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ABSTRACT

A model has been developed to calculate the spatial distribution of the photosynthetic photon flux density
(PPFD) in elliptical forest openings of given slopes and orientations. The PPFD is separated into direct and
diffuse components. The direct component is calculated according to the opening and radiation geometries,
and pathlength of the solar beam through the forest canopy. The diffuse component is obtained from the sky,
tree, and landscape view factors, In this model, the distribution of foliage area with height and the effect of
foliage clumping on both direct and diffuse radiation transmission are considered.

The model has been verified using measurements from six quantum sensors (LI-COR Inc.) located at different
positions in a small clear-cut (0.37 ha) in a 90-year-old western hemlock~Douglas fir forest.

1. Introduction

Clear-cutting has been the major timber-harvesting
method in the forest industry in British Columbia.
Forest regeneration in clear-cuts has been a contro-
versial issue causing considerable public and scientific
concern. As clear-cut size increases, the disturbance to
a forest ecosystem increases as does the harshness of
the microclimate for the survival and growth of tree
seedlings, especially for clear-cuts in high elevation or
dry regions. The felling of small groups of trees in a
forest stand (group selection) is being considered as
one of the alternatives for timber harvesting. This
method has the advantage of low disturbance. Geiger
(1966) reported results of studies showing increasing
daytime and decreasing nighttime air temperature near
the surface at the center of forest clearings as clearing
size increased from O to 80 m in diameter. However,
there has not been enough quantitative information
on the microclimate in openings of various sizes to
provide justification for the choice of alternative sil-
vicultural systems. Photosynthetically active radiation
(PAR) is one of the important components of the mi-
croclimate critical for forest regeneration. The purpose
of this paper is (i) to describe a model developed
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for calculating photosynthetic photon flux density
(PPFD), a measure of the flux of PAR, at given po-
sitions in forest openings of various sizes and shapes
on surfaces of various slopes and orientations; and (ii)
to report the results of experimental tests of the model
carried out in a small clear-cut on a forested slope.

There have been several published studies of radia-
tion in forest clear-cuts. Holbo and Childs (1987)
measured radiation budgets in six forest clear-cuts of
various sizes, slopes, and aspects. The measured com-
ponents included the downward and upward shortwave
and longwave radiation fluxes. Harrington (1984)
provided a computer algorithm for calculating the solar
irradiance in strip clear-cuts on sloping surfaces, where
the solar irradiance above the stand was separated into
direct and diffuse components. In his model, the clear-
cut sides were treated as two parallel impenetrable walls
for direct and diffuse radiation, and diffuse radiation
from the sky was considered to be the only source of
diffuse radiation in the clear-cut.

The model presented here extends the previous work
in several respects. First, the geometry of the opening
is elliptical. By varying the lengths of the axes of the
ellipse, the geometry of forest openings of a wide range
of sizes and shapes can be described. For example, strip
clear-cuts can be approximated in the model by setting
one axis of the ellipse to be much longer than the other.
Second, the new model considers all the major transfer
mechanisms for diffuse PPFD. In forest openings, es-
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pecially in small openings resulting from group selec-
tion cutting, the diffuse component may account for
more than half the total PPFD incident at the forest
floor. The diffuse PPFD not only originates from the
sky but also results from several other radiation transfer
mechanisms including the transmission of PAR from
the sky through the canopy, scattering of direct and
diffuse PAR by the foliage, and the reflection of the
incident PAR from the surrounding forest edges. Third,
the model calculates not only the direct PAR coming
over the tops of the trees but also that transmitted
through the forest. In small openings and at positions
near forest edges, the solar beam transmitted through
the forest canopy is an important source of PAR.

2. Theory
a. Opening geometry

Figure | shows a schematic diagram of an elliptical
opening on an extensive surface that can be assigned
any slope (zenith angle ;) from 0° to 90° and aspect
(azimuthal angle 5;) from 0° to 360°. By mathematical
convention, the angle B3, increases counterclockwise
from the x axis. This makes north 0°, west 90°, south
180°, and east 270° when the x axis is pointed to the
north. The ellipse can be rotated to obtain a desired
angle of one of the axes with respect to the maximum
elevation gradient of the surface. No matter how the
opening is rotated, oriented, and inclined, the trees are
always vertical.

Figure 2 shows the opening as viewed vertically from
above. The surface of the opening is thus projected
onto a horizontal plane. Since the trees are always ver-
tical, it is more straightforward to do calculations using
a horizontal coordinate system than using a system
defined by the slope. The diagonal straight line across
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FIG. 1. The coordinates and vectors for a sloping forest opening;
n is the normal to the opening surface with a zenith angle 6, (slope)
and an azimuth angle 8, (aspect), and r represents the direction of
the solar beam or a ray of skylight with a zenith angle 8, and an
azimuth angle 8,. The upper ellipse represents the opening at the
treetops.

CHEN ET AL.

1657

/'

(x22),

F1G. 2. An ellipse on a slope projected on the horizontal x- y plane,
where { Xy, J) is the projected point of interest and (x;, y) and (X2,
¥») are the two points intercepted by a straight line through (x, o)
in the direction 8.

the ellipse represents the direction of either the solar
beam or a ray of skylight. For the calculation of direct
and diffuse PPFD at a point (X,, Y,) on the inclined
opening surface corresponding to the projected point
(X0, yo) on a horizontal plane (see Fig. 3), it is essential
to know the incidence angles of the treetops at the two
intercepting points (x;, y;) and (x, 3»). These two
points in the horizontal coordinate system can be ob-
tained by solving the following two equations,

Yy — Yo = tanf(x — Xo) (1)
xz y2
— — I 2
a§+b§ 1, (2)

where a, and b, are the lengths of the axes of the ellipse
(in the x and y axis directions, respectively) projected
on a horizontal surface and g3 is the azimuthal angle
of the ray. These two points are therefore obtained as
follows:
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F1G. 3. The incidence angle of treetops, 8,(8,) and 8,(3,), for the
location (X,, Yp) in the opening, where 8, and §3, are in opposite
directions (180° apart); 6, is the slope in the direction 8; and R,,
Ry, Dy, Dy, Dy, and D), are distances for the labeled line segments,
respectively. For example, R, is the distance between (X,, Yo) and
the treetops at the lower edge of the opening.
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—B + (B? — 44C)'?
= 24 ’

y1 = Yo + tanB(x; — Xo) (3)
= —B — (B> —44C)'?, ’
24
V2 = Jo + tanf(x; — xo), (4)
where
A=agltanf + b} (5)
B = 2a%(y, tanB — x, tan’B) (6)

C = a2y — 2a’xoyo tanf + a2 tan?Bx3 — a2b2. (7)

The projected axes a, and b, are related to the axes
of the ellipse on the sloping surface, @ and b, by

a, = a cosf,, (8)
b, = b cosb,,, (%)

where
6, = arctan(cosAB tand;) (10)

0,2 = arctan[cos(A,B + g) tan05] , (11)

where AR is the difference between the azimuthal di-
rection of axis a((,) and the aspect of the normal to
the opening surface g; (i.e., 8, — Bs).

When the points (x, y1) and (x;, ¥») are known,
the maximum incidence angles [6,(5;) and 6,(3,)] of
a beam or a ray not intercepted by the treetops at these
two points can be calculated (Fig. 3). An incidence
angle is defined as the angle between the direction of
incidence to a point and the normal to the surface at
that point; 6,4 is the slope in the direction 8 and is
calculated from (see appendix A)

6,5 = arctan[tand, cos(B — B;)]. (12)

The angles between the vertical trees and the slope
line in the direction 8 at (x;, y;) and (x,, y,) are 8,
and 6, respectively, and are simply as follows,

™

03,.=5—0w (13)
By = = + O5. (14)
2
The distances D, and D, in Fig. 3 are obtained from
D
= (15)
cosbg
D
Dy = —*, (16)
cosflg

where D,; and D, are the distances between (xi, ¥1)
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and (xo, Jo) and between (x,, J») and (xg, o), re-
spectively, given by

D,y = [(x1 — x0)* + ()1 — »0)?]1'/? (17)
Dpy = [(x2 — x0)* + (32 — »0)*1"2%. (18)

The incidence angles 8,(8;) and 6,(,) can then be
calculated using the sine theorem as follows:

1 . sind
ﬁmﬂg—mmﬂ=—xﬂ (19)
1. |r _ sinfy,

Hsm[z 0,(62)] =R, (20)

where H is the average tree height, and R, and R, are
obtained from the cosine theorem as follows,

