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Abstract: The combination of canopy access at the Wind River Canopy Crane Research Facility, hemispherical photog-
raphy, and long-term insolation data provided estimates of vertical and temporal distributions of insolation in nine can-
opy gaps in a 65 m tall Douglas-fir (Pseudotsuga menziesii(Mirb.) Franco) – western hemlock (Tsuga heterophylla
(Raf.) Sarg.) forest. Yearly insolation (long-term data from Portland, Oreg.) exhibited a sigmoidal pattern with height,
with a bright zone (>4200 MJ/m2) above 50 m, a transition zone from 45 to 30 m (2000 MJ/m2), and less rapid de-
crease from 30 to below 10 m (600 MJ/m2). Intergap variation peaked between 20 and 40 m. Interannual variation of
yearly insolation (CV = SD/mean) was about 5% throughout the canopy. Seasonality of insolation was driven by solar
angle and cloudiness. Diffuse insolation was 50% of annual above-canopy flux, increasing to nearly 70% at 1.5 m, and
diffuse proportion was greater in winter and spring. Hourly simulations under clear and cloudy conditions provided an
appropriate time scale for modeling photosynthesis. Estimated leaf area index peaked at 30–35 and 5–10 m but was
underestimated (3.7 vs. 9.1 m2/m2 from direct measurements) because of foliage clumping. The methods documented
highly variable distributions of insolation driven by forest structure, cloudiness, and seasonal changes in solar angle.

Résumé: La combinaison de l’accès à la canopée au Wind River Canopy Crane Research Facility, de la photographie
hémisphérique et de données d’insolation à long terme a permis d’estimer les distributions verticale et horizontale de
l’insolation dans neuf ouvertures de la canopée d’une forêt de douglas de Menzies (Pseudotsuga menziesii(Mirb.)
Franco) et de pruche de l’Ouest (Tsuga heterophylla(Raf.) Sarg.) de 65 m de hauteur. L’insolation annuelle (données à
long terme de Portland en Oregon) présente avec la hauteur un patron sigmoïde, avec une zone brillante (>4200
MJ/m2) au-dessus de 50 m, une zone de transition entre 45 et 30 m (2000 MJ/m2) et une diminution moins rapide de
30 m à moins de 10 m (600 MJ/m2). La pointe de la variation entre les ouvertures se situait entre 20 et 40 m. La va-
riation inter-annuelle de l’insolation annuelle (CV = e.t./moyenne) était d’environ 5% à travers la canopée. La variation
saisonnière de l’insolation était contrôlée par l’angle d’élévation du soleil et la nébulosité. L’insolation diffuse qui
constituait 50% du flux annuel au-dessus de la canopée, augmentait à près de 70% à 1,5 m et la proportion
d’insolation diffuse était plus élevée en hiver qu’au printemps. Les simulations horaires sous conditions claires et nua-
geuses fournissent un pas de temps approprié pour modéliser la photosynthèse. L’indice de surface foliaire estimé
(LAI) atteignait des pointes à 30–35 m et à 5–10 m, mais était sous-estimé (3,7 versus 9,1 m2/m2 mesuré directement)
à cause du feuillage qui formait des touffes. Les méthodes ont révélé des distributions hautement variables de
l’insolation dues à la structure de la forêt, à la nébulosité et au changement saisonnier de l’angle d’élévation du soleil.

[Traduit par la Rédaction] Weiss 1964

Introduction

Quantitative estimates of the spatial and temporal distribu-
tion of shortwave insolation in forests are important, because
insolation is the only source of photosynthetically active ra-
diation (PAR) and the dominant input to the surface energy
balance (Geiger 1965). Forest canopies at a point in time are
complex three-dimensional structures that intercept, trans-
mit, and reflect insolation (Parker 1995), producing steep
vertical gradients and horizontal variation from gaps into
closed sites. Seasonal phenology and longer scale changes in
structure add a fourth dimension to canopy structure (Margolis
et al. 1995). The time course of global insolation (direct +

diffuse above the canopy) adds yet more dimensionality to
the distribution of insolation within a forest. Potential clear-
sky insolation varies deterministically with daily and sea-
sonal solar angle, and vertical penetration into canopies de-
pends strongly on solar angle. Cloud cover reduces total
insolation, changes fractions of direct and diffuse insolation,
and varies seasonally and interannually. All of these factors
contribute to a highly dynamic multidimensional (three spa-
tial and one temporal) insolation environment. The insola-
tion environment in turn drives basi ecosystem functions
such as productivity and evapotranspiration, and the pattern
of forest growth responds to and further changes the distri-
bution of insolation. Quantitative descriptions of the distri-
butions of insolation at different temporal and spatial scales
are an important step in understanding the structure and
function of forested ecosystems.

Quantifying both the spatial and the temporal variability
of insolation in forests is a challenge. Moving sensors can
only provide spot measurements over short time periods and
can be difficult to integrate through time because of hourly
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and monthly changes in solar angle and cloudiness (Parker
1995, 1997; Gendron et al. 1998). Fine-scale temporalstructure
of insolation can be quantified with stationary sensors, but
extensive spatial coverage requires prohibitive numbers of
sensors (Reifsnyder et al. 1972). Hemispherical photography
is a well-developed technique for studying forest canopy
structure and insolation (Rich 1990). It overcomes temporal
limitations, because insolation penetration over an entire
year can be estimated from a single photograph in the ab-
sence of major seasonal changes in canopy structure. Esti-
mates from hemispherical photographs correlate strongly
with measured light (Gendron et al. 1998; Rich et al. 1993;
Whitmore et al. 1993). When insolation data are available,
hemispherical photographs can estimate absolute insolation
fluxes, rather than fluxes relative to open conditions (Rich et
al. 1993). It overcomes spatial limitations because numerous
sites can be sampled in a relatively short time and photo-
graphs can be analyzed later. The photographs themselves
provide a permanent record of canopy conditions.

Study of vertical insolation gradients has been difficult
without reliable three-dimensional canopy access (Moffett
and Lowman 1995). Full vertical characterization has been
done only in relatively short forests (Lerdau et al. 1992).
Several studies have quantified fine-scale horizontal varia-
tion along the forest floor (Becker and Smith 1990; Clark et
al. 1996; Nicotra et al. 1999; Thrichon et al. 1998), with
some attempts at sampling higher in the canopy with ladders
(Clark et al. 1996). Combined with the vertical access pro-
vided by a canopy crane and long-term insolation data,
hemispherical photography can provide a more complete
quantitative description of the spatial and temporal distribu-
tion of insolation in a forest.

This work at the Wind River Canopy Crane Research Fa-
cility has two objectives: (i) to characterize the architecture
of the canopy as seen from canopy gaps, including vertical
and horizontal variability in direct and diffuse light penetra-
tion and leaf area index (LAI) and (ii ) to characterize spatial
and temporal variability in light regimes using a particular
insolation record, including temporal variability at
interannual, monthly, and hourly time scales, and variable
fractions of direct and diffