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Abstract. A combined geometric-optical and radiative transfer (GORT) model allows
incorporation of multiple scales of clustering in conifer canopies on the estimation of
radiation transmission. Consideration of clustering of branches into whorls is the latest
addition to this model. Modification of the GORT model to include whorl orientation
improves the ability to model the observed patterns of solar radiation transmission as a
function of solar zenith angle and height in the canopy. Whorl orientation distributions
‘are derived from multidirectional measurements using a geometric optical mutual
shadowing model. For BOREAS test stands, model estimates and vertical measurements
of photosynthetically active radiation transmittance within the canopy show (1) general
decreases in transmission as solar zenith angles increase in the range of solar zenith angles
dominated by beam irradiance, (2) increases in PAR transmission at very high solar zenith
angles where diffuse skylight is dominant, (3) maximum scattering and absorption occur in

the middle of the canopy. Model estimates match measurements from the forest floor,
indicating the value of the model for providing radiation inputs to snowmelt models in

forested landscapes.

1. Introduction

The Boreal Ecosystem-Atmosphere Study (BOREAS) has
been undertaken to improve our understanding of the inter-
actions between the boreal forest biome and the atmosphere
and to clarify their role in global climate change [Sellers et al.,
1995]. These interactions include the exchanges of mass, en-
ergy, and momentum between the boreal forest and the lower
atmosphere. The radiation regime above, within, and below
the boreal forest canopy plays a crucial role in many dimen-
sions of atmosphere-vegetation interactions. First, light inter-
ception and absorption are closely related to photosynthesis
[Sellers, 1985, 1987], which directly influences the exchange of
carbon between the forest canopy and the atmosphere. Sec-
ond, absorption of solar radiation by leaves and the ground
surface in turn heats the surrounding air, which when com-
bined with the roughness of the vegetated surface results in the
turbulence that transports mass and energy between the bio-
sphere and the atmosphere. Studies of the effect of the forest
canopy on turbulent transport have shown that the vertical
distribution of solar radiation absorption by canopy elements is
essential for predicting the momentum, heat, and energy trans-
fer patterns within and just above plant canopies [Ni, 1997].
Third, radiation transmitted to the forest floor provides energy
for snowmelt, which in turn provides moisture for soils and
plants. All these indicate that a clear understanding of the
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radiation regime in conifer stands contributes directly to the
objectives of BOREAS.

The complex architecture of conifer forests results in strong
landscape heterogeneity with respect to radiation at many spa-
tial scales since a light ray may be trapped in or transferred
through any element of the canopy. Currently, a limited un-
derstanding of the radiation environment within snow-covered
boreal landscapes leads to large uncertainties in the surface
radiation inputs used in climate, hydrology, and vegetation
interaction studies [Bonan et al., 1995].

The purpose of this paper.is to pursue an improved under-
standing of the effects of conifer canopy structure on the ra-
diation regime within and below boreal conifer forests, with
the primary motivation being to provide inputs to snowmelt
models (see Hardy et al. [this issue]). This study involves both
theoretical models and field measurements of the radiation
transmission in BOREAS test sites. While this paper focuses
on results in specific stands, our long-term research develops
models usefill to spatially distributed models of snow processes
over time periods of seasons [Davis et al., this issue].

2. Background |

Radiation transmission in a plant canopy is affected by many
factors, including the source distribution (proportions of inci-
dent beam irradiance and diffuse skylight and its spectral prop-
erties), the canopy structure, as well as the spectral properties
of the canopy elements and the canopy background. The pro-
portions of beam irradiance and diffuse skylight and its spec-
tral properties depend on atmospheric conditions. Radiation
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transmission differs for irradiance at different solar zenith an-
gles and also for diffuse skylight. Because of high absorption by
plants in the visible wavelengths (0.4-0.7 pm), radiation inter-
ception approaches the absorption, and multiple scattering can
be ignored [Roujean, 1996]. Becatise of the high leaf albedo in
the near infrared, especially combined with the high surface
albedo in the snow-covered BOREAS sites durmg the winter,
multiple scattering in the canopy layer and the multiple bounc-
ing between the canopy layer and the ground sirface have to
be taken inte accourit.

~ A complete description of a canopy requires the specifica-
tion of the position, size, and orientation of each element in
the canopy, which has proven to be complicated and imprac-
tical. Usually statistical parameters of canopy structure, such as
the leaf area index (LAI), leaf angle distribution (LAD), and
the spatial arrangement of canopy foliage, branches, and stems
are used in mathematical models to describe light penetration
through a forest canopy [Campbell and Norman, 1989).

The effect of LAI and LAD on the radiation regime for
horizontally homiogeneous plant. canopies is well developed
(see the review by Ross [1981]). The canopy gap probability (or
Beer’s law) was first used by Monsi arid Saeki [1953] to describe
the beam penetration. The gap probability was defined as the
probability that a beain misses a set of raridomly located leaves.
Meanwhile the effect of the spatial arrangement of cariopy
elements (called dispersion structure) was also modeled by a
radiative transfer (RT) approach. Usually random and
clumped patterns were used to describe the dispersion struc-
ture of plants. As suggested by Ross [1981], for random dis-
persion structure, there is an equal probability of finding a
plant at any location, and for clumped dispersion structure, the
probabxhty of finding a plant at a given location is related to
the presence or absence of plants in the surrounding area. For
the random dlspersmn model, the only inputs are LAI and
LAD, as used in the RT approach. For canopies with clumped
leaves, a negative binomial model was used to describe the
beam penetration [Nilson, 1971}. '

Conifet caniopies exhibit hierarchical clumping structure, in-
cluding the clumping of needles into shoots, shoots into
branches, branches into whorls; whorls into crowns, with
crowns compnsmg the canopy. One higher level of clumping is
the grouping of individual crowns into patches (or starids),
which thén comprise the landscape [Urban et al., 1987]. All
these levels of clumping contribute to heterogenelty in the
radiation environment in conifer forest. This conceptual model
for a forested landscape is central to our efforts to distribute
physical models at the scale of stands across landscapes

Various levels of the clumping that occurs in conifer fotests
have been incorporated into the RT approach for modeling the
effects of conifer structure on the radiation regime [Norman
and Jarvis, 1974, 1975; Nilson, 1971; Oker-Blom et al., 1983,
1991]. A two- level clumping model was developed by Norman
and Jarvis [1974; 1975], which includes the clumping of needles
into shoots and shoots into whorls in a Sitka spruce forest. This
model not only considered the effect of the clumping on the
directly transmitted radiation but also the scattered transmit-
tance at any spectral range and any solar zenith angle. Their
study concluded that the highly clumped structure tends to
allow more direct beam radiation to pass thirough the canopy
unintercepted. At the same time clumping of the needles into
shoots made the shoot foliage elements appear less translu-
cent. Their model was complicated, requiring detailed canopy
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structure measurements such as the location and number of
whorls, the orientation and length of shoots.

Studies by Oker-Blom et al. [1983, 1991] showed that the
effects of foliage clumping into crowns and crowns into a
canopy allow more light to pass through to the lower part of
the canopy. The light condition was to a high degree deter-
mined by tree structure. This effect seems especially tfue for
sparse canopies. Similar results were obtamed through an em-
pirical approach by Sampson and Smith [1993], in which the
canopy gaps were measured by a spherical densiometer. They
found a reasonably good loglinear fit for the between-crown
gap probability as a function of the stem count density and
average basal area of live crown.

A three-dimensional radiative transfer model [Kimes et al.,
1985] was also applied to a pine forest canopy to account for
the unique radiative transfers that take place in forests due to
the effects of clumps of tree crowns [Kimes et al., 1986]. They
found that this clumping structure has two effects on the ra-
diative transfer within the canopy: one is the increase of the
gap probability to the understory and/or soil layer that in-
creases the influence of the scattering properties of these lower
layers, and the other is the increase of the number of low
transmitting clumps of vegetation within the scene causing
increased backscatter and decreased forward scatter relative to
the homogeneous case.

While much has been learned about the radiation environ-
ment in plant canopies using radiative transfer approaches, the
basic assumption of a horizontal homogeneous layer is limiting
for canopies that exhibit a high degree of clumping [Oker-Blom
et al., 1991]. An alternative approach that has proven useful for
discontiniuous canopies uses geometric optics. The geometric-
optical (GO) approach has been developed primarily for mod-
eling canopy reflectance in discontinuous vegetation canopies
[Li and Strahler, 1985, 1992; Strahler and Jupp, 1990]: A forest
canopy is treated as an assemblage of three-dimensional tree
crowns of specified shape and size, and the directional reflec-
tance over the canopy is the linear combination of the product
of the areal proportions and the spectral signatures for four
scene components: sunlit crown surface, sunlit ground surface,
shaded crown surface, and shaded ground surface. The areal
proportion of each component is a function of the crown
shape, crown size and count density, as well as illumination and
viewing angles. Hence the GO approach captures the basic
features of discontinuous canopies, for example, the clumping
of foliage into crowns which cast shadows.

In this study, a new model [Li et al., 1995] that combines the
geometric-optical arid radiative-transfer (GORT) approaches
is used to model the effect of conifer canopy structure on solar
radiation transmission in BOREAS test sites. This approach
has the advantage of the strengths of both the RT and the GO
approaches. All theoretical models are abstracts of reality and
as such require basic assumptions about reality. The assump-
tions underlying this study are as follows:

1. Shoots are considered as the basic canopy elements,
based on previous studies that have shown shoots to be the
basic scattering and photosynthetic elements in conifer forests
[Oker-Blom et al., 1991; Chen, 1996]. Shoots are assumed ran-
domly distributed within the confines of a whorl [Norman and
Jarvis, 1975]. The foliage-area-volume-density parameter used
in this study includes the effect of the shoots, stems, branches,
and trunks [Chen, 1996].

2. An earlier study by Norman and Jarvis [1975], field mea-
surements [Chen, 1996], and the results of tree parameter
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retrieval [Li and Strahler, 1996] in BOREAS test sites all indi-
cate that the horizontal whorls within a single crown act some-
what like a pile of horizontally oriented disks [Ross and Mar-
shak, 1991] within an ellipsoid envelope. In this study, a
horizontal whorl structure is assumed for conifer trees, and the
effects of the horizontal whorl structure on the radiation re-
gime is considered.

3. The focus is on the effects of the canopy structure on the

radiation regime at the scale of forest stands. Within stands,

trees are assumed randomly distributed [Oker-Blom et al.,
1991]. The radiation regime is characterized by the mean stem
count density, mean size of tree crowns with a specified ellip-
soid shape, and with specified foliage spectral properties.

3. Modeling Transmission of Solar Radiation

Contributions to the distribution of total radiation within the
forest canopy come from three sources: (1) beam irradiance
through gaps, (2) diffuse skylight through gaps, and (3) solar
radiation scattered by the canopy elements and understory
background. The basic approach used is to estimate the first
two components by gap probabilities between canopy elements
based on geometric optics, while the third component is esti-
mated using a radiative transfer approach. The effect of the
clumping of foliage elements into crowns is incorporated into
the RT approach through leakage factors.

3.1. Gap Probabilities

The gap probability for a canopy is defined as the probability
of a photon reaching a given point located at a certain height
in the canopy without being scattered. As described earlier, for
a horizontally homogeneous canopy layer, the gap probability
is described by Beer’s law. For sparse canopies the clumping of
leaves into crowns yields a nonuniform distribution of gaps. In
fact, some proportion of light will pass through the canopy
without passing through tree crowns (referred to as between-
crown gaps), while another proportion may pass through
crowns without being scattered (within-crown gaps). Beer’s law
fails to describe these in discontinuous canopies.