R, = (D} + H? — 2HD, cosf,,)'/?  (21)
R, = (D3 + H* — 2HD, cosf,p) /2. (22)
b. PPFD on a sloping surface '
1) DIRECT PPFD
(1) Direct PPFD over the tops of the trees

The boundary of the opening is treated as a wall
with an average tree height H. If the solar beam travels
over the wall to the point (X, Y,) in the opening, that
is, the solar incidence angle at that point is smaller
than the maximum incidence angle determined by the
treetops in the sun’s direction [6,(8)], the direct PPFD
at that point ( Qpy) is calculated from the projection of
the vector representing the beam to the normal to the
surface, that is,

Qbps = Qpy [cosb, cosb,
+ sind, sinf, cos(B, — Bs)], (23)

where 0, and §3, are the sun’s zenith and azimuth angle,
respectively, and Qp, is the unattenuated direct PPFD
on a surface perpendicular to the direction of the solar
beam calculated from

Op

cosd,”’

Opy (24)
where Qp is the direct PPFD on a horizontal surface
as measured by a horizontally positioned quantum
sensor.

The solar zenith and azimuth angles are calculated
as functions of longitude, latitude, the day of the year,
and the time of day using equations given in Gates
(1980). The equation of time is included in the cal-
culations of local solar time.

(ii) Direct PPFD transmitted through the forest

When the solar incidence angle is larger than 6,(8),
the solar beam is attenuated by the surrounding trees.
Figure 4 shows how the attenuation is considered. The
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FiG. 4. Schematic diagram showing the sky, tree, and landscape
view factors, and the path 4B of the solar beam passing through the
forest in the direction B, and at a zenith angle 8, to the point O [i.e.,
(Xo, Yo)] on the ground in the opening; 4 is the exit height of the
beam.

path of the beam through the canopy from point 4 to
B can be calculated from several previously defined
terms using the following equation (see appendix B):
H Dy
cos(f, + 05 sind, |’

AB = cos0sg[ (25)
In the case that the sun is in the downslope direction,
the path 4B can still be calculated with Eq. (25) except
that D, is replaced with D; and the sign of 6, becomes
negative.

Most coniferous canopies do not have a uniform
distribution of leaf area with height. It has been as-
sumed that the leaf area density increases linearly with
depth into the canopy to one third of the tree height
(see Fig. C1). Below that height is the trunk space,
which has a negligible plant (trunk, branch, and leaf)
area compared with the leaf area above (see appendix
C). The probability P of a solar beam penetrating the
canopy along the path 4B is then calculated as

P = exp[—G(6,)QLy], (26)

where G(#6,) is the mean coefficient of projection of a
unit leaf area on a plane perpendicular to the direction
of the solar beam; Q is a clumping index depending on
the spatial arrangement of the foliage clements, as-
sumed to be 0.5 from our previous work with Douglas
fir canopies (Chen et al. 1991; Chen and Black 1991,
1992); L,, is the leaf area index accumulated over the
path 4B derived as (appendix C)

H—h
(H — Ho)*’

where L is the leaf area index of the stand, taken to be
9.0, Hy equals H/3, and 4 is the exit height from the
opening edge, which is BC in Fig. 4. Since no plant
area is assumed below Hy, # is taken to be H, when it
is less than Hj.

The projection coefficient G(6,) is calculated using
the following empirical equation obtained from our
previous work in Douglas fir stands (Black et al. 1991),

L,,= LAB (27)
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0.54 + 0.334,,
0.82 — 1.14(6, — 0.85),

8, <0.85
6, = 0.85,
(28)

where 8, is in radians. For coniferous species other than
Douglas fir, no data are available, and G(4,) is taken
to be 0.5 in the model.

The transmitted direct PPFD ( Qp,) is then computed
from

G(6,) = [

Op = OpsP,
where Qp; is obtained from Eq. (23).

