulating plant carbon uptake
(Bonan, 2002). Field physiological studies have accumulated
detailed information on the behavior of stomata under cer-
tain environmental conditions (Schulze et al., 1994), in which
sunlight irradiance plays a vital role (Ball et al., 1987). In
this domain, linking the physical process of radiative trans-
fer within plant canopies with the biochemical process of gas
diffusion through leaf stomata is essential for accurate repre-
sentation of vegetation photosynthesis.

Radiative transfer within a plant canopy is determined
by many factors such as the partition of incoming solar ra-
diation, solar illumination geometry, terrain slope and as-
pects, canopy structure, leaf angle distribution, and leaf and
substrate spectral properties (Baldocchi et al., 1985; Fan
et al., 2014; Schaaf et al., 1994). Classic radiative transfer
theory assumes that plant leaves are randomly distributed
in three-dimensional space within a homogeneous canopy
layer (Goudriaan, 1977; Myneni et al., 1990). The canopy
radiative transfer process can be simply characterized by
leaf area index (LAI) and leaf angle distribution (LAD).
Three-dimensional, multi-layer, and two-leaf radiative trans-
fer models have been developed to simulate leaf absorp-
tion of solar irradiance and canopy photosynthesis (Myneni,
1991; Pury and Farquhar, 1997; Ryu et al., 2011; Sellers,
1985). Although classic radiative transfer theory holds well
for dense vegetation canopies, most vegetation canopies, es-
pecially arboreal canopies, consist of discrete crowns in re-
ality (YYuan et al., 2013). Leaves are clumped within individ-
ual crowns, such that more sunlight penetrates to understory
layers and the ground surfaces (He et al., 2012; Ni-Meister
et al., 2010). Tree crowns also cast shadows on one another
and on the background, resulting in self-shadowing effects as
described by the geometric-optical theory (Li and Strahler,
1992). Given natural differences in the radiative transfer pro-
cess between homogenous and discontinuous plant canopies,
it is important to understand and account for the influence of
crown shape and tree structure on canopy radiation absorp-
tion and vegetation photosynthesis.

To address the radiative transfer process in discontinuous
canopies, the Geometric Optical Radiative Transfer (GORT)
model conceptually combines geometric optical principles
for canopy structure and radiative transfer theory for vol-
umetric scattering within canopy crowns (Li et al., 1995).
The geometric optical method is used to characterize the pro-
cess by which sunlight passes directly to the ground surface
without reaching any canopy crowns. The radiative transfer
principle is applied to model the probability of light pen-
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etration as it travels through crowns in the canopy. GORT
has been used to model the physical aspects of discontinu-
ous plant canopies such as gap fraction, radiation transmis-
sion, and bi-directional reflectance (Ni et al., 1997, 1999;
Xin et al., 2012), and has been validated under a variety
of environmental conditions (Liu et al., 2008). Recent ef-
forts have been made to develop and evaluate a simplified
GORT model for the use in coupled global dynamic terres-
trial ecosystem models (Ni-Meister et al., 2010; Yang et al.,
2010). Despite these successful applications, the current ver-
sion of the GORT model does not have analytical solutions
for radiation absorption by sunlit and shaded leaves, though
previous studies have tried to solve the process of multi-
ple scattering between canopy and background in an itera-
tive manner (Song et al., 2009). However, sunlit and shaded
leaves must be treated separately in photosynthesis modeling
because flux densities of photosynthetically active radiation
(PAR) incident on leaf surfaces are different (He et al., 2013).
It is also necessary to integrate vertically over the canopy to
derive mean PAR absorbed by sunlit and shaded leaves be-
cause of the non-linear light attenuation within the canopy
and the non-linear dependence of leaf stomatal conductance
on light absorption (Campbell and Norman, 1998).

The objectives of this study are to (1) advance the GORT
model by providing analytical solutions to the radiation ab-
sorption of sunlit and shaded leaves and (2) link the radiative
transfer process to biochemical processes to simulate leaf and
canopy photosynthesis. We first describe the principles of our
model and then perform model validation with eddy covari-
ance data from two flux towers situated in the New England
region of the United States.

2 Theoretical basis

2.1 Brief description of canopy gap probability
modeled using GORT

Gap probability, the probability of photons reaching a given
canopy depth without being intercepted by canopy elements,
is key to characterizing the radiation distribution within plant
canopies. A detailed description for modeling the gap prob-
ability with GORT is described in previous studies (Li et al.,
1995; Ni et al., 1999); we summarize it briefly here because
the concept of gap probability is necessary for understanding
our subsequent work.

For homogeneous canopies, Beer’s law describes the
gap probability of sunlight penetration. For discontinuous
plant canopies, leaves are clumped within individual canopy
crowns, forming an uneven distribution of gap probabilities
for beam radiation. GORT models tree crowns as a collec-
tion of ellipsoids (Fig. 1), of which the centers are randomly
distributed between the upper and lower boundaries of the
canopy layer (k1 and hy). Each ellipsoid, or each canopy
crown, is characterized by one-half of the vertical crown
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Figure 1. A scheme of the canopy structure in the Geometric Opti-
cal Radiative Transfer model as modified from Ni (1998).

length (») and a horizontal crown radius (R). The total gap
probability is modeled separately as the proportion of sun-
light passing through the canopy layer without reaching any
crown (hereafter referred to as between-crown gaps) and the
proportion of sunlight passing through crowns without being
intercepted by canopy leaves (hereafter referred to as within-
crown gaps), such that

Pgap (h,0) = Pgap (n =0lh, 6) + Pgap (n > Olh, 6;), (1)

where Pgap (h,6;) is the gap probability for beam ra-
diation at height 4 given an illumination zenith an-
gle 6, Pgap(n=0lh,6) is the between-crown gap, and
Pgap (n > Olh, 6) is the within-crown gap.

The between-crown gap is modeled based on Boolean the-
ory as an exponential function of crown numbers within a
geometric volume that contains no crown centers:

Pgap (1 = 0|h, ) = e ™7, )

where Ay is the tree density, and Vr is the beam projected
cylinder volume with a radius R starting from the canopy top
and extending to height 4.

Assuming that leaves are randomly distributed within each
individual crown, the within-crown gap is modeled based
on Beer’s law as light penetration along the traveling path
length, such that

o
Pgap (n > 0|h, 6;) = / P(slh, G)e~ " ds, (3)
0

where t (6j, @) = kp, (65, o) - FAVD, FAVD is the foliage area
volume density within a single crown, and k&, (6;, «) is the
extinction coefficient for beam radiation given a specific so-
lar illumination angle 6; and leaf distribution angle «. For
a spherical leaf angle distribution, k, = %&) P(s|h,6) is
the probability distribution function associated with within-

crown path length s.
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The probability distribution of within-crown paths length
can be solved in a convolutional manner:

hzn:oo
Plney = [ S Pz hePuizh otz @
A n=1

where P(s|n,z, h,6;) is the probability distribution of
within-crown path length given that a solar ray enters the
crown at height # and angle 6;, and P (n|z, k, 6;) is the prob-
ability distribution of the numbers of crowns intercepted by
the solar ray incident at angle 6;, entering crowns at height z,
and then traveling to height A.

Diffuse radiation (i.e., the hemispherically isotropic radi-
ation) can be treated as beam radiation from all directions
in the upper hemisphere. The “openness” of discontinuous
plant canopies to diffuse radiation on a horizontal plane is
defined as

Kopen (h) = Kopen (n = 0]h) + Kopen (n > 0|h), %)
1 2 %
Kopen (I’l = Olh) = ;// Pgap (}’l = Oll’l,9|)S|n(0|)cos(9|)d0|d¢
00

=2 | Pgap (n = 01k, ) sin(6;) cos(6;)da;, (6)

O\N‘:‘

g
2t 7

1 .
Kopen (n > 0|h) = ;// Pgap (n > 0|k, 6;) sin(6;) cos(6;)d6;de
00

=2 | Pgap (n > O]k, 6;)sin(6;) cos(6;)de;, )

O\Nm

where Kopen (n = 0|h) and Kopen (n > 0|h) are between-
crown and within-crown openness factors, respectively. 6; is
the solar illumination angle, and ¢ is the azimuth angle.

2.2 Sunlit and shaded leaf area index

The gap probability describes the probability of beam radia-
tion being intercepted by plant leaves and hence determines
the proportion of leaf areas that are sunlit. For a very thin
layer, the reduction of total gap probability is due to leaf in-
terception, the process of which still follows Beer’s law:

where kp is the canopy extinction coefficient for beam irra-
diance, SLAI (k) is the leaf area index within a thin layer 64
at height i, and Pgap (1, 65) is the gap probability modeled
using GORT.
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In the limit, as 82 becomes infinitely small, we have

exp (—kpSLAI (h)) = 1 — kpSLAI (h), (9)
Pgap (h—6h,0) = Pgap (h,ei)—Péap (h,6i)dh, (10)
where Péap (h,6) is the first derivative of gap probability

Pgap (1, 6;) with respect to height 7.
Combining Egs. (5), (9), and (10), we obtain

P (h,6)

“9 "V Sk = kySLAI (h). (11)
Pgap (h, i)

For diffuse radiation, it can be derived in a similar manner:
K {oen (h)

PN "5k = kgSLAI (h), (12)
Kopen (h)

where kq is the extinction coefficient for diffuse irradiance,
and Kgpen (h) is the first derivative of the openness factor
Kopen (1) with respect to height .