In the GORT model, the discontinuous canopy layer is mod-
eled as an assemblage of randomly distributed tree crowns of
ellipsoidal shape, having horizontal crown radius R and verti-
cal crown radius b and centered between heights 4, and 4,,
where h, and h, are the lower and upper bounds of crown
center height. The crown count volume density A , is equal to
(A/hy — h,, where A is the stem count density in square
meters. Within each single crown, the foliage and branches are
assumed to be uniformly distributed. The penetration of the
incoming direct and diffuse irradiance is described by the sum-
mation of two types of gap probabilities: the between-crown
gap probability and the within-crown gap probability (see Fig-
ure 1). The between-crown gap probability P(n = 0|k, 6;) for
direct beam radiation describes the proportion of the direct
solar beam at solar zenith angle 6, that reaches a point located
at height 4 without passing through any crowns (i.e., n = 0).
This is the probability that there are no crown centers within
the beam projected cylinder volume V- with a radius R starting
from the top of the canopy layer to level 4, otherwise the beam
will pass through crowns. On the basis of Boolean theory the
between-crown gap probability can be expressed as an expo-
nential function of crown number within the volume V., that
is,
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Figure 1. Vertical cross section of a canopy showing the dis-
tribution of tree crown heights, as modeled in geometrical-
optical and radiative transfer (GORT). Between-crown gap
probability at height A is related to the volume V7., and within-
crown gap probability at height 4 is related to the location
(point I at height z) where a beam enters a crown and volume
Vg, and h; and h, are the lower and upper bounds of crown
center height.

P(n=0|h, 6) = e ¢))

The within-crown gap probability P(n > 0|4, 6,) is defined
as the proportion of direct beam radiation passing through at
least one crown without being scattered. The gap probability
for diffuse skylight, or the “openness factor,” is the integral of
the gap probability for the direct beam over the hemisphere.
The calculation of the within-crown gap probability is rather
complicated. With the assumption of randomly distributed fo-
liage within a single crown, the within-crown gap probability
P(n > 0|k, 6,) can be described by Beer’s law, but the
within-crown pathlength s is a random variable, since the lo-
cation where a beam enters a crown, the number of crowns
through which it passes, and the pathlength through an indi-
vidual crown are random. The within-crown gap probability is

P(n>0lh, 6) = Jm P(s|h, 8)e™"®* ds )

0

where 7(6;) = k(6,)F,, where k(0;) is the leaf area projec-
tion factor at angle 6,, and F, is the foliage area volume
density within a single crown, where shoots, stems, branches,
and trunks are all included. We have F,= L,/AV_ yn, Where
L, is the effective leaf area index, i.e., after considering the
clumping effect of needle into shoots [Chen et al., 1991], and
Verown i8 the volume of a single crown; s is the within-crown
pathlength, and P(s|h, 6,) is the within-crown pathlength dis-
tribution, which depends on the location where a beam enters
the canopy crowns, the number of crowns through which it
passes, and the mean pathlength within a single crown,

hy "=

> (P(s|n, z, b, 6) P(n|z, h, 6)) dz

h n=1

P(s|h, 6) = 3

where P(s|n, z, h, 6,) is the within-crown pathlength distri-
bution for solar rays entering crowns at height z at angle 6,,
then passing through n crowns to height 4. It can be obtained
with the basis of the between-crown gap probability. The prob-
ability, P(n|z, h, ,), is the distribution of numbers of crowns
intercepted by a beam incident at 6; and entering crowns at
height z, then traveling to height 2. We can also easily get the
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formula with the assumption of a Poisson distribution of the
number of crowns centered in volume ¥ g; here V, is the beam
projected cylinder volume with radius R starting from the
entering point at level z to the level 4. The details for the
calculation of the between-crown and within-crown gap prob-
abilities can be found in the work of Li et al. [1995].

As discussed, it can be seen that with the GO approach, the
between-crown gap probability is characterized by the size,
shape, and density of crowns. Through combination of the GO
and RT approaches, the within-crown gap probability is there-
fore not only described by the L, but also by the size, shape,
and density of crowns.

3.2. Effect of Horizontal Whorl Structure

For conifer forests the clumping of shoots into horizontal
whorls of branches results in a nonrandom distribution of can-
opy elements within crowns. The existence of a horizontal
whorl structure allows more light to pass through the canopy
without being scattered, particularly at larger solar zenith an-
gles. To model the effect of the horizontal whorl structure, the
calculation of the gap probabilities as described above has to
be modified. For randomly distributed foliage within crowns
with the assumption of “solid” crowns, the between-crown gap
probability was calculated on the basis of the probability that
there are no crowns centered within the beam projected cyl-
inder volume V; that is, the probability that the point M at
height & will not be shadowed in the horizontal plane at h.
However, given the horizontal whorls distribution of within
crowns, there is less chance that the point M will be shadowed.
The between-crown gap probability has to be modified in order
to include the horizontal whorl effect. A correcting factor
G,(6,), describing the distribution of the whorl orientation
structure, is introduced here. It is defined as the proportion of
shadowing area of the nonsolid crown (with horizontal whorl
branch structure) over the projected area of the “solid” crown
at solar zenith angle 6 at a plane. The modified formula for
calculating the between-crown gap probability is

P(n = Olh’ 0’) = e_Gb(al)Aer (4)

3.3. Properties of Predicted Gap Probabilities

Figure 2 shows the modeled between-crown and within-
crown gap probabilities from the original GORT model, using
tree geometry parameters and foliage area volume density in
the old jack pine stand in the southern study area (SOJP) of
BOREAS as inputs. It shows that (1) the between-crown gap
probability decreases with distance from the top of the canopy
and at a faster rate at larger solar zenith angles, which means
that more light will be intercepted at the upper part of the
canopy at larger solar zenith angles; (2) the within-crown gap
probability has a maximum value in the middle of the canopy
layer, with larger values at larger solar zenith angles; (3) the
total gap probability at the top of the canopy layer for beam
radiation at any solar zenith angle is primarily due to the
between-crown gap probability, whereas the radiation reaching
the lower part of the canopy layer at smaller solar zenith angles
is the result of significant contributions by both the between-
crown and the within-crown gap probabilities. Only for the
bottom of the canopy at large solar zenith angles is the within-
crown gap probability dominant.

Several differences between the total gap probability pre-
dicted by GORT and Beer’s law are apparent in Figure 3. First,
the vertical distribution from GORT resembles a logistic curve
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Figure 2. Gap probabilities for the SOJP site as estimated by
the GORT model. Solid lines are for total gap probabilities,
dashed lines are for the between-crown gap probabilities, the
alternating dashed and dotted lines are for the within-crown
gap probabilities.

of sigmoidal shape as a function of height, with most of the
radiation intercepted between ki, and 4, (7.7 m and 12.7 m in
this case), whereas the predictions from Beer’s law are simply
exponential functions. The cause of the deviation from an
exponential function like Beer’s law is the between-crown gap
probability. Second, larger gap probabilities are predicted by
GORT compared to Beer’s law for beam irradiance at smaller
solar zenith angles. Third, GORT and Beer’s law become sim-
ilar at very large solar zenith angles. The patterns of the gap
probability for diffuse skylight, which are the integrated gap
probabilities over the hemisphere, are shown in Figure 4. Com-
parison of the estimates of light interception by GORT and
Beer’s law (Figure 5) shows that the maximum light intercep-
tion predicted by Beer’s law occurs in the top of the canopy, as
opposed to the middle as predicted by GORT.

Solar radiation through gaps can be modeled as the summa-
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Figure 3. Comparison of gap probabilities in the SOJP stand
as predicted by the GORT model and Beer’s law for a variety
of solar zenith angles.
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Figure 4. Gap probabilities for diffuse skylight in the SOJP
stand as predicted by the GORT model and Beer’s law. The
dashed line is for Beer’s law. The solid line is the total gap
probability, the dotted line is for the within-crown gap proba-
bility, and the alternating dashed and dotted line is the be-

tween-crown gap probability.

tion of the weighted gap probabilities for direct beam and
diffuse skylight. On the basis of measurements of direct beam
and diffuse skylight proportion on clear days at the SOJP site,
an empirical formula for calculating the proportion of the
direct beam on clear days in BOREAS test sites is proposed,

Pil) = 509 ®)

where p; = cos 6;. Figure 6 shows the comparison between the
field measurements and the curve calculated from equation
(5). The curve matches reasonably well with the field measure-
ments except for slight underestimation.

On the basis of equation (5), Figure 7 shows the first two
components of solar radiation transmittance on clear days as a
function of solar zenith angle by the original and modified
GORT. Notice that for the modified form of GORT for
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Figure 5. Diffuse skylight interception in the SOJP stand, as
estimated by Beer’s law and the GORT model.
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Figure 6. Proportion of total irradiance arriving at the top of
the canopy uncollided (or beam irradiance) in BOREAS test
sites on clear days in early April 1994.

incorporating the effect of whorls, the formula G,(6,) = 0.7
cos? (6) + 0.3 was obtained by inverting the geometric-
optical mutual shadowing bidirectional canopy reflectance
model [Li and Strahler, 1992] using PARABOLA data [Deer-
ing, 1995] collected over BOREAS forest sites (see a de-
tailed description in the Appendix). Figure 7 shows (1) the

. beam and diffuse skylight through gaps decreases first with

the increase of solar zenith angles (which is due to the
increase in pathlength for beam irradiance) and then in-
creases at very larger solar zenith angles, which is due to the
increasing proportion of incident diffuse skylight at very
larger solar zenith angles; (2) the modified GORT model for
whorls predicts larger gap probabilities than the original,
especially at larger solar zenith angles.

3.4. Multiple Scattering

The calculation of multiple scattering within the canopy and
the multiple bouncing between the canopy and the background

1

0.9

—_ :modified GORT "™

-.... . Original GORT

from top to bottom, with

[ h=14m,12m,10m,8m,6m, and h<=4m

o 10 20 %0 4 0 6 70 8 %
" solar zenith angle

Figure 7. Gap probability as a function of solar zenith angle

in the SOJP stand, as estimated by the original and modified

GORT models.
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Table 1. Spectral Properties of Leaf and Snow in
Snow-Covered SOJP

pum 0.3-0.7 0.7-1.35 1.35-2.3 Reference
Prop1® 0.46 0.37 0.17 Igbal [1983]
Prop2® 0.49 0.40 0.11 6S
Leaf albedo 0.15 0.80- 0.45 ref*c
Snow albedo 0.95 0.50 0.00 Dozier [1989]

2Propl, proportion of extraterrestrial solar spectral irradiance.
®Prop2, proportion of solar spectral irradiance at the Earth surface.
°ref*, Middleton and Walter-Shea [1995].

were modeled using a RT approach. That is, the canopy is
divided into several thin layers. With the vertical distribution of
gap probability calculated above, the vertical distribution of
the intercepted irradiance within each thin layer can be easily
obtained by the differential of the gap probability. Thus the
product of the intercepted irradiance and the leaf albedo will
be the single scattering sources within each thin layer. By
introducing a leakage factor, the amount of single scattering
leaking out through the between-crown gaps and the magni-
tude of scattering sources for higher orders of multiple scat-
tering can be obtained. Then by following the RT approach,
from the amount of single scattering in one certain layer to
reach another layer, the second-order scattering sources can be
obtained. Then the higher-order pairs of scattering are solved
successively in a similar way. Through these steps, the total
multiple-scattering (including downward and upward) compo-
nents can be obtained by the summation of all orders of mul-
tiple scattering. The details of these calculations can be found
in the work of Li et al. [1995].

Because of the different spectral properties of leaves and
snow over the solar spectrum, it was divided as follows: 0.3-0.7
wm, 0.7-1.35 um, and 1.35-2.3 pum, and the multiple scattering
is calculated as the sum of the multiple scattering in each
spectral range. The spectral leaf albedo (leaf reflectance plus
leaf transmittance), snow albedo, and proportion of solar ra-
diation in each spectral range are listed in Table 1. Prediction
of the vertical distribution of the downward multiple scattering
over the solar spectrum (Figure 8) shows the following: (1)
peaks in the middle of the canopy, which is due to maximum
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curves from left to right are with szn=40, 60, 80 degree
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Figure 8. Predicted distribution of downward multiple scat-
tering in the SOJP stand as estimated by the GORT model.
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Figure 9. Predicted total solar radiation transmission in the

SOJP stand as estimated by the GORT model.

radiation interception in the middle of the canopy layer; (2) as
solar zenith angles increase, longer beam pathlengths lead to
more light interception higher in the canopy.

Total solar radiation transmission can be modeled as the
sum of the total gap probability for beam irradiance, diffuse
skylight, and multiple scattering. Figure 9 shows predicted total
solar radiation transmission as a function of solar zenith angle
at selected heights.

4. Field Measurements

During the 1994 summer field campaign, photosynthetically
active radiation (PAR) (0.4-0.7 pm) measurements were col-
lected by setting up a 15 m mast in the old jack pine and old
black spruce stands in the southern areas of BOREAS (so-
called SOJP and SOBS sites). Each mast was equipped with a
series of horizontal perches (or bars) at 2 m, 4 m, 6 m, 8 m, and
10 m. Each perch had six equidistant optical sensors, 0.3 m
apart. The perches were oriented south, with a small angle
between them to avoid mutual shadowing. The measurements
were collected every 10 min from sunrise to sunset almost
every day during the BOREAS summer campaign. Averaged
values of the PAR measurements from the six sensors at each
level were used in this study.

During the winter field campaign in 1994 in the old jack pine
stand in the southern study area (SOJP site) and in 1995 in the
old black spruce stand in the northern area (NOBS site), a
Skye SKE 510 radiation sensor for diffuse skylight and a
Fritschen Q-6 net radiometer for net radiation were mounted
above the canopy to measure incoming beam and diffuse ra-
diation. Meanwhile, 10 Eppley (PSP) pyranometers were
placed randomly on the snow surface beneath the canopy
within an area with a radius of 35 m for measurements of total
downwelling radiation at snow surface. The random positions
were determined by drawing a random number for the azimuth
and distance away from the Campbell datalogger. Radiation
observations were taken at 10 s intervals, averaged over a
period of 10 min. Measurements were made from day 37 at
1520 to day 40 at 1630 in 1994 in SOJP and from day 81 at 1424
to day 85 at 1300 in 1995 in NOBS. Averages of the 10 pyra-
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Table 2. Input Tree Paramieter Values for GORT

1
Site R(m) b(m) A(;nli) hy(m) h,(m) ELAI FAVD e

soJp 12 35 0284 77 127 1.89 0.41
SOBS 0.76 27 0405 3.0 85 227 0.87
NOBS 0.26 09 1594 01 31 126 3.15

nometer measurements were uséd for the calciilation of total
solar radiation transmittance in each test site. _

The tree geometry parameter values required for GORT in
the three sites are shown in Table 2. For the SOJP site the trees
are quite uniform in height; for example, the tree height is
from 12 m to 15 m [Chen, 1996]. The crown shape and size (R
and b) and the boundaries of crown center height (h; and 4,)
are from Soffer et al. [1995]. The rest are from Chen [1996].

For the SOBS site the trees are not so uniform, the tree
height varying between 0 and 11 m [Chen, 1996]. It was re-
corded that 60% of the trees were less than 6 m tall with a
horizontal crown radius 0.7 m, 30% were between 6 m and 8 m
high with a crown radius 0.8 m and 10% were between 8 m and
10.5 m high with a crown radius of 1.0 m. Because of the
nonuniform distribution tree height and sizes, the input pa-
rameters h, and h, were calculated as A, = mean(h.) —
std(h.) and h, = mean(h.) + 3std(h.), whete A is the
crown center height and mean(h,), and std(h,.) are the mean
and standard deviation of the crown center height. The stem
density and ELAI data are from Chen [1996].

For the NOBS site an area with small trees was selected. The
average tree height is around 2.15 m with a stand deviation of
1.02 m. Careful tree parameter measuréments were made in
this area. A 50 m X 50 m area near the pyranometers was
chosen and divided into 25 (10 m X 10 m) cells. In each of five
randomly selected cells, 22 trees were selected randomly, and
for each of them, tree height and crown radius were measured.
Additionally, counts of stems were made in each of the five
cells. The results for stem cournt density, the horizontal and

 vertical crown radii, the lower and upper bounds of crown
centers are given in Table 2. From the 110 sample trees the
mean(h.) = 1.61 m and std(k,) = 0.77 m.

The foliage area volume density (FAVD) measurements
were collected as follows: In each of the five randomly selected
cells mentioned above, a tree was selected that was close to the
average size. Five measurements (counts) of needles and twigs
were made on each of the selected trees. For each measure-
ment, a location was selected using three random numbers,
which are height of sample, azimuth from tree stem, and dis-
tance from the tree stem. A 0.1 m X 0.1 m X 0.1 m hollow cube
was placed at that random location on the tree. The number of
the needles in the cube were counted and the dimensions of
each twig within the cube were measured. From these mea-
surements, the averaged twig area and needl¢ area density are
0.84 (m~?) and 3.72 (m™Y). As suggested by Oker-Blom et al.
[1991] and Chen [1996], individual shoots are the basic foliage
elements for conifer stands. The ratio of half the total rieedle
area in a shoot to half the total shoot area, yz = 1.61 [Chen,
1996], was used here. The foliage area volume density (includ-
ing the twigs) FAVD = 0.84 + 3.72/yz = 3.15 m™%,
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Figure 10. Comparison of modeled and measured, vertical
distribution of (PAR) transmission in the SOJP stand.