(29)

2) DIFrFUSE PPFD

The total diffuse PPFD (Qy) on a sloping surface
at any point in the opening arises from several sources.
It is calculated using the following equation,

Qus = FQa+ (1 — F)Qqexp(—GuL,)

+ Fip(0.50p + Qu) + F1p(Qp + Qa),  (30)

where Q, is the diffuse PPFD incident on a horizontal
surface above the canopy; F;, F;, and F; are the sky,
tree, and landscape view factors, respectively; p, and p;
are the reflection coefficients of the trees and the sur-
rounding landscape to the solar radiation, respectively.
The latter were taken to be 6% for conifer leaves and
12% for conifer forest, respectively (Jarvis et al. 1976).
The first term on the right-hand side of the equation
is the diffuse PPFD coming directly from the sky over
the opening boundary; the second term denotes the
transmission of PAR from the sky and scattering of
direct and diffuse PAR through the canopy; the third
term results from the reflection of direct and diffuse
PAR by trees at the boundary (Qp is multiplied by 0.5
under the assumption that half of the opening bound-
ary is sunlit); and the fourth term is the reflection of
total incident PAR by the surrounding landscape. The
fourth term is significant only when the slope is large
enough that some part of the surface in the opening
sees the surrounding landscape over the treetops along
the lower edge of the opening. In the second term, G4
is an extinction coefficient for diffuse PAR, and L, is
the effective leaf area index, being QL (Black et al.
(1991); G, is obtained using the following empirical
equation derived from our measurements of direct and
diffuse PPFD above and below a Douglas fir stand,

G, =0.85—-0.04 %

Qs
The principle of the form of this equation is described
in Black et al. (1991).
The definitions of the view factors are

(31)

1 27 01(8)
Fy=— f dg f cosf sinfdo (32)
0

™ JO
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1 2 /2
F,=- f ds cosf sinfdf (33)
™ Jo 0x(8)
1 (2 6:(8)
F=- f dag cosf sinfd®, (34)
. T JO 81(8)

where the limits ,(8) and 6,(3) for the integrals with
respect to 4 are defined by

8.(8), 8,(8) < % + 045

0,(8) = (35)
g— 10,51, 6.8) > —’25 + 04

62(8) = 0,(8), (36)

where 6,4 is the slope of the ground surface in the 8
direction, being negative in the downslope direction
(appendix A). The condition of 6,(8) > w/2 + 05
occurs when the treetops in the downslope direction 8
are lower than the point O. The principle used in de-
riving these view factor equations is demonstrated by
Howell (1982).

Physical meanings of the view factors are demon-
strated in Fig. 4. In the case that the tops of trees in
one direction are lower than the point of interest (O),
the sky view occupies the incidence angle range from
a horizontal line in that direction to the treetops in the
opposite direction, while the landscape view extends
from the horizontal line down to the treetops in the
former direction. The tree view always extends from
the tops to the bases of the trees. Equation (35) sets
the upper limit for the sky view and lower limit for the
landscape view to the horizontal line when the treetops
are lower than the point O. The horizontal line has an
incidence angle 8,(8) = /2 — |0,5]|. When the point
O is lower than the treetops in both directions, 4,(3)
equals 6,(8), which automatically sets F; to zero in Eq.
(34). Equations (32)—(34) are discretized at intervals
of 5° for 6 and 15° for §.

¢. PPFD on a horizontal surface at a slope

The equations presented above are derived for the
case that PPFD is on a sloping surface, that is, a surface
parallel to the slope of an opening. The other case of
interest in many applications is the PPFD incident on
a horizontal surface at a point on a slope, such as the
case of a radiometer mounted horizontally a short dis-
tance above an extensive sloping surface.

1) DIRecT PPFD

The following equation is used to calculate the direct
PPFD on a small horizontal surface placed immediately
above an extensive slope ( @py) including transmission
both over the treetops and through the canopy:
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QoP, 5~ 6,> by
Opi = x (37)
0, 5 - 0, < 0513’

where the probability P of beam transmission through
the forest canopy is defined in Eq. (26). It is the same
as that for a sloping surface since the horizontal surface
is assumed to be close to the slope. The condition
7/2 — 0, > 0,5 means that the sun’s elevation is larger
than the slope in the @ direction.

2) DIFFUSE PPFD

Equations (30), (32), (33), and (34) are also used
to calculate the diffuse PPFD incident on a horizontal
surface at the slope and to calculate the corresponding
view factors, except that the limits for the integrals are
redefined as follows,

0,(8) — Ou,  0.(8) <§ s
0,(8) = (38)
g, 6.(8) > g + 0,

02(8) = 6:(8) — bsp. (39)

These limits are changed because the normal to the
horizontal surface is different from the normal to the
slope. For a given direction of a ray from the sky, the
angle of incidence at the horizontal surface differs by

- 0, (the slope in direction 8) from that at the slope,

where 6,4 can be either positive or negative depending
on whether the ray is coming from the upslope or
downslope direction. For the horizontal surface, the
landscape view factor becomes the ground view factor,
that is, the horizontal surface sees the upper part of the
clearing rather than the landscape.

3. Field experiment

For the purpose of validating the model, field data
were collected in a forest opening at the Research Forest
of the University of British Columbia at Haney, British
Columbia. The latitude and longitude of the research
site are 49°20’'N and 122°35'W, respectively. The
opening is approximately elliptical (Fig. 5), with short
and long axes of 60 and 82 m. The opening is on a
fairly extensive 12° slope facing approximately west
(azimuth angle 75° counterclockwise from north). The
surrounding forest is a mixture of 90-year-old western
hemlock ( Tsuga heterophylla) and Douglas fir (Pseu-
dotsuga menziesii) trees with an average height of 38 m.

Six quantum sensors (LI-COR Inc, Lincoln, Ne-
braska, Model LI-190SB) were mounted horizontally
about 1 m above the ground at the six locations in the
opening shown in Fig. 5. These sensors have an ac-
curate photon response over the range 0.4-0.7 um and
filters that remove radiation outside this wavelength
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FIG. 5. The experimental layout of the forest opening used to test
the model. The boundary of the opening is approximated by an ellipse
with a long axis of 82 m and a short axis of 60 m. The long axis X
coincides with the line of maximum slope ( 12°). The average height
of the surrounding trees was 38 m. The locations of the six quantum
sensors are indicated as C (center), N (north), E (east), W (west),
S1 (south 1), and S2 (south 2).

range. The signals from the sensors were recorded con-
tinuously using a data logger (Campbell Scientific Inc.,
Logan, Utah, model 21X) from 25 July to 12 Novem-
ber 1991. The signals were sampled every ten seconds
and averaged hourly. To obtain the incident PPFD
above the forest stand, a reference site was chosen on
the top of a nearby hill (about 150 m from the open-
ing), where another LI-COR quantum sensor and a
Moll Gorczynski pyranometer (Kipp and Zonen, Delft,
The Netherlands, Model CM5) were mounted and
hourly averages obtained over the same period using
a separate 21X data logger.

4. Model validation

From the experimental period, a cloudless day (15
August) and an overcast day (7 September) were cho-
sen to validate the model. Figure 6 shows the diurnal
variations of the measured total PPFD on these two
days at the reference site.

Since the sensors were mounted horizontally close
to the sloping ground, comparisons were made between
the measured values and those modeled for the case
of a horizontal surface just above a slope. Figure 7
compares the measured hourly averages and the mod-
eled total PPFD values for 15 August for six locations
in the opening. The modeled values were calculated at
6-min intervals. The total PPFD above the stand ob-
tained from the reference site (Fig. 6) was separated
into direct and diffuse components using the following

empirical equations (Gates 1980),
Op = Syy cosf,r /050 (40)

Qu = Soy €0s0,(0.271 — 0.2947 /%) - (41)
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where S, is the solar constant, taken to be 1373 W m™2
(Monteith and Unsworth 1990); v is the ratio of the
PPFD (umol m™2 s~!) to the solar irradiance (W m™2),
being 2.02 umol J~! from our measurements over the
entire experimental period including all weather con-
ditions, which is very similar to the value of 2.04 umol
J~! reported by Meek et al. (1984); and 1 is the at-
mospheric transmissivity of the solar beam, for which
a value of 0.7 was found to give the best fit to our
hourly measurements.