The sunlit LAI at height £ is the product of the probability
of beam sunlight penetration to height z and the probability
of sunlight being intercepted by the thin layer and divided by
the ratio of leaf area projected on a horizontal surface (Camp-
bell and Norman, 1998), such that

Pgap (h,6;) [1 — exp (—kpSLAI (1)) ]

SLAIlsyn (h,6;) = i

. (13

where SLAIlgyn (A, 6;) is the sunlit leaf area index within a
thin layer 84 at height 4.
Substituting Egs. (9) and (6) into Eq. (8), we obtain
Péap (hs i) sSh
kp
Sunlit LAI for the entire canopy at zenith angle 6 is then ob-

tained by integrating from the canopy top to canopy bottom,
such that

SLAIlsun (6) = (14)

22

LAlsyn (6) = /

<1

Péap (hv'gi)th 1—Pgap (h=21|9i)’ (15)
kp kp
where Pgap (h = z216i) and Pgap (h = z116;) are the gap prob-
abilities at the canopy top z» and canopy bottom z1 , respec-
tively, whereas the gap probability at the canopy top is 1.

It is worth noting that our calculation of sunlit leaf area for
discontinuous canopies is analogous to that for homogeneous
canopies, which is given as

LAI
/ exp(—kp - L)dL =
0

1 —exp (—kp - LAI)

SR )

LAIL,, (6) =

where LAIS ,(6) is the sunlit leaf area for homogeneous
canopies.

The shaded LAI is simply the remainder of the canopy
LAI:

LAlghg = LAl — LAlsgn. 17)
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2.3 Analytical solutions for the scattering parameters
of discontinuous canopies

Canopy scattering parameters such as directional-
hemispherical reflectance and hemispherical-hemispherical
reflectance (or black-sky albedo and white-sky albedo,
respectively) can be obtained by resolving the radiative
transfer process or can be approximated using simple analyt-
ical solutions. For semi-infinite horizontally homogeneous
media, Hapke’s solutions of the proportion of uninter-
cepted direct beam (7p(h, 6;)), hemispherical-hemispherical
reflectance (Rg°), directional-hemispherical reflectance
(Rgf), hemispherical-hemispherical transmittance (7°),
and directional-hemispherical transmittance (7,3°) are given
as (Hapke, 1981)

_I(Hi)h
no(h,6)=e Hi | (18)
1-y
R = —~, 19
=14y (19)
1—y
R¥(6) = ————, 20
df( I) 1+2,bL|)/ ( )
TP (h) = e 2™, (21)
o 1+2u;
T, 6) = =———— [T (h) —to(h, 6], 22
daf (h, 00) 21—(2Mi7/)2[ i (h) —to(h,0i)] (22)

where o is the single scattering albedo, t = k(ei)% is the
projected foliage area volume density for the plant canopy,
L, is the effective leaf area index, H is the depth of the
canopy, 6; is the solar illumination angle, i = cos(6;) and
y=+1l-0.

Starting with surface energy balances, Ni (1998) derived
the scattering parameters for a horizontally homogeneous
canopy layer with finite thickness as

h) =T (h L— (RfF)? 23
1 — (T&° (h))?
pe(h) = R (h) Ty () (24)

1— (TP MRP)?
taf (h, 6i) = Tg” (h, 6i) — pre (M) [to(h, 6i) Rgf (6i) (25)
+ Tt (h, 6i) R,

pdt (h, 6) = R (h) — tsg(W)[t0(h, 6) Rgg (61)

+ T5F (h, 6) R, (26)

where (h), ps(h), tg5(h,0), and pgf(h,0) are
hemispherical-hemispherical transmittance, hemispherical—
hemispherical reflectance,  directional-hemispherical
transmittance, and directional-hemispherical reflectance,
respectively.

The scattering parameters for a discontinuous canopy can
then be approximated as combinations of a homogeneous
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vegetation layer and a non-vegetated layer:

tf¢ (h) = t1¢ (h) (1 — Kopen (n = 0lh)) + Kopen (n = 0[h),

(27)
101{-f (h) = pir (h) (1 — Kopen (n = 0|h)) ) (28)
thi (h, 6)) = tas (h, 6;) (1 — Pgap(n = 01, 6;)) + Pgap(n =01h,6),  (29)
pgt (h, 01) = par(h, 6;) (1 — Pgap(n = 0lh,6)), (30)

where ' (h), pe' (h), taf (h,6), and pgf (h,0;) are
hemispherical-hemispherical transmittance, hemispherical—
hemispherical reflectance, directional-hemispherical
transmittance, and directional-hemispherical reflectance, re-
spectively. Note that our equations here are slightly different
from those used by Ni et al. (1999) because between-crown
gaps, within which light attenuation obeys Beer’s law, are
considered in the homogeneous vegetation layer.

The analytical approximation of the canopy reflectance
for beam and diffuse radiation is the sum of three fac-
tors in radiative transfer: the incoming irradiance scat-
tered by the canopy elements, the first-order scattered ra-
diation from soil background, and the irradiance scat-
tered back and forth between the canopy layer and back-
ground surface (Ni et al., 1999). Taking beam radiation
as an example and assuming that the background sur-
face is Lambertian, the incoming irradiance scattered by
the canopy elements is pqf’, the first-order scattered ra-
diance from soil background is fgf pstse’, and the multi-
ple scattering between the canopy elements and soil back-
ground is taf’ (pspr’ ps + ps(pi ps)? + ps (i ps)® + -+ .
The canopy reflectance for beam irradiance can then be writ-
ten as

Peb = P + Lt (ps + pspieps + ps(ofs) + ps(pfeps)® + - ) i
/ I Ps /
= Paf T 1ot I (31)
— PsPss
The canopy reflectance for diffuse irradiance can be obtained
similarly as
Ps

Ped = pis + fﬁl_—

te. (32)
pspi |

2.4 Mean photosynthetically active radiation absorbed
by sunlit and shaded leaves

Let Iy be the flux density of incoming solar radiation on a
horizontal plane at the top of the canopy and f; be the frac-
tion of incident beam radiation, the unintercepted beam and
diffuse fluxes are then

Iy (h,6;) = Pgap (h, 0i) (1 — peb) foIok, (33)
Iy (h) = Kopen (h) (L — pcd) (1 = fv) lokd, (34)

where pep and pcq are canopy reflectance for beam and dif-
fuse irradiance, respectively; I and Iy are the unintercepted
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beam and diffuse fluxes, respectively; and kp and kq are
canopy extinction coefficients for beam and diffuse irradi-
ance, respectively.

The downward beam flux I, is derived based on the as-
sumption of black leaves, meaning that leaves absorb inci-
dent irradiance completely and do not transmit radiation (Bo-
nan, 2002). To account for the effects of leaf scattering, the
total beam Iy (i.e., unintercepted beam and down scattered
beam) and total diffuse Iy (i.e., unintercepted diffuse and
down scattered diffuse) irradiance can be modeled by intro-
ducing a factor of /1 — o to extinction coefficients similar
to the two-stream radiative transfer model (Sellers, 1985).
As single scattering albedo increases, the effective extinction
coefficient becomes smaller and more sunlight is allowed to
transmit through the canopy. That is,

Tt (1, 61) = Pyap(h, 6V (1 — pew) folov/I— ok, (35)
Iat () = Kopen (1)Y= (1 — pea) (1 — fi) Iov/T— kg, (36)

where o is the single scattering albedo of leaves. o = pj + 1,
where pp and ¢, are leaf reflectance and transmittance, respec-
tively.

The total irradiance absorbed by the entire canopy per unit
ground area consists of leaf absorption for both beam and
diffuse irradiance:

LAI LAI
Ic=1cb+1cd=/Ibt(h,Gi)dL+/Idt(hﬁi)dL- (37)
0 0

Substituting Egs. (11), (12), (35), and (36) into Eq. (37), we
have

22

Pl (h,0)
Iep = / Paap(h.60)YE"7 (1= pe) folov/T— o 22—~
Pyap (1, 6)
21
- (1 — Pgap(h = zﬂ@ﬂm) (1= peb) folo, (38)
22 s K(/)pen (h)
Tet = [ Kapn)Y7 (L= poa) (L= fo) o T= 22 el
; Kopen (1)
1
= (2= Kopen(h = 20)Y7) (1 = pua) A — fo) fo. (39)

Irradiance absorbed by sunlit leaves per unit ground area
is obtained as the sum of direct beam, downward scattered
beam, and diffuse components:

Isun = Isunb + Isunbs + Isund- (40)
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Combining Egs. (33), (35), (36), and (40), we have

22
ISunb:/(l—U)beO'Péap (h,6i) dh
21

=1-o0) (1—Pgap(h211|9i)) Jfolo, (41)
2

ISunbs=/ [Pgap(hvei)m(lfpcb)m*Pgap (hvgi)(lf")}
k31

beO . Péap (hy 9I) dh

VI= =z (1-0)
= {H«/% (1 - Paapth = 21160 V17 ) @ = pep) — =7
(1 Poap(h = 221602 | fodo, (42)

2
Isund = / Kopen(1)Y17 (1= pea) (1~ fi) Iov/T — & - K e (h) i

21

/1—
= s (L Kopenh =200 ) - pey - fo o (43)

Note that o is used instead of pcq for the beam irradiance of
sunlit leaves because sunlit leaves scatter direct beam sun-
light only once.

The irradiance absorbed by shaded leaves per unit ground
area is simply the difference between the total irradiance ab-
sorbed by the canopy and the irradiance absorbed by sunlit
leaves:

Ishg = Ic — Isun. (44)

The mean absorbed irradiance for sunlit and shaded canopy
per leaf hemi-surface area is then

ISun

= , 45

QSun LA'Sun ( )
Ishg

= . 46

Oshd [Alsg (46)

2.5 Modeling leaf photosynthesis and scaling up to
canopy photosynthesis

The biochemical process of carbon dioxide assimilation by
leaves can be considered as a gas diffusion process through
stomata. According to Fick’s law, the process is described as

A =gc-(Ca—Ci), (47)

where A is the CO, assimilation rate, g¢ is the stomatal con-
ductance, and C, and Cj are ambient and intercellular CO,
concentrations, respectively.

Field studies have firmly established the relationship be-
tween leaf stomatal conductance and environmental condi-
tions. Jarvis and McNaughton (1986) successfully synthesize
the response functions in a multiple-constraint model:

8c = gcmaxl_[f (xi), (48)
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where gemax IS the maximum leaf stomatal conductance when
environmental factors do not limit carbon uptake and f (xj)
are scalars that account for the influences of various environ-
mental stresses on leaf stomatal conductance.

Different formulas have been developed to describe the
response functions of photosynthesis to environmental fac-
tors. Here, we consider three main limiting factors imposed
by radiation, temperature, and water on vegetation photo-
synthesis. The equations developed for the dual-source dual-
leaf (DSDL) model (Ding et al., 2014), Terrestrial Ecosystem
Model (Raich et al., 1991), and Biome-BGC (BioGeochemi-
cal Cycles) models (Running et al., 2004) are used to account
for the influences of radiation, temperature, and vapor pres-
sure deficit (VPD), respectively:

[17&)=r@-s(1)- f(VPD), (49)
_kctkq 0
Q)= ko kot Q' (50)
(T — Tnin) (T — Tmax)
T)= , 51
f( ) (T — Twin) (T — Tmax) — (T — Topt)2 ( )
£(VPD) = VPDmax — VPD (52)

VPDmaX - VPDmm ’

where kc and kq are the stress coefficients of PAR absorbed
by plant leaves; Q is the mean APAR for sunlit or shaded
leaves per leaf hemi-surface area; Tmin, Topt, and Tmax are
the minimum, optimum, and maximum temperature for pho-
tosynthetic activities, respectively; and VPDpin and VPDpax
are the minimum and maximum vapor pressure deficit, re-
spectively. In the DSDL model, kc and kq are 500 and
150 Wm™1, respectively. Tmin, Topt, and Tmax are determined
as 10, 28 and 48°C for C4 crops (Kalfas et al., 2011), and
here we slightly lower their values to 0, 25, and 45°C, re-
spectively, for C3 plants. VPDpi, and VPDyax are 0.65 and
4.6 kPa for deciduous forests, respectively, in the Biome-
BGC model (Heinsch et al., 2003).

Due to different PAR absorption by sunlit and shaded
leaves, the stomatal conductance for sunlit and shaded leaves
need to be calculated separately as

gesun = gemax - f(Qsun) - f(T) - f(VPD), (53)
geshd = gemax - f(Qshd) - f(T) - f(VPD), (54)

where gesun and gesng are the stomatal conductance for sun-
lit and shaded leaves, respectively, and Qsyn and Qsng are
the mean PAR absorbed by sunlit and shaded leaves, respec-
tively.

Given measured ambient CO» concentrations, the closure
of the Eq. (47) now requires the quantity of intercellular CO,
concentrations. Katul et al. (2000) compared eight models
and concluded that all reproduced the measured carbon as-
similation rates well. Here, we employ Leuning’s method
(Leuning, 1995) to estimate the ratio of intercellular to am-
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Table 1. Site information as obtained from the AmeriFlux website unless notified.

Site code  Site name Lat Lon Elevation Canopy height  Tree density Dominant species
(°N) W) (m) (m) (treesha=1)*
US-Hal Harvard Forest 425378 72.1715 340 23.0 1020+ 72 red oak, red maple
US-Bar Bartlett Experimental Forest 44.0646  71.2881 272 19.0 1432 £ 67  American beech, red maple
* Data from Yao et al. (2011).
bient CO, concentrations as from AmeriFlux Level 4 products if they were not delivered
r in Level 2 products. Extraterrestrial solar radiation and solar
G 1-& VPD . . :
1 a (14 ; (55) zenith angle (i.e., the angle that the sun away from directly
Ca my VPDo overhead) are calculated as a function of geolocation (i.e.,

where VPD is the ambient vapor pressure deficit; VPDg is
an empirical constant describing the species sensitivity to
ambient vapor pressure deficit; I is the leaf CO, compen-
sation point; C,; and Cj are ambient and intercellular CO2
concentrations, respectively; and m_ represents linear regres-
sion coefficients related to tree species. Calibrated values
for model parameters are m = 4.0, I' = 40 pmol mol %, and
VPDg = 30kPa, respectively (Katul et al., 2000).

Given modeled carbon assimilation rates at the leaf level,
the total rate of carbon assimilation at the canopy level can
be scaled up as

GPP = Agyn - LAlsyn + Asnd - LAlshd, (56)

where GPP is canopy gross primary production, Asyn and
Asng are leaf-level carbon assimilation rates for sunlit and
shaded leaves, respectively, and LAlsy, and LAlgpg are the
sunlit and shaded leaf area indexes.

2.6 Study materials and model parameterization

We studied two deciduous forest sites: Harvard Forest (US-
Hal) in Massachusetts and Bartlett Experimental Forest (US-
Bar) in New Hampshire (Richardson et al., 2012). Basic in-
formation is briefly summarized in Table 1 for each site. Al-
though plot layouts set up for the fieldwork did not match
the exact footprints of flux towers (Yang et al., 2013), the
measured tree structural attributes, such as tree density, are
assumed to be representative of the two study sites.

Flux towers measure energy and material fluxes between
ecosystem and the atmosphere continuously (Baldocchi et
al., 2001). Measured data are provided as standard Level 2
products in the AmeriFlux database (http://ameriflux.ornl.
gov/). The time steps of available data are half-hourly for
US-Bar and hourly for US-Hal. The measurements we used
include estimates of gross primary production (GPP) derived
with the eddy covariance technique (Baldocchi, 2003), and
meteorological variables such as shortwave solar radiation,
temperature, vapor pressure deficit, and canopy-scale CO;
concentration. Raw measurements of meteorological vari-
ables were used for analysis and missing values due to instru-
ment malfunction or unsuitable micrometeorological condi-
tions were screened. However, we obtained GPP estimates
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latitude and longitude), the day of year (DOY), and solar time
of the day (Allen et al., 1998). If diffuse radiation is missing
from the measurements, we implement Muneer’s method to
partition global solar radiation into beam and diffuse compo-
nents (Muneer, 2007):

(1— f) = 1.006 — 0.317K¢ + 3.1241K?
—12.7616 K3 +9.7166K ', (57)

where fy is the proportion of beam radiation in global in-
coming radiation, and K is the hourly clearness index. Ky =
Io/ I, where Iy is global solar radiation on the canopy top
and I, is the extraterrestrial solar radiation.

We use typical parameter values from the literature for
model parameterization. Because the spectral signatures of
vegetation leaves and soil background differ in the spec-
tral bands of PAR and near infrared (Table 2), we perform
model simulations for these two discrete bands separately.
Incident PAR is estimated to account for 47.5% of incom-
ing shortwave solar radiation, and the rest is attributed to the
near-infrared band (Zhao et al., 2005). Maximum leaf stom-
atal conductance to H»O is estimated as 5.5 for US-Bar and
7.2mms~1 for US-Hal (Bonan, 2002; Ding et al., 2014), and
they are translated to maximum leaf stomatal conductance to
CO, assuming that the temperature is 20°C and the atmo-
spheric pressure is 101.32 kPa (Pearcy et al., 1989). Heights
for canopy top (z2) were measured to be 23.0 m for US-Hal
and 19.0 m for US-Bar (Table 1), and heights for canopy bot-
tom (z1) were estimated as z1 = 0.15 z,. Canopy structure in
GORT is modeled with the ratios H/b =2.0and b/R = 3.0
(Strahler et al., 1999). Parameter values defined for canopy
structure are somewhat arbitrary but are identical to our pre-
vious modeling efforts (Liu et al., 2008; Xin etal., 2012). The
effects of tree structural parameters on model simulations are
further explored in our study by varying their values.

Model validation for vegetation photosynthesis is per-
formed with time series data for 8 successive days and for
entire years. Based on AmeriFlux biological data, measured
LAIs were 4.7+ 0.2 on DOY 211 in 2004 at the US-Bar site
and 4.84 +0.78 on DOY 234 in 2006 at the US-Hal site. Be-
cause field-measured LAI data were insufficient to support
model simulation for an entire calendar year, we obtained
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Table 2. The spectral signature of leaf and soil background.

Spectral bands Leaf Leaf Soil
reflectance™  transmittance*  reflectance™*
Photosynthetic active 0.10 0.05 0.23
radiation
Near infrared 0.45 0.25 0.32
* Data from Bonan (2002). ** Data from Myneni et al. (1995).
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Figure 2. Canopy gap probabilities modeled using GORT with var-

ied leaf area index. The total gaps are between-crown gaps plus

within-crown gaps. Tree structure parameters for the US-Bar site
are used in model simulation.

satellite-derived LAI from the MODIS (Moderate Resolution
Imaging Spectroradiometer) products (Myneni et al., 2002).
The standard MODIS products (MOD15A2) provide 8-day
LAl estimates at 1000 m spatial resolution, and we derived
8-day mean LAl for a 3 x 3 pixel window centered at each
site. We screened cloudy observations based on the quality
control data in MOD15A2 and applied double logistic equa-
tions to fit time series of cloud-free LAI observations (Li et
al., 2014; Zhang et al., 2003).

3 Results
3.1 Gap probability

The gap probabilities derived from the GORT model are
shown in Fig. 2. As the solar zenith angle increases, more
beams of sunlight are intercepted by leaves and tree crowns,
resulting in decreased gap probabilities for both between-
and within-crown gaps. As LAl increases, within-crown gaps
decrease but between-crown gaps remain the same. The
physical explanation underlying is simple: tree leaves are
clumped within each individual crown such that variations
in LAl would not affect between-crown gaps, which are only
a function of crown shape, canopy structure, and illumination
geometry.
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Figure 3. Comparisons between canopy gap probabilities modeled
using GORT and Beer’s law as a function of (a) solar zenith angle
and (b) canopy depth. The canopy depth is defined as the distance
from canopy top to a canopy height (%). Tree structure parameters
for the US-Bar site are used in GORT simulation.

Figure 3 further compares the gap probabilities modeled
using GORT and Beer’s law. For both models, gap probabil-
ities decrease as solar zenith angle increases (Fig. 3a). Mod-
eled gap probabilities are close when canopy LAI is low.
However, at high LA, the total gap derived from GORT is
considerably greater than that modeled using Beer’s law due
to strong clumping effects. With an LAI of 4.0, the differ-
ences in gap probabilities are as much as 0.3 at the nadir and,
in this case, more sunlight is allowed to be transmitted to
the ground surface in GORT than in classic radiative trans-
fer models. Modeled vertical structures of sunlight penetra-
tion are also shown to be different between GORT and Beer’s
law (Fig. 3b). The gap probability modeled using Beer’s law
decreases exponentially as canopy depth increases, whereas
the decrease in the GORT-modeled gap probability follows
an inverse sigmoidal curve. The reason behind this can be
explained by the geometric factor: classic radiative transfer
models assume that leaves are randomly distributed within
the canopy layer, but the GORT model assumes that leaves
are randomly distributed within individual crowns. Due to
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Figure 4. Measured and modeled components of radiation in 8 successive days are shown for (a) the partition of global solar radiation,
(b) surface radiation balance, (c) modeled and measured diffuse radiation, and (d) modeled and measured net radiation. Extraterrestrial
radiation is derived following methods outlined in Allen et al. (1998). Muneer’s method is applied to model diffuse radiation. The GORT
model is applied to model net radiation. Data are shown from DOY 217 to 224 in 2004 for the US-Bar site.

the ellipsoidal shape of tree crowns, there are simply more
leaves in the canopy center than near the canopy top and
canopy bottom, where the gap probability decreases more
slowly.

3.2 Model simulations over 8-day time periods

Figure 4 shows each component of the radiation regime at the
US-Bar site. The diffuse radiation modeled using Muneer’s
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method matches flux tower measurements and accounts for
69.1 % of the variances (Fig. 4a). Because diffuse radiation
was not measured at the US-Hal site, Muneer’s method was
implemented to partition global radiation into diffuse and
beam components for US-Hal. Using the measured beam
and diffuse radiation, we simulate net radiation with GORT
as a linear combination of two discrete bands at PAR and
near infrared. Modeled net radiation is highly correlated with

Biogeosciences, 12, 3447-3467, 2015
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Figure 5. Time series of components of the photosynthesis calcu-
lation shown for (a) sunlit and shaded leaf area index; (b) environ-
mental limiting factors imposed by radiation absorption, tempera-
ture, and vapor pressure deficit; and (¢) CO, concentration. Data
are shown from DOY 217 to 224 in 2004 for the US-Bar site.

measured values (R? =0.981), demonstrating the ability of
GORT to model radiation absorption at the US-Bar site.

Time series of each component for modeling canopy pho-
tosynthesis are shown in Fig. 5. Given that total LAI remains
the same over the course of several days, modeled sunlit
and shaded LAI have little day-to-day variability and only
vary as a function of solar zenith angle (Fig. 5a). As so-
lar zenith angle decreases, sunlit LAI increases but shaded
LAl decreases. Because sunlit leaves receive more illumina-
tion, they have less radiation limitations on photosynthesis
than shaded leaves (Fig. 5b). Temperature limitation gener-
ally decreases from morning until noon, while VPD limita-
tion increases. Although the chemical process of photosyn-
thesis favors higher temperatures, leaf stomata tend to close
to reduce water loss when atmospheric dryness is high (Bo-
nan, 2002). Because short-term canopy CO» concentrations
vary with winds and convection between the ecosystem and
the atmosphere, the ambient CO2 concentrations exhibit the
greatest variation from day to day (Fig. 5b), so do the mod-
eled differences between ambient and intercellular CO, con-
centrations.

Biogeosciences, 12, 3447-3467, 2015

T T
= Modeled GPP
—@— Flux tower §PP

301 (a) US-Bar

GPP (umol CO, m?s™)
=

. \ . . .
217 218 219 220 221 222 223 224
Day of year (Days)

30| (b) US-Hat = Modeled GPP

—@— Flux tower GPP

GPP (umol CO, m™s™)

241 242 243 244 245 246 247 248
Day of year (Days)

Figure 6. Time series of modeled and measured GPP for 8 consec-
utive days at the sites (a) US-Bar and (b) US-Hal. Data are half-
hourly at the US-Bar site and hourly at the US-Hal site. Data are
shown from DOY 217 to 224 in 2004 for US-Bar, and from DOY
24110 224 in 2006 for US-Hal. Negative GPP measurements are set
to zero. Missing points in modeled GPP at the US-Hal site are due
to missing measurements of canopy CO, concentrations or other
meteorological variables.

Figure 6 shows time series of measured and modeled GPP
for two sites over 8 successive days. GPP estimates match
flux tower measurements well in terms of the phase and am-
plitude. Daily peak GPP from tower measurements are over
30.0 pmol CO, m—2s~1 for both sites. It is also evident that
modeled results can capture some subtle variations in GPP
at the hourly timescale. However, GPP estimates are slightly
higher on DOY 242 but lower on DOY 243 for US-Hal. Note
that we used Muneer’s method for estimating the diffuse radi-
ation in US-Hal because measurements were not available.
Considering uncertainties from the partition of global solar
radiation, results for both sites perform well in general.

Figure 7 statistically compares measured and modeled
GPP. Our model is able to explain 84.0 and 88.3% of the
GPP variances for the US-Bar and US-Hal sites, respec-
tively. The regression lines are close to the 1: 1 lines, and
GPP is only slightly overestimated for US-Bar and under-
estimated for US-Hal. The root mean squared errors (RM-
SEs) are 3.71 and 3.08 umol CO, m—2s~1 for US-Bar and
US-Hal, respectively. The overall model performance is high
considering that we did not attempt to perform model calibra-
tions.
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Figure 7. Regressions between modeled and measured GPP for 8
consecutive days at the sites (a) US-Bar and (b) US-Hal. Data are
from DOY 217 to 224 in 2004 for US-Bar and from DOY 241 to 224
in 2006 for US-Hal. Only data during the photosynthetically active
period (flux tower GPP > 0.5 umol CO, m—2s~1) are included in
the regression. The solid lines denote the 1 : 1 lines, and the dashed
lines denote the regression lines.

3.3 Model simulation over entire years

LAls derived from satellite observations (Fig. 8) are used as
inputs to model daily GPP over an entire year in addition to
the 8-day model simulations. The double logistic fitting lines
are shown to reduce noises in time series of MODIS LAI due
to the effects of clouds and solar and viewing geometries.
Fitted LAI time series are slightly higher from June to Au-
gust and lower from September to December in 2006 at the
US-Hal sites, but match with field measurements in general.
The differences are likely to be introduced by mismatched
observation footprints and uncertainties in satellite retrieval
algorithms. The fitted time series of MODIS LAl are used
for subsequent model simulations.

Figure 9 presents time series of measured and modeled
GPP at the US-Bar site. Modeled results capture the trend
and subtle variations of measured GPP on a daily basis. Most
of the dips in the GPP time series occur on cloudy days when
radiation is the main limiting factor for vegetation photosyn-
thesis. GPP values at US-Bar are slightly overestimated from
DOY 100 to 150 in 2004 possibly due to overestimation of
the LAI. Statistically, modeled results can explain 79.5, 89.7,
and 89.3 % of the variance in daily GPP for the years 2004,
2005, and 2006, respectively (Fig. 10). Regression slopes are
close to the 1: 1 lines except in the year 2004 due to over-
estimated GPP in the early growing season. The RMSEs are
1.64,1.31, and 1.56 gC m—2 day—* for 2004, 2005, and 20086,
respectively.

Because measurements of atmospheric CO;, concentra-
tions within the canopy are largely unavailable for US-Hal
(only approximately 41.4% of the measurements are valid
for use), we do not aggregate hourly results to daily sums but
perform regression analysis using all available hourly data
in Fig. 11. For the US-Bar site, the R? value is 0.801 and
the RMSE value is 4.31 pmol CO, m~2s~1, For the US-Hal
site, the correlation between modeled and measured GPP
is strong with an R? value of 0.777 and an RMSE value
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Figure 8. Comparisons of field-measured and satellite-derived LAIs
for the sites (a) US-Bar in 2004 and (b) US-Hal in 2006. The solid
grey lines denote MODIS LAI as obtained from standard MODIS
FPAR/LAI products (MOD15A2). The solid black lines denote dou-
ble logistic fitting lines that are applied to MODIS LAI. The solid
points denote the measured LAI as obtained from biological data
sets from the AmeriFlux website.

of 6.49 umol CO, m—2s~1. There were slight GPP underes-
timates when measured GPP values were high at the US-
Hal site, possibly due to empirical functions that we used in
modeling diffuse radiation and leaf photosynthesis. Table 3
lists major statistical results for our model performance, as
evaluated using all available hourly data at both sites. The
model performance is consistent through time and is compa-
rable to the simulation of 8-day data (Fig. 7), despite the fact
that satellite-derived LAI instead of field measurements were
used for yearly simulation.

4 Discussion

4.1 Influence of CO; concentration on canopy
photosynthesis

One important question is whether it is necessary to link ra-
diative transfer with leaf stomatal conductance for model-
ing photosynthesis, since some biogeochemical models such
as production efficiency models simply assume that vege-
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Figure 9. Time series of modeled and measured daily GPP shown
for (a) 2004, (b) 2005, and (c) 2006 at the US-Bar site. Model sim-
ulation is performed at a half-hourly time step. Measured and mod-
eled half-hourly GPP are aggregated to generate daily time series
with units converted from pmolCO, m~2s~1 to gCm~2day 2.
Occasional negative GPP measurements are set to zeros. Missing
points in modeled GPP time series are due to missing measurements
of meteorological variables during the daytime photosynthetically
active period (flux tower GPP > 0.5 pmol CO, m—2s~1).

tation GPP/NPP is linearly related to canopy radiation ab-
sorption (Xin et al., 2013). To understand the performance
of production efficiency models, we conduct linear regres-
sions between modeled APAR and measured GPP as shown
in Fig. 12. Indeed, canopy APAR is positively related to flux
tower GPP and explains 70.3 % of its variance. The R? value
increases slightly to 0.710 after accounting for the influences
of temperature and vapor pressure. The model performance
here is comparable to results from other studies that evaluate
production efficiency models (Chen et al., 2011; Sjostrom et
al., 2013; Xin et al., 2015).

However, there are strong partial correlations between
canopy CO, concentrations and GPP even after account-
ing for radiation absorption. Figure 13a shows the residual
plot of GPP versus ambient CO» concentrations when con-
trolling on APAR. The slope is negative because the am-
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Table 3. The model performance at two study sites as evalu-
ated using hourly data. Units for RMSE and mean bias error
(Bias) are in micromoles of CO» per square meter per second
(umol CO, m—25~ 1),

US-Bar US-Hal
Year R? RMSE Bias R?2 RMSE Bias
2001 0.804 5.44  2.00
2002 0.729 6.75 3.09
2003 0.781 562 285

2004 0.784 428 101 0.737 6.39 1.85
2005 0.795 411 047 0.736 6.83 1.18
2006 0.801 431 106 0.777 6.49 2.28

2007 0.768 6.21 2.50
2008 0.689 734 3.10
2009 0.662 7.62 3.68
2010 0.752 6.55 0.35
2011 0.715 6.96 1.34

bient CO, concentration, as regulated by vegetation photo-
synthesis and respiration activities, is normally high during
the nighttime but low during the daytime. The correlation
coefficient is only —0.279, but it is statistically significant
(p value<0.001) under a one-tailed partial correlation test.
The data clearly allow for rejection of the null hypothesis that
ambient CO, concentration has no effects on canopy photo-
synthesis. This relationship holds even after considering the
factors of temperature and vapor pressure deficit (Fig. 13b).
We therefore conclude that accounting for the influence of
ambient CO, concentrations is essential for modeling day-
time GPP at the half-hourly timescale.

4.2 Clumping effects in the GORT model

The clumping effects of leaves modeled using GORT influ-
ence canopy radiative transfer processes and are worthy of
further examination. Chen et al. (1997) demonstrated that the
net effects of leaf clumping could be modeled by introducing
a clumping index. We derive the clumping index by inverting
their functions (Zhao et al., 2011) as follows:

where Q is the clumping index, Pgap is the gap probability
modeled using GORT, Pgeer = exp(—kpLAl) is the gap prob-
ability modeled using Beer’s law, &y, is the extinction coeffi-
cient, and LA is the leaf area index.

The behavior of the derived clumping index shown in
Fig. 14 is intuitively interpretable. Leaves are more clumped
when LAl is larger given constant tree structures. However,
when LAl is constant but tree density increases, leaves are
distributed in a larger three-dimensional space, resulting in
an increased clumping index. Similarly, if the H /b ratio or
b/R ratio decreases while other parameters are unchanged,
the total crown volume increases and leaves are less clumped.
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The sensitivity of the clumping index to the illumination
zenith angle varies when using different parameter sets. Our
simulated results are in line with the measured and modeled
results in previous studies (Leblanc and Chen, 2001; Leblanc
et al., 2002): the clumping indexes are insensitive to zenith
angles in some forest stands and increase with zenith angles
in others. We do not attempt to derive clumping indexes at
solar zenith angles greater than 85° when gap fractions typ-
ically approach zeros. These results imply that tree structure
strongly influences radiation absorption and photosynthesis
of canopies.

4.3 Assumptions and future improvements

It is also necessary to review our model assumptions and
identify possible avenues for future improvements. First,
we assume a spherical leaf angle distribution in the model
simulations. However, most deciduous forests have semi-
horizontal leaf orientation (Bonan, 2002) and an assumption
of planophile or plagiophile LAD is likely to be more ap-
propriate for temperate and boreal broadleaf forests (Pisek et

www.biogeosciences.net/12/3447/2015/

al., 2013). Because LAD influences the proportions of sun-
lit and shaded leaf areas, the way in which modeled canopy
GPP varies with LAD requires further exploration. Second,
the substrate under the canopy layer is assumed to be a Lam-
bertian surface. Field studies have observed the effects of bi-
directional reflectance distribution function (BRDF) for soils
(Liang and Townshend, 1996; Wang et al., 2010), and cou-
pled soil and vegetation models (Ni and Li, 2000; Verhoef
and Bach, 2007) should be tested to understand the effects
of soil BRDF on canopy photosynthesis. Third, we assume
maximum constant leaf stomatal conductance over the grow-
ing season. It is worth examining how optimal leaf stomatal
conductance may evolve with leaf development stages and
long-term environmental changes (Keenan et al., 2013; Lam-
mertsma et al., 2011). Fourth, we use ellipsoids to describe
tree crown shapes for deciduous broadleaf forests. Because
many evergreen needleleaf forests have conical crowns, fu-
ture applications to areas with conifer forests may require
different treatment for crown shapes in the models. Fifth,
multi-story vegetation canopy such as overstory and under-
story are common in forest ecosystems, and it may be neces-

Biogeosciences, 12, 3447-3467, 2015
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Figure 12. Regressions between modeled APAR and measured GPP. Half-hourly data are shown from DOY 217 to 224 in 2004 for US-Bar.
The influences of temperature and vapor pressure deficit are modeled based on Equations (51) and (52). Only data during the photosyntheti-
cally active period are included in the regression. The dashed lines denote the regression lines.
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Figure 13. Residual plots are shown for (a) the partial correction between GPP and ambient CO, concentration (Ca) while controlling for
the variable of APAR and (b) the partial correction between GPP and C,—C;j while controlling for the variable of APAR x f(T) x f(VPD).

sary to improve the current model by considering multi-layer
vegetation canopies in future studies. Finally, our linkage be-
tween radiative transfer and biochemical processes is still
empirical. We may need to test other mechanisms, for exam-
ple the biochemical model based on the enzyme kinetics of
rubisco (ribulose bisphosphate carboxylase/oxygenase) and
the regeneration of RuBP (ribulose-1, 5-bisphosphate) in re-
sponse to light absorption (Farquhar and Sharkey, 1982), in
future studies.

5 Conclusions

We propose and validate a new model that links GORT
with biochemical processes for modeling canopy photosyn-
thesis. Several main conclusions can be drawn from this
study. First, the radiative transfer process within the canopy
is one of the key factors in modeling vegetation photosyn-

Biogeosciences, 12, 3447-3467, 2015

thesis, and our proposed model simulates canopy photosyn-
thesis well. Modeled GPP robustly explained approximately
80 % or more variance in GPP measurements at both half-
hourly and daily timescales. Second, tree structures influ-
ence canopy gap probabilities and vegetation photosynthe-
sis. Leaf clumping could vary as a function of tree density,
canopy depth, and crown shapes and affect canopy sunlight
interception. Finally, ambient CO» concentrations influence
vegetation photosynthesis activities and should be included
in biogeochemical models.
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Figure 14. Derived clumping index as a function of solar zenith
angle for varied canopy parameters. Tree parameters for US-Bar
are used for GORT simulations. The default simulation is for a
canopy composed of H/b=2.0, b/R = 3.0, » = 1432treesha~1,
and LAl = 2.0, and labeled curves are for the same case with only
the labeled parameters varied.

Accurate modeling of vegetation photosynthesis is essen-
tial for improving our understanding of the global carbon cy-
cle. The model we developed is complementary to classic ra-
diative transfer models, especially in sparse and intermediate
forest stands. Although more validation efforts are required,
the GORT photosynthesis model is promising in terms of
simulating photosynthesis for discontinuous plant canopies.
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Appendix A

Table Al. Nomenclature.

Symbols Definition

Pyap (h, )
Pgap (n = 0|1, 6))
Pgap (n > 0|h, 6;)

total gap probability for beam light passing through the canopy
gap probability for beam light passing through the canopy without reaching any crowns
gap probability for beam light passing through crowns without being intercepted by leaves

P(s|h, 6;) probability distribution function associated with within-crown path length
P(s|n,z,h,06)) probability distribution of within-crown path length given that a solar ray enters the crown at height 2 and angle 6;
P(nlz,h,6) probability distribution of the numbers of crowns intercepted by the solar ray incident at angle 6;,
entering crowns at height z, and then traveling to height &
Av tree density (m—2)
Vr projected cylinder volume starting from the canopy top and extending to certain height
T (6j, @) projected foliage area volume density (m—1)
kp (65, @) extinction coefficient for beam radiation
kg extinction coefficient for diffuse radiation
Kopen (h) canopy openness factor to diffuse radiation

Kopen (n = 0]h)
Kopen (n > 0|h)

between-crown openness factor
within-crown openness factor

Pg/ap (h,6) the first derivative of gap probability Pgap (%, 6j) with respect to height

K()pen (h) the first derivative of the openness factor Kopen (2) with respect to height

to(h, 6;) the proportion of unintercepted direct beam for semi-infinite homogeneous canopies
RE hemispherical-hemispherical reflectance for semi-infinite homogeneous canopies

Rdo? directional-hemispherical reflectance for semi-infinite homogeneous canopies

Tg° hemispherical-hemispherical transmittance for semi-infinite homogeneous canopies
T directional-hemispherical transmittance for semi-infinite homogeneous canopies

pif(h) hemispherical-hemispherical reflectance for homogeneous canopies with finite thickness
pif(h) directional-hemispherical reflectance for homogeneous canopies with finite thickness
tf(h) hemispherical-hemispherical transmittance for homogeneous canopies with finite thickness
tgf (h, 6;) directional-hemispherical transmittance for homogeneous canopies with finite thickness
o5t (h) hemispherical-hemispherical reflectance for discontinuous canopies

,oéf (h,6) directional-hemispherical reflectance for discontinuous canopies

15 (h) hemispherical-hemispherical transmittance for discontinuous canopies

téf (h,6) directional-hemispherical transmittance for discontinuous canopies

SLAI (h) leaf area index within a thin layer 8/ at height

LAI total leaf area index of the canopy

LAlgyn (6) sunlit leaf area index given a solar illumination angle 6;

LAlghg (6) shaded leaf area index given a solar illumination angle 6

LAIZ,, D sunlit leaf area for homogeneous canopies given a solar illumination angle 6;

6i solar illumination angle

¢ azimuth angle

o leaf single scattering albedo

y Vi—-o

Hi cos(6;)

0l leaf reflectance

7| leaf transmittance

Ps soil reflectance

Pcb canopy reflection coefficient for beam irradiance

Pcd canopy reflection coefficient for diffuse irradiance

Biogeosciences, 12, 3447-3467, 2015
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Table Al. Continued.