5. Comparison of Measurements and
Model Estimates

With the tree geometry parameters described in the last
section as input, GORT was run to estimate PAR and total
solar radiation transmission as a function of solar zenith angle
and height for comparison with the field meéasurements in the
SOJP, SOBS, and NOBS test sites. The PAR transmission is
estimated from the total gap probabllmes (ignoring thie multi-
ple scattering) due to large absorption of canopy elements
within the range of 0.4-0.7 um. The total solar radiation
transmission is modeled by gap probabilities and multiple sct-
tering. As mentioned, the total solar radiation was divided into
three ranges due to the different spectral properties of canopy
elements and snow within each range (Table 1).

5.1. Vertical Distribution of PAR Transmission

Figures 10 and 11 show the vertical distribution of the av-
eraged PAR transmission on clear days in the SOJP and SOBS
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Figure 11. Comparison of modeled and measured vertical
distribution of PAR transmission in the SOBS stand.
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Figure 12. Companson of modeled and measured PAR

transmission as a function of solar zenith angles in the SOJP

stand.

sites. Tree height is in the range of 12-15 m in the SOJP site
and 0-11 m in SOBS site. The highest PAR measuremerits
were only 10 m; this means we only had the measurements in
the middle or lower part of the canopy for the SOJP site. The
field measurements in the SOJP site (see Figure 10) show the
lower part of the sigmoidal shape of PAR transmission and the
prediction by the modified GORT matches well withi the field
measurements, whereas the prediction by the original GORT
and Beer’s law tend to underestimate the field measurements.
The field méasurements il the SOBS site (see Figure 11) show
the whole sigmoidal shape of the vertical distribution of PAR
transmittance, and the estimates from GORT match reason-
ably well. As expected, Beer’s law fails to predict the sigmoid
shape of the field measurements. Figure 11 also shows some
deviation in the modeled results from GORT relative to the
measurements at 6 m and 10 m. The deviation is due at least
partially to the effects of crown size distributions. In the
GORT model, the calculations are based on a single mean
ctown size, which for normally distributed or at least symmet-
rically distributed crown size is a reasonable approximation.
For the SOBS site the crown size distribution is more lognor-
mal, and incorporation of this effect is planned for future work
and may improve the results. The deviation may also be due to
the effect of improper crown shape. The core or cone plus
cylinder crown shape may be more proper for the SOBS site.
Here we consider the crown as ellipsoid in the sake of simplic-
ity, although this may yield soine limitations. Given the lack of
field data in the SOBS site and the noisy nature of the PAR
transmission measurements collected at a single site, the effect
of the horizontal whorl structure was not pursued here.

5.2. PAR Transmission As a Function of Solar
Zenith Angles

Figures 12 and 13 show the PAR transmission as a functioii
of solar zenith angle in the SOJP and SOBS sites. Because of
differences in stem count density on the eastern and western
sides of the mast in the SOBS site, we have only predicted PAR
transmittance in the afternoon based on the stem count density
on the western side of the mast. Figure 13 shows the predictioti
of the PAR transmission based on the stem density on the
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Figure 13. Companson of modeled and measured PAR
transmission as a function of solar zenith angles in the SOBS
stand.

western side of the mast. The stem count density was estimated
using the nearest neighbor rule [Hammond and McCullagh-
1974] based on an estimation of 1 m distance between trees on
the western side of the mast.

The patterns in the field measurements dre complex and in
some ways are less than ideal for comparison as they are
collected at a single site and subject to_effects of individual
trees rather than integrated measurements for the entire stand.
For the SOJP site there are fairly dramatic changes of trans-
mittance over small changes of solar zenith angles, which
makes the data appear noisy. This effect is due to individual
trees moving into and out of the path between the Sun and the
sensors. This effect is most notable right at solar ioon (about
31°), which is due to the larger effects of shadows cast by trunks
and stems since the perches holding the sensors at each level
were Set up toward south and extend into the crowns. The
second effect seen is that as solar zenith angle incteases from
solar noon, there is a general decline in transmittance as path-
length increases. The patches of alternately High and low trans-
mittance correspond to local gaps and shadows specific to this
location. Third, at very high solar zenith angles, transmittance
in¢reases. This effect is due to the high proportion of the
illumination being diffuse skylight. Since the position of indi-
vidual trees around sensors has less effect on the field mea-
surements of diffuse skylight, this proportion of the graph
shows less variability.

Both the original and the modified GORT model estimates
exhibit the pattern of general decrease in transmiission as solar
zenith angle increases, until very high solaf zenith angles where
there is an increase. Note that the predicted minimum in trans-
mittance occurs at slightly larger solar zenith angles than the
measurements indicate. One possible reason for this shift
could be errors in the estimated proportions of beam and
diffuse skylight (see Figure 6). Also note that while the original
GORT model captures the basic shape, it generally underes-
timatés transmittance. The modification to incorporate the
effect of whorls appears to produce better resuls.

The field measurements of PAR transmittance at the SOBS
site (Figure 13) differ from the ones in the SOJP site (Figure
12). The PAR transmittance shows a sharp V' shape around
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Figure 14. Comparison of modeled and measured total solar
radiation transmission in the SOJP stand on days 38, 39, and 40
of 1994.

42°-45°, which is probably due to the effect of shadows from
large groups of trees. This pattern results from the conditions
at one location and thus is not very useful for evaluation of
GORT estimates. However, when 6, > 55°, there is reason-
able agreement between the field measurements and the pre-
diction by GORT.

5.3. Total Solar Radiation Transmittance As a Function
of Solar Zenith Angles

The PAR transmittance does not include the contribution of
the multiple scattering within the canopy layer and the multi-
ple bouncing between the canopy layer and the forest back-
ground. The pyranometer measurements at the forest floor in
the snow-covered SOJP and NOBS sites made during
BOREAS winter field campaigns enable evaluation of the pre-
diction of total solar transmission by the GORT model. Figure
14 shows the comparison between the modeled and the mea-
sured total solar radiation transmittance as a function of solar
zenith angles on clear days in the SOJP site. Estimates of
transmittance from both the original and the modified GORT
model match reasonably well with the field measurements.