At location C, the center of the opening, measured
and modeled values near noon (Fig. 7a) are smaller
than those above the stand (Fig. 6) because the diffuse
component was reduced by the surrounding trees. The
boundary of the opening affected the direct PPFD in
the early morning and the late afternoon. At location
N close to the north boundary (Fig. 7b), the diurnal
variation is similar but the attenuation of the direct
PPFD in the afternoon was more significant. Location
E was in shade for a large part of the morning but was
almost continuously fully exposed to the sun through-
out the rest of the day because this location is close to
the highest point in the opening (Fig. 7c). As expected,
the shading period is reversed at location W (Fig. 7d)
and is longer than at location E because it is the lowest
point in the opening. The smooth increase in the mod-
eled PPFD in the morning for location £ and the
smooth decrease in the afternoon for location W in-
dicate that the attenuation of the solar beam is correctly
modeled. Location S1 is in shade throughout the day
(Fig. 7e) with a low percentage of beam transmission
through the canopy. In comparison, the probability of
beam transmission to location S2 is much higher (Fig.
7f). The modeled values do not agree with the mea-
sured values very well for this location because of the
error introduced in approximating the opening
boundary with an ellipse. In the morning, the modeled
values are larger than the measured values because the

& Aug. 15, 1991
o~ 1500 « Sept. 7, 1991
[ [
o L
E 1000 [~
B -
£ [
5_ s
a 500 [~
m 5
& o [ ,/‘/\/\
4 6 8 10 12 14 16 18 20

Pacific Standard Time (hr)

F1G. 6. Total photosynthetic photon flux densities (PPFD) mea-
sured on a cloudless day (15 August 1991) and on an overcast day
(7 September 1991 ) on a hill (reference site) near the forest opening
shown in Fig. 5.



1662

JOURNAL OF APPLIED METEOROLOGY

VOLUME 32

1500

?

g

PPFD (pmol m? %)

1500

500 ¢

PPFD (umol m? st

~ 1s00
2 F — modelled
‘g 1000l i » measured
3 [ [
g s00 [
m o
A ol e Tl L L .

4 6 8 10 12 14 16 18
Pacific Standard Time (hr)

forest edge is farther north than the elliptical curve,
and in the afternoon the opposite occurs. Regardless
of these discrepancies, it can be seen from all these
cases that the model is able to predict the measured
values reasonably well with the simple elliptical ap-
proximation to the opening boundary. This demon-
strates that the equations describing both the opening
geometry and the solar trajectory are correct in the
model. The root-mean-square error (rmse) and the
mean bias error (MBE) of the modeled results for this
day are 136 and —40 umol m~2 s, respectively. The
Willmott 4 (Willmott 1981), which is an index of
agreement between modeled and measured values, is
0.989. .

The model performance in predicting the diffuse

4 6 8 10 12 14 16 18
Pacific Standard Time (hr)

FiG. 7. Comparison of modeled and measured values of PPFD for the cloudless day (15 August 1991)
for locations (a) C, (b) N, (c) E, (d) W, (e) S1, and (f) S2.

component is shown in Fig. 8 for the overcast day 7
September. The model was run in this case at hourly
intervals using the measurements of total PPFD at the
reference site, which were considered to be 100% dif-
fuse. The sky view factors were 0.488, 0.365, 0.403,
0.375, 0.364, and 0.431 for the horizontal sensors at
the locations C, N, E, W, S1, and S2, respectively.
The modeled PPFD values compare well with the
measured values for all six locations in the opening,
with the latter ranging from 48% to 63% of the values
above the opening, that is, those observed at the ref-
erence site. The reflection of the incident diffuse PAR
by the surrounding trees and the transmission and
scattering of PAR from the sky through the canopy
contributed to the total diffuse PPFD by 12%-17%.
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F1G. 8. Comparison of modeled and measured values of PPFD for the overcast day (7 September 1991)
for location (a) C, (b) N, (¢) E, (d) W, (e) S1, and (f) S2.

The model underpredicts the diffuse PPFD for loca-
tions C, E, and S2, but overpredicts for location S1.
This is caused by the small error introduced in assum-
ing that the sky radiance is isotropic. The southern
portion of the sky seen at locations C, E, and S2 would
have been brighter than the northern portion of the
sky seen at location S1. Since this error is small, we do
not include in the model an empirical equation re-
ported by Steven and Unsworth (1980) for calculating
the distribution of sky radiance under overcast con-
ditions, nor the algorithms obtained by Hooper et al.
(1987) for the distribution under clear sky conditions.
The rmse and MBE for this day are 12 and 3

pumol m~2 s™!, respectively, while the Willmott d is
0.996.