Symbols

Definition

Jo

Iy (h, 6))
Iy (h)
Ipt (h, 6})
Iyt (h)
Ic

Iep

Ieg

Isun
Isunb
Isunbs
Isund
Isun
Osun
Oshd

A

8c

Cay

Cj

8cSun
8cShd
gcmax

S (xi)
F(Q)

£ (I)
f(VPD)
kc

kq

Tin
Trmax
Topt
VPD
VPDmin
VPDmax
VPDg

r

mL
Asun

Ashd
Kt

the fraction of incident beam radiation in total or global incoming solar radiation
unintercepted beam fluxes at canopy height # given a solar illumination angle 6
unintercepted diffuse fluxes at canopy height &

unintercepted and down-scattered beam fluxes

unintercepted and down-scattered diffuse fluxes

total radiation absorbed by canopy elements

beam radiation absorbed by canopy elements

diffuse radiation absorbed by canopy elements

total radiation absorbed by sunlit leaves

beam radiation directly absorbed by sunlit leaves

down-scattered beam radiation absorbed by sunlit leaves

diffuse radiation absorbed by sunlit leaves

total radiation absorbed by shaded leaves

total radiation absorbed by sunlit leaves per leaf hemi-surface area

total radiation absorbed by shaded leaves per leaf hemi-surface area

leaf-level CO5 assimilation rate

stomatal conductance

ambient CO, concentrations

intercellular CO, concentrations

stomatal conductance for sunlit leaves

stomatal conductance for shaded leaves

maximum leaf stomatal conductance when environmental factors do not limit carbon uptake
scalars that account for the influences of environmental stresses on leaf stomatal conductance
scalars that account for the influences of solar radiation on leaf stomatal conductance
scalars that account for the influences of temperature on leaf stomatal conductance
scalars that account for the influences of vapor pressure deficit on leaf stomatal conductance
stress coefficients of PAR absorbed by plant leaves for the temperature scalar

stress coefficients of PAR absorbed by plant leaves for the temperature scalar

minimum temperature for photosynthetic activities

maximum temperature for photosynthetic activities

optimum temperature for photosynthetic activities

ambient vapor pressure deficit

minimum vapor pressure deficit

maximum vapor pressure deficit

an empirical constant describing the species sensitivity to ambient vapor pressure deficit
leaf CO, compensation point

regression coefficient for ambient and intercellular CO, concentrations related to tree species
leaf-level CO5 assimilation rate for sunlit leaves

leaf-level CO, assimilation rate for shaded leaves

hourly clearness index

total or global incoming solar radiation on a horizontal plane at the canopy top
extraterrestrial solar radiation

foliage clumping index

gap probability for beam light passing through the canopy as modeled using Beer’s law
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Table A2. Values for model parameters.

Symbols  Value  Units Reference

k¢ 500 Wm—?2 Ding et al. (2014)
kq 150 Wm™2 Ding et al. (2014)
Tinin 0 °C Kalfas et al. (2011)
Tmax 45 °C Kalfas et al. (2011)
Topt 25 °C Kalfas et al. (2011)
VPDmin 0.65 kPa Heinsch et al. (2003)
VPDmax 46 kPa Heinsch et al. (2003)
VPDg 30 kPa Katul et al. (2000)

r 40 pmolmol~1  Katul et al. (2000)
mp 4.0 Katul et al. (2000)
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Q. Xin et al.: Modeling photosynthesis of discontinuous plant canopies 3465

Author contributions. Qinchuan Xin developed the model code and
performed the simulations. Qinchuan Xin designed the experiments
and Wenyu Li contributed to data analysis. Qinchuan Xin and
Peng Gong prepared the manuscript with contributions from all co-
authors.

Acknowledgements. We gratefully thank Alan H. Strahler, Xi-
aowen Li, Crystal B. Schaaf, Curtis E. Woodcock, and Wenge
Ni-Meister for their contributions to the development of the original
GORT model. We thank the researchers and investigators involved
in data collection and analysis at the AmeriFlux sites. This research
was supported by the National Natural Science Foundation of
China (grant no. 41401484 and 51209220). We also thank the
anonymous reviewers for their constructive comments.

Edited by: A. Ito

References

Allen, R. G., Pereira, L. S., Raes, D., and Smith, M.:
Crop evapotranspiration-Guidelines for computing crop water
requirements-FAQ Irrigation and drainage paper 56, FAO, Rome,
300, 29-64, 1998.

Baldocchi, D., Hutchison, B., Matt, D., and McMillen, R.: Canopy
radiative transfer models for spherical and known leaf inclination
angle distributions: a test in an oak-hickory forest, J. Appl. Ecol.,
22, 539-555, 1985.

Baldocchi, D., Falge, E., Gu, L., Olson, R., Hollinger, D., Run-
ning, S., Anthoni, P., Bernhofer, C., Davis, K., and Evans, R.:
FLUXNET: A new tool to study the temporal and spatial variabil-
ity of ecosystem-scale carbon dioxide, water vapor, and energy
flux densities, B. Am. Meteorol. Soc., 82, 24152434, 2001.

Baldocchi, D. D.: Assessing the eddy covariance technique for
evaluating carbon dioxide exchange rates of ecosystems: past,
present and future, Glob. Change Biol., 9, 479-492, 2003.

Ball, J. T., Woodrow, ., and Berry, J.. A Model Predicting Stomatal
Conductance and its Contribution to the Control of Photosyn-
thesis under Different Environmental Conditions, in: Progress in
Photosynthesis Research, edited by: Biggins, J., Springer Nether-
lands, 221-224, 1987.

Bonan, G. B.: Ecological climatology: concepts and applications,
Cambridge University Press, 229-272, 2002.

Bonan, G. B.: Forests and climate change: forcings, feedbacks, and
the climate benefits of forests, Science, 320, 1444-1449, 2008.
Broich, M., Huete, A., Tulbure, M. G., Ma, X., Xin, Q., Paget,

M., Restrepo-Coupe, N., Davies, K., Devadas, R., and Held,
A.: Land surface phenological response to decadal climate vari-
ability across Australia using satellite remote sensing, Biogeo-

sciences, 11, 5181-5198, doi:10.5194/bg-11-5181-2014, 2014.

Campbell, G. S. and Norman, J. M.: An introduction to environ-
mental biophysics, Springer, 223-278, 1998.

Chen, J. M., Rich, P. M., Gower, S. T., Norman, J. M., and Plum-
mer, S.: Leaf area index of boreal forests: Theory, techniques,
and measurements, J. Geophys. Res.-Atmos., (1984-2012), 102,
29429-29443, 1997.

Chen, T., van der Werf, G. R., Dolman, A. J., and Groenendijk, M.:
Evaluation of cropland maximum light use efficiency using eddy

www.biogeosciences.net/12/3447/2015/

flux measurements in North America and Europe, Geophys. Res.
Lett., 38, L14707, doi:10.1029/2011GL 047533, 2011.

Collatz, G. J., Ball, J. T., Grivet, C., and Berry, J. A.: Physiologi-
cal and environmental regulation of stomatal conductance, pho-
tosynthesis and transpiration: a model that includes a laminar
boundary layer, Agr. Forest Meteorol., 54, 107-136, 1991.

Cramer, W., Bondeau, A., Woodward, F. I., Prentice, I. C., Betts, R.
A., Brovkin, V., Cox, P. M., Fisher, V., Foley, J. A., and Friend, A.
D.: Global response of terrestrial ecosystem structure and func-
tion to CO» and climate change: results from six dynamic global
vegetation models, Glob. Change Biol., 7, 357-373, 2001.

Ding, R., Kang, S., Du, T., Hao, X., and Zhang, Y.: Scaling Up
Stomatal Conductance from Leaf to Canopy Using a Dual-Leaf
Model for Estimating Crop Evapotranspiration, PloS one, 9,
€95584, doi:10.1371/journal.pone.0095584, 2014.

Fan, W., Chen, J. M., Ju, W,, and Nesbitt, N.: Hybrid Geometric
Optical Radiative Transfer Model Suitable for Forests on Slopes,
IEEE T. Geosci. Remote, 52, 5579-5586, 2014.

Farquhar, G. D. and Sharkey, T. D.: Stomatal conductance and pho-
tosynthesis, Ann. Rev. Plant Physio., 33, 317-345, 1982.

Field, C. B., Randerson, J. T., and Malmstrom, C. M.: Global net
primary production: Combining ecology and remote sensing, Re-
mote Sens. Environ., 51, 74-88, 1995.

Goudriaan, J.: Crop micrometeorology: a simulation study, Pudoc,
Center for Agricultural Publishing and Documentation, 5-72,
1977.