The measurements in NOBS site were collected every 15
min on cloudy days. Figure 15 shows the contributions of the
incident direct beam and diffuse skylight. Figure 16 shows the
comparison of total solar radiation transmittance between the
measurements and the estimates from the original and the
modified GORT model. Good agreement between the field
measurements and the estimates by the modified GORT
model and a little underestimation by the original GORT
model are indicated.

6. Discussion and Conclusion

Overall, this study shows that the combination of both GO
and RT approaches to model the effect of conifer forest tree
structure on the radiation transmission has advantages com-
pared with either pure RT or pure GO approaches. The GO
approach captures effects due to canopy gaps and self-
shadowing. The RT approach accounts for the influence of the
optical properties (leaf transmittance, reflectance, and absorp-
tion) of the foliage on multiple scattering. Moreover, the com-
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Figure 15. Incoming radiation in the NOBS stand on days
81, 82, 83, 84, 85 in 1995. :

bination of these two approaches allows incorporation more
easily of the complicated structure of conifer trees (e.g., ac-
counting for the effect of the horizontal whorl structure).
The modeled radiation transmittance by GORT shows sev-
eral effects of the conifer structure on the radiation transmis-
sion. First, a lower rate of radiation interception at the top of
the canopy and a maximum in the upper or middle part of the
canopy. This leads to a sigmoid shape for the vertical distribu-
tion PAR transmittance, which matches well with the field
measurements. Beer’s law fails to predict this shape. These
transmission patterns indicate that more light will pass through
the canopy and reach the lower part of the canopy. This is
important for providing inputs for snowmelting models [see
Hardy et al., this issue] and with respect to the radiation avail-
able for photosynthesis in the lower branches. The cause of this

‘transmission pattern is primarily the effect of the clumping of

canopy elements, which can be modeled as the between-crown
gap probability, which is directly linked with the tree geometry.
This emphasizes a need for a detailed description of tree crown
geometry and stem count density. Second, the effect of the
horizontal whorl structure allows more light at larger solar
zenith angles to pass through the canopy. Through incorporat-
ing this effect into the calculation of gap probabilities, com-
parison of the field measurements in the SOJP and NOBS sites
for both total solar radiation and PAR transmittance with
model estimates indicate that the modified GORT model is an
improvement over the original GORT. Third, the effect of the
clumping structure of conifer trees on the multiple scattering,
as predicted by the GORT model, shows the maximum value in
the upper or middle part of the canopy depending on the
inclination angle of incident radiation. More multiple scatter-
ing occurs at larger solar zenith angles. Prediction of total solar
radiation transmittance after considering the effect of multiple
scattering agrees well with the field measurements in the snow-
covered SOJP and NOBS test sites.

The test results in the SOBS site also showed some deviation
of model estimates from the field measurements. At least part
of the reason is due to the lognormal distribution of tree size
in the SOBS site which deviates from assumptions in the
GORT model. Incorporation of lognormal distributions of tree
size into the GORT model is left for future work. There are
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Figure 16. Measured (every 15 min) and predicted total so-

lar radiation transmission by the original and modified GORT"

models in the NOBS stand on days 81, 82, 83, 84, 85 in 1995.

also a couple of other possible reasons for the disagreement
between estimated transmittance and field measurements in
the SOBS site. One is the effect of stems and branches and
dead trees on the extinction coefficient. In this study, the ex-
tinction coefficient of the foliage is constant. A study in a Sitka
spruce stand by Norman and Jarvis [1975] showed a sharp
increase in extinction coefficients in the lowest region of the
canopy, which is due to the proportionately larger effect of
stems and branches. Another factor may be the effect of the
shape of the tree crown. Some crowns may be cone shaped or
even for an ellipsoid shape; the b/R ratio may be different for
different size trees. More investigation of these factors is
needed in the future.

One aspect of radiation measurements that is often over-
looked in forests is the requirement for representative spatial
sampling. The daily radiation from each pyranometer in the
SOJP shown in Figure ‘17 clearly demonstrates the heteroge-
neity of radiation environments at the forest floor. It shows
that measurements from a single location are insufficient to
collect a representative sample. In an attempt to collect a
representative sample, several pyranometers were located ran-
domly at the SOJP and NOBS sites during the winter cam-

Figure 17. Three days of measurements from nine pyranom-
eters at the SOJP stand, all normalized to local time, i.e., 0.5 at
solar noon.

paign, and the averaged values were used for validating
GORT. Averaging the measurements from multiple locations
minimizes the bias in measurements from a single location. For
the PAR measurements in the SOJP and SOBS sites, although
the measurements were collected at one location for each test
site, measurements were collected throughout the summer
(June to September). This allows for averaging of data with the
same solar zenith angles, which will include a variety of solar
azimuth angles over the course of the season. This substitution
of temporal sampling for spatial sampling helps but does not
completely remove the effects related to the positions of trees
in the immediate vicinity of the sensors.

In general, models vary in complexity, as do expectations for
precision in the estimates they produce. Clearly there are more
complex models for the radiation environment in conifer for-
ests, as mentioned in the background section. However, these
more complex models (such as Norman and Jarvis [1975])
require considerably more input data on the structure of the
canopy. The strength of the GORT model is that it can be
parameterized at the stand scale by simply the stem count
density, a few single tree geometry parameters, and character-
istics of the irradiance. As such, it is possible to begin to
distribute the model spatially by providing the necessary pa-
rameters for each stand. Hopefully, many of these parameters
will be supplied from remote sensing. Ultimately, this ap-
proach allows landscape-scale analysis based on reasonably
precise estimation of radiation properties at stand scales. The
benefits of this approach in the context of snowmelt modeling
is illustrated by the parametric study in another paper in this
issue [Davis et al., this issue].

An issue confronting future use of GORT concerns possible
simplification to the model that would reduce computational
requirements. This issue will become increasingly important in
spatially distributed applications of GORT. For example, the
multiple scattering within the canopy layer and multiple bounc-
ing between the ground and the canopy layer in GORT were
calculated on the basis of numerous numerical integrations. A
newly derived, more simple formula for them can be test based
on the numerical solution of GORT [Li et al., 1996; W. Ni et
al. (Decoupling path-scattering of light in a homogeneous layer
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and multiple bouncing at its non-Lambertian bottom, submit-
ted to Journal of Geophysical Research) 1996]. Also in GORT
the within-crown gap probability is calculated by the summa-
tion of an exponential function of the pathlength distribution.
However, the calculation of the within-crown gap probability
can be simplified by an exponential function of the mean value
of the pathlengths, resulting in considerable savings in compu-
tation. These issues of simplification of the model and the
effect they have on the precision of the model will be ad-

dressed in future work.

Notation
ao
b
C(, v)
L,
F,

G(i, v)

G,(6))
h,z

P(n > O|h, 6,)
P(s|h, 6,)

P(s|n, z, h, 6;)

P(nlz, h, 6;)

P(s = 0|z, 6,)

R, (i, v)
s

’

N
S(h) 01)

branch orientation coefficient in G, (6,).
vertical crown radius (m).

signature of sunlit crown surface.
effective leaf area index (m?> m™2).
foliage volume density of a single crown
(m™).

signature of sunlit ground surface.
branch orientation factor.

certain height within the canopies (m).
crown center height.

lower bound of the crown centers (m).
upper bound of the crown centers (m).
leaf orientation factor.

proportion of sunlit crown surface.
proportion of sunlit ground surface.
between-crown gap probability for a
beam at 6, reaching height 4.
within-crown gap probability for a beam
at 0, reaching height .

within-crown path length distribution for
a beam at 0, reaching height &.
within-crown path length distribution for
a beam at 6; entering crowns at height z
passing through n crowns, traveling to
height h.

distribution of numbers of crowns
intercepted for a beam at 6, entering
crowns at height z, traveling to height 4.
vertical distribution of sunlit crown
surface for given angle 6,.

horizontal crown radius (m).
bidirectional reflectance.

within-crown path length.

beam path length.

averaged path length within a single
crown for a beam at 6; traveling to
height A.

single crown volume (m>).

crown count density (m~2).

crown count volume density (m™3).
crown count volume density in
transformed dimension (m™3).

beam proportion.

projected foliage area volume density at
direction 6 (m™?).

solar zenith angle.

solar zenith angle in the transformed
dimension.

viewing zenith angle.
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', viewing zenith angle in the transformed
dimension.

ve the ratio of needle area in shoot-to-shoot
area.

Appendix: Retrieving G,(0;)

The approach used here for retrieving G,(0;) is empirical.
On the basis of the fact that the leaf projection factor k(6;) at
direction 6; is equal to cos (6;) in a canopy with horizontal leaf
orientation, the horizontal whorl branch structure parameter
G,(0;) at direction 6; was assumed as

Gb(gi) =ay COS2 (9,) + (10 - ao) (Al)

where the coefficient a is to be adjusted. The above formula
satisfies G, = 1.0 at 6, = 0° and G, is a constant at 6; = 90°,
which allows the grouping of shoots into branches. The value
of a, was retrieved from PARABOLA data [Deering, 1995] in
the SOJP site (notice that all the measurements are for solar
zenith angle = 35°) by inverting a simplified geometric-optical
mutual shadowing (GOMS) forest canopy reflectance model
[Li and Strahler, 1992].

GOMS is a bidirectional reflectance model for discontinu-
ous canopies derived from the GO approach. In the simplified
version of GOMS model, it was assumed that the canopy
reflectance for the nadir-viewed or hot spot cases is mainly the
result of the reflectance (signature) of the sunlit canopy and
sunlit ground surface, which can be expressed as

Ky, V)G, v) + K(i, )C(, v) = R.(i, v)  (A2)

where R,_(i, v) are the PARABOLA reflectance measure-
ments, G(i, v) and C(i, v) are signatures of the sunlit and
viewed ground and crown surface. The inverted signature val-
ues from Li and Strahler [1996] were used in this study. K, (i,
v) and K, (i, v) are the areal proportions of the sunlit and
viewed background and crown surface at illumination direction
i and viewing direction v.

At large solar zenith angles the overlapping between illumi-
nation and viewing shadows of individual crowns as projected
onto the background can be ignored. By considering the effect
of the horizontal whorl branch structure on the sunlit and
viewed ground surface area at the nadir-viewed case, K (i, v)
can be written as '

(A3)

K,(i, v) = e ~ARHG(6) sechi+sec 6]

Also for the nadir-viewed case, the ratio of F= K /1 — K is

constant [Li and Strahler, 1992], where F can be expressed as

%(1 + cos (68))
- G(o)
cos (87

(A4)
1.0 +

For the hot spot case, the formulas for K, and K, reduce to
(AS)
(A6)

K, v) = e ~ATR*Gs(6) sec o}
K(Gi,v)=1- K’(i’ v)

where 68; and 6/, are the transformed solar zenith angle 6, and
view zenith angle 0., with 8, = tan™! (b/R tan 6,) and 0=
tan™! (b/R tan 6,).

The unknown factors in our case are b/R, AR?, and the
coefficient a,. Even with the field measurements of R, b, and
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A in the SOJP site, the bidirectional measurements may not be
in exactly the same spot. However, within reasonable ranges of
R, b, A, and a,, the inversion was implemented by finding the
best set of values for (b/R, AR?), and a, by the least mean
squares (LMS) law. The inverted results are a, = 0. 7 AR? =
0.18, and b/R = 3.1, leading to G,(6;) = 0.7 cos® (6) +
0.3. In fact, a similar result was obtained through inversion of
the full GOMS model using PARABOLA data [Li and
Strahler, 1996).
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