5. Conclusions

A computer model has been constructed for calcu-
lating direct and diffuse incident photosynthetic photon
flux densities at different locations in forest openings
of various sizes and shapes on surfaces of various slopes
and aspects. Tests of the model were made using field
measurements in a 0.37-ha opening in a western hem-
lock-Douglas fir forest. The model predicted the mea-
sured direct and diffuse PPFD very well under cloudless
and overcast weather conditions.
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The use of an ellipse to describe the boundary of a
forest opening has the advantage of being able to rep-
resent a wide range of opening shapes with reasonable
accuracy and convenience, although this simple ge-
ometry may be a limitation when the model is applied
to clear-cuts of irregular shapes and polygons with sharp
corners.

The various mechanisms contributing to the diffuse
irradiance incident on the surface in forest openings
are included in the model. This is necessary when con-
sidering the levels of PAR required for tree seedling
regeneration in small openings. The algorithms devel-
oped for calculating the transmission of PAR through
the forest edge and the various view factors are useful
for estimating other radiation components such as total
incident shortwave, longwave, and net all-wave radia-
tion.
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APPENDIX A
Local Slope

The slope of a surface is defined as the zenith angle
of the normal to the surface or the angle between the
maximum slope line in the up- or downslope direction
and a horizontal line in the same direction, that is, the
angle 6, in Fig. Al. The slope in other directions would
change from 6;. Figure A1l illustrates how the slope 0,
in a given direction § relates to the maximum slope
;. Because

AB
, =22 Al
tand o8 (A1)
tanf,s oD (A2)

FIG. Al. Maximum slope 6, and the slope 8, in the direction g;
AR is the difference between the direction of maximum slope (8;)
and the direction 8.
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and
AB=CD (A3)
— OB
D= —""— A4

cos(B — B») (A4)

it can be shown that
5 = arctan{tand, cos(8 — B;)], (AS5)

where g is the direction of the maximum slope. This
is Eq. (12); 8,4 varies from —4, in the downslope di-
rection to 6, in the upslope direction. When # /2 < (8
— Bs) < 3w /2, that is, 8 is in the downslope direction,
65 is negative.

APPENDIX B
Pathlength through the Forest Canopy

This appendix shows how the path 4B and the exit
height /4 in Fig. 4 are derived from the known param-
eters: the local slope 8,4, the solar zenith angle 6,, the
tree height H, and the distance D, [calculated in Eq.
(16)]. The angles in the triangle OBC are given as
follows:

LOBC =8, (B1)
'7r
LOCB = 5 — O (B2)
™
/_B0C=5— (6, — 65). (B3)
From the sine theorem, we can write that
— OC sin,OCB _ Dscostyg . (B4)

sinZ OBC

From the similarity between the triangles OBC and
OAD and the sine theorem, we have

— OB sin/ OCB
OA=He==Hg "soc™

sind,

cosfg
cos(f, + 0sp)
(BS)

Since AB = OA — OB, it can be shown from Eqs.
(B4) and (BS5) that

H D
cos(8, + 6,5) sind, |’

AB = cosﬂs,g[ (B6)

Although Eq. (B6) is derived for the case that the
incident solar beam is from the upslope direction, it
can be used for calculating the pathlength in the down-
slope direction with D, replaced with D,. 8,5 will be
negative for the downslope direction (appendix A).

From the sine theorem, the exit height 4 can be
shown to be

_ Dy cos(8, + 0,)
sind,

h . (B7)
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Leaf Area Density

F1G. C1. Linear distribution of the leaf area density with height.
Also shown is the measured distribution in a 20-year-old Douglas fir
stand that was thinned and pruned two years before the measure-
ments.

APPENDIX C
Leaf Area Index

Figure C1 shows the assumed linear distribution of
leaf area density [a(z)] given by

B C(H — z),
a(z) = {0’

where Hy = H/3. Given that the leaf area index of the
stand (L) is known, the coefficient C in Eq. (C1) can
be found from the following integration:

Z>H0
(C1)
z < Hy,

H
L=J; a(z)dz=§(H—Ho)2. (C2)

The leaf area index accumulated downward in the
vertical direction to the exit height 4 is obtained from
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(H—h)?
(H — Ho)*”
(C3)

H
L;,=J; a(z)dz=§(H—h)2=L

Ifh<Hy,thenL, = L.
The leaf area index accumulated in the direction of
the solar beam and over the path 4B is given by

AB AB(H — h)
L,, =L = . C4
w=big—m ~F m-my - (Y
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