Hapke, B.: Bidirectional reflectance spectroscopy: 1. Theory, J.
Geophys. Res.-Sol. Ea., (1978-2012), 86, 3039-3054, 1981.
He, L., Chen, J. M., Pisek, J., Schaaf, C. B., and Strahler, A. H.:
Global clumping index map derived from the MODIS BRDF

product, Remote Sens. Environ., 119, 118-130, 2012.

He, M., Ju, W,, Zhou, Y., Chen, J., He, H., Wang, S., Wang, H.,
Guan, D., Yan, J., and Li, Y.: Development of a two-leaf light
use efficiency model for improving the calculation of terrestrial
gross primary productivity, Agr. Forest Meteorol., 173, 28-39,
2013.

Heimann, M. and Reichstein, M.: Terrestrial ecosystem carbon dy-
namics and climate feedbacks, Nature, 451, 289-292, 2008.

Heinsch, F. A., Reeves, M., Votava, P., Kang, S., Milesi, C., Zhao,
M., Glassy, J., Jolly, W. M., Loehman, R., and Bowker, C. F.:
GPP and NPP (MOD17A2/A3) Products NASA MODIS Land
Algorithm, MOD17 User’s Guide, 1-57, 2003.

Jarvis, P. G. and McNaughton, K.: Stomatal control of transpiration:
scaling up from leaf to region, Adv. Ecol. Res., 15, 1-49, 1986.
Kalfas, J. L., Xiao, X., Vanegas, D. X., Verma, S. B., and Suyker,
A. E.: Modeling gross primary production of irrigated and rain-
fed maize using MODIS imagery and CO, flux tower data, Agr.

Forest Meteorol., 151, 1514-1528, 2011.

Katul, G., Ellsworth, D., and Lai, C. T.: Modelling assimilation and
intercellular CO, from measured conductance: a synthesis of ap-
proaches, Plant Cell Environ., 23, 1313-1328, 2000.

Keenan, T. F., Hollinger, D. Y., Bohrer, G., Dragoni, D., Munger,
J. W,, Schmid, H. P., and Richardson, A. D.: Increase in forest
water-use efficiency as atmospheric carbon dioxide concentra-
tions rise, Nature, 499, 324-327, 2013.

Kucharik, C. J., Barford, C. C., El Maayar, M., Wofsy, S. C., Mon-
son, R. K., and Baldocchi, D. D.: A multiyear evaluation of a Dy-
namic Global Vegetation Model at three AmeriFlux forest sites:

Biogeosciences, 12, 3447-3467, 2015


http://dx.doi.org/10.5194/bg-11-5181-2014
http://dx.doi.org/10.1029/2011GL047533
http://dx.doi.org/10.1371/journal.pone.0095584

3466 Q. Xinetal.:

\egetation structure, phenology, soil temperature, and CO, and
H20 vapor exchange, Ecol. Modell., 196, 1-31, 2006.

Lammertsma, E. I., de Boer, H. J., Dekker, S. C., Dilcher, D. L.,
Lotter, A. F., and Wagner-Cremer, F.: Global CO> rise leads to
reduced maximum stomatal conductance in Florida vegetation,
P. Natl. Acad. Sci., 108, 4035-4040, 2011.

Law, B., Falge, E., Gu, L. v., Baldocchi, D., Bakwin, P., Berbigier,
P., Davis, K., Dolman, A., Falk, M., and Fuentes, J.: Environ-
mental controls over carbon dioxide and water vapor exchange of
terrestrial vegetation, Agr. Forest Meteorol., 113, 97-120, 2002.

Leblanc, S. G. and Chen, J. M.: A practical scheme for correcting
multiple scattering effects on optical LAl measurements, Agr.
Forest Meteorol., 110, 125-139, 2001.

Leblanc, S. G., Chen, J. M., and Kwong, M.: Tracing radiation and
architecture of canopies, TRAC Manual. Version, 2, 25, 2002.
Leuning, R.: A critical appraisal of a combined stomatal-
photosynthesis model for C3 plants, Plant Cell Environ., 18,

339-355, 1995.

Li, L., Friedl, M. A, Xin, Q., Gray, J., Pan, Y., and Frolking, S.:
Mapping Crop Cycles in China Using MODIS-EVI Time Series,
Remote Sensing, 6, 2473-2493, 2014.

Li, X. and Strahler, A. H.: Geometric-optical bidirectional re-
flectance modeling of the discrete crown vegetation canopy: Ef-
fect of crown shape and mutual shadowing, IEEE T. Geosci. Re-
mote, 30, 276-292, 1992.

Li, X., Strahler, A. H., and Woodcock, C. E.: A hybrid geometric
optical-radiative transfer approach for modeling albedo and di-
rectional reflectance of discontinuous canopies, IEEE T. Geosci.
Remote, 33, 466-480, 1995.

Liang, S. and Townshend, J.: A parametric soil BRDF model: A
four stream approximation for multiple scattering, Int. J. Remote
Sens., 17, 1303-1315, 1996.

Liu, J., Woodcock, C. E., Melloh, R. A., Davis, R. E., McKenzie, C.,
and Painter, T. H.: Modeling the view angle dependence of gap
fractions in forest canopies: Implications for mapping fractional
snow cover using optical remote sensing, J. Hydrometeorol., 9,
1005-1019, 2008.

Monteith, J. L.: Climate and efficiency of crop production in Britain,
Philos. T. Roy. Soc. B, 281, 277-294, 1977.

Muneer, T.: Solar radiation and daylight models, Routledge, 61—
142, 2007.

Myneni, R., Maggion, S., laquinta, J., Privette, J., Gobron, N., Pinty,
B., Kimes, D., Verstraete, M., and Williams, D.: Optical remote
sensing of vegetation: modeling, caveats, and algorithms, Re-
mote Sens. Environ., 51, 169-188, 1995.

Myneni, R. B.: Modeling radiative transfer and photosynthesis in
three-dimensional vegetation canopies, Agr. Forest Meteorol.,
55, 323-344, 1991.

Myneni, R. B., Asrar, G., and Gerstl, S. A.: Radiative transfer in
three dimensional leaf canopies, Transport Theor. Stat., 19, 205-
250, 1990.

Myneni, R. B., Keeling, C., Tucker, C., Asrar, G., and Nemani, R.:
Increased plant growth in the northern high latitudes from 1981
to 1991, Nature, 386, 698702, 1997.

Myneni, R. B., Hoffman, S., Knyazikhin, Y., Privette, J. L., Glassy,
J., Tian, Y., Wang, Y., Song, X., Zhang, Y., Smith, G. R., Lotsch,
A., Friedl, M., Morisette, J. T., Votava, P., Nemani, R. R., and
Running, S. W.: Global products of vegetation leaf area and frac-

Biogeosciences, 12, 3447-3467, 2015

Modeling photosynthesis of discontinuous plant canopies

tion absorbed PAR from year one of MODIS data, Remote Sens.
Environ., 83, 214-231, 2002.

Ni-Meister, W., Yang, W., and Kiang, N. Y.: A clumped-foliage
canopy radiative transfer model for a global dynamic terrestrial
ecosystem model. I: Theory, Agr. Forest Meteorol., 150, 881-
894, 2010.

Ni, W.: Development and application of models of the radiation
regime within conifer forests, 10-47, 1998.

Ni, W. and Li, X.: A coupled vegetation—soil bidirectional re-
flectance model for a semiarid landscape, Remote Sens. Environ.,
74, 113-124, 2000.

Ni, W., Li, X., Woodcock, C. E., Roujean, J. L., and Davis, R. E.:
Transmission of solar radiation in boreal conifer forests: Mea-
surements and models, J. Geophys. Res.-Atmos. (1984-2012),
102, 29555-29566, 1997.

Ni, W., Li, X., Woodcock, C. E., Caetano, M. R., and Strahler, A. H.:
An analytical hybrid GORT model for bidirectional reflectance
over discontinuous plant canopies, IEEE T. Geosci. Remote, 37,
987-999, 1999.

Pearcy, R. W. and Sims, D. A.: Photosynthetic acclimation to chang-
ing light environments: scaling from the leaf to the whole plant,
Exploitation of environmental heterogeneity by plants, 5, 145—
174, 1994,

Pearcy, R. W., Schulze, E.-D., and Zimmermann, R.: Measurement
of transpiration and leaf conductance, in: Plant physiological
ecology, Springer, 137-160, 1989.

Peng, S., Piao, S., Zeng, Z., Ciais, P., Zhou, L., Li, L. Z., Myneni, R.
B., Yin, Y., and Zeng, H.: Afforestation in China cools local land
surface temperature, P. Natl. Acad. Sci., 111, 2915-2919, 2014.

Pisek, J., Sonnentag, O., Richardson, A. D., and M@6ttus, M.: Is the
spherical leaf inclination angle distribution a valid assumption
for temperate and boreal broadleaf tree species?, Agr. Forest Me-
teorol., 169, 186-194, 2013.

Potter, C. S., Randerson, J. T., Field, C. B., Matson, P. A., Vitousek,
P. M., Mooney, H. A, and Klooster, S. A.: Terrestrial ecosys-
tem production — a process model-based on global satellite and
surface data, Global Biogeochem. Cy., 7, 811-841, 1993.

Prince, S. D. and Goward, S. N.: Global primary production: A re-
mote sensing approach, J. Biogeogr., 22, 815-835, 1995.

Pury, D. D. and Farquhar, G.: Simple scaling of photosynthesis from
leaves to canopies without the errors of big-leaf models, Plant
Cell Environ., 20, 537-557, 1997.

Raich, J., Rastetter, E., Melillo, J., Kicklighter, D., Steudler, P., Pe-
terson, B., Grace, A., Moore lii, B., and Vérdsmarty, C.: Poten-
tial net primary productivity in South America: application of a
global model, Ecol. Appl., 1, 399-429, 1991.

Richardson, A. D., Anderson, R. S., Arain, M. A,, Barr, A. G,
Bohrer, G., Chen, G. S., Chen, J. M., Ciais, P., Davis, K. J., De-
sai, A. R., Dietze, M. C., Dragoni, D., Garrity, S. R., Gough, C.
M., Grant, R., Hollinger, D. Y., Margolis, H. A., McCaughey,
H., Migliavacca, M., Monson, R. K., Munger, J. W., Poulter, B.,
Raczka, B. M., Ricciuto, D. M., Sahoo, A. K., Schaefer, K., Tian,
H. Q., Vargas, R., Verbeeck, H., Xiao, J. F.,, and Xue, Y. K.: Ter-
restrial biosphere models need better representation of vegetation
phenology: results from the North American Carbon Program
Site Synthesis, Glob. Change Biol., 18, 566-584, 2012.

Running, S. W., Thornton, P. E., Nemani, R., and Glassy, J. M.:
Global terrestrial gross and net primary productivity from the

www.biogeosciences.net/12/3447/2015/



Q. Xin et al.: Modeling photosynthesis of discontinuous plant canopies 3467

earth observing system, Methods in Ecosystem Science, 44-57,
2000.

Running, S. W., Nemani, R. R., Heinsch, F. A., Zhao, M. S., Reeves,
M., and Hashimoto, H.: A continuous satellite-derived measure
of global terrestrial primary production, Bioscience, 54, 547—
560, 2004.

Ryu, Y., Baldocchi, D. D., Kobayashi, H., Ingen, C., Li, J., Black, T.
A., Beringer, J., Gorsel, E., Knohl, A., and Law, B. E.: Integration
of MODIS land and atmosphere products with a coupled-process
model to estimate gross primary productivity and evapotranspi-
ration from 1 km to global scales, Global Biogeochem. Cy., 25,
GB4017, doi:10.1029/2011GB004053, 2011.

Schaaf, C. B., Li, X., and Strahler, A.: Topographic effects on
bidirectional and hemispherical reflectances calculated with a
geometric-optical canopy model, IEEE T. Geosci. Remote, 32,
1186-1193, 1994,

Schulze, E.-D., Kelliher, F. M., Korner, C., Lloyd, J., and Leun-
ing, R.: Relationships among maximum stomatal conductance,
ecosystem surface conductance, carbon assimilation rate, and
plant nitrogen nutrition: a global ecology scaling exercise, Annu.
Rev. Ecol. Syst., 25, 629-660, 1994.

Sellers, P. J.: Canopy reflectance, photosynthesis and transpiration,
Int. J. Remote Sens., 6, 1335-1372, 1985.

Sjostrom, M., Zhao, M., Archibald, S., Arneth, A., Cappelaere, B.,
Falk, U., De Grandcourt, A., Hanan, N., Kergoat, L., and Kutsch,
W.: Evaluation of MODIS gross primary productivity for Africa
using eddy covariance data, Remote Sens. Environ., 131, 275-
286, 2013.

Song, C., Katul, G., Oren, R., Band, L. E., Tague, C. L., Stoy, P.
C., and McCarthy, H. R.: Energy, water, and carbon fluxes in
a loblolly pine stand: Results from uniform and gappy canopy
models with comparisons to eddy flux data, J. Geophys. Res.-
Biogeo., 114, G04021, doi:10.1029/2009JG000951, 2009.

Strahler, A. H., Muller, J., Lucht, W., Schaaf, C., Tsang, T., Gao,
F., Li, X., Lewis, P., and Barnsley, M. J.: MODIS BRDF/albedo
product: algorithm theoretical basis document version 5.0,
MODIS documentation, 5-37, 1999.

Verhoef, W. and Bach, H.: Coupled soil-leaf-canopy and atmo-
sphere radiative transfer modeling to simulate hyperspectral
multi-angular surface reflectance and TOA radiance data, Re-
mote Sens. Environ., 109, 166182, 2007.

Wang, Z., Coburn, C., Ren, X., Mazumdar, D., Myshak, S., Mullin,
A., and Teillet, P.: Assessment of soil surface BRDF using an
imaging spectrometer, 783010-783019, 2010.

Xia, J., Chen, J., Piao, S., Ciais, P., Luo, Y., and Wan, S.: Terres-
trial carbon cycle affected by non-uniform climate warming, Nat.
Geosci., 7, 173-180, 2014.

Xin, Q., Woodcock, C. E., Liu, J., Tan, B., Melloh, R. A., and Davis,
R. E.: View angle effects on MODIS snow mapping in forests,
Remote Sens. Environ., 118, 50-59, 2012.

Xin, Q., Gong, P, Yu, C., Yu, L., Broich, M., Suyker, A. E., and
Myneni, R. B.: A Production Efficiency Model-Based Method
for Satellite Estimates of Corn and Soybean Yields in the Mid-
western US, Remote Sensing, 5, 5926-5943, 2013.

www.biogeosciences.net/12/3447/2015/

Xin, Q., Broich, M., Suyker, A. E., Yu, L., and Gong, P.. Multi-
scale evaluation of light use efficiency in MODIS gross primary
productivity for croplands in the Midwestern United States, Agr.
Forest Meteorol., 201, 111-119, 2015.

Xu, L., Myneni, R., Chapin Ill, F., Callaghan, T., Pinzon, J., Tucker,
C., Zhu, Z., Bi, J., Ciais, P., and Tammervik, H.: Diminished tem-
perature and vegetation seasonality over northern high latitudes,
Nature Clim. Change, 3, 581-586, 2013.

Yang, W., Ni-Meister, W., Kiang, N. Y., Moorcroft, P. R., Strahler,
A. H., and Oliphant, A.: A clumped-foliage canopy radiative
transfer model for a Global Dynamic Terrestrial Ecosystem
Model Il: Comparison to measurements, Agr. Forest Meteorol.,
150, 895-907, 2010.

Yang, X., Strahler, A. H., Schaaf, C. B., Jupp, D. L., Yao, T., Zhao,
F., Wang, Z., Culvenor, D. S., Newnham, G. J., and Lovell, J. L.:
Three-dimensional forest reconstruction and structural parame-
ter retrievals using a terrestrial full-waveform lidar instrument
(Echidna®), Remote Sens. Environ., 135, 36-51, 2013.

Yao, T., Yang, X., Zhao, F., Wang, Z., Zhang, Q., Jupp, D., Lovell,
J., Culvenor, D., Newnham, G., and Ni-Meister, W.: Measuring
forest structure and biomass in New England forest stands using
Echidna ground-based lidar, Remote Sens. Environ., 115, 2965—
2974, 2011.

Yi, C., Ricciuto, D., Li, R., Wolbeck, J., Xu, X., Nilsson, M.,
Aires, L., Albertson, J. D., Ammann, C., and Arain, M. A.: Cli-
mate control of terrestrial carbon exchange across biomes and
continents, Environ. Res. Lett., 5, 034007, doi:10.1088/1748-
9326/5/3/034007, 2010.

Yuan, H., Dickinson, R. E., Dai, Y., Shaikh, M. J., Zhou, L., Shang-
guan, W., and Ji, D.: A 3D Canopy Radiative Transfer Model for
Global Climate Modeling: Description, Validation, and Applica-
tion, J. Climate, 27, 1168-1192, 2013.

Zhang, Q., Xiao, X., Braswell, B., Linder, E., Baret, F., and Moore
lii, B.: Estimating light absorption by chlorophyll, leaf and
canopy in a deciduous broadleaf forest using MODIS data and
a radiative transfer model, Remote Sens. Environ., 99, 357-371,
2005.

Zhang, Q., Cheng, Y., Lyapustin, A. I., Wang, Y., Xiao, X., Suyker,
A., Verma, S., Tan, B., and Middleton, E. M.: Estimation of crop
gross primary production (GPP): I. impact of MODIS observa-
tion footprint and impact of vegetation BRDF characteristics,
Agr. Forest Meteorol., 191, 51-63, 2014.

Zhang, X., Friedl, M. A., Schaaf, C. B., Strahler, A. H., Hodges, J.
C., Gao, F.,, Reed, B. C., and Huete, A.: Monitoring vegetation
phenology using MODIS, Remote Sens. Environ., 84, 471-475,
2003.

Zhao, F., Yang, X., Schull, M. A., Roman-Colén, M. O., Yao, T.,
Wang, Z., Zhang, Q., Jupp, D. L., Lovell, J. L., and Culvenor,
D. S.: Measuring effective leaf area index, foliage profile, and
stand height in New England forest stands using a full-waveform
ground-based lidar, Remote Sens. Environ., 115, 2954-2964,
2011.

Zhao, M., Heinsch, F. A., Nemani, R. R., and Running, S. W.: Im-
provements of the MODIS terrestrial gross and net primary pro-
duction global data set, Remote Sens. Environ., 95, 164-176,
2005.

Biogeosciences, 12, 3447-3467, 2015


http://dx.doi.org/10.1029/2011GB004053
http://dx.doi.org/10.1029/2009JG000951
http://dx.doi.org/10.1088/1748-9326/5/3/034007
http://dx.doi.org/10.1088/1748-9326/5/3/034007

	Abstract
	Introduction
	Theoretical basis
	Brief description of canopy gap probability modeled using GORT
	Sunlit and shaded leaf area index
	Analytical solutions for the scattering parameters of discontinuous canopies
	Mean photosynthetically active radiation absorbed by sunlit and shaded leaves
	Modeling leaf photosynthesis and scaling up to canopy photosynthesis
	Study materials and model parameterization

	Results
	Gap probability
	Model simulations over 8-day time periods
	Model simulation over entire years

	Discussion
	Influence of CO2 concentration on canopy photosynthesis
	Clumping effects in the GORT model
	Assumptions and future improvements

	Conclusions
	Appendix A
	Author contributions
	Acknowledgements
	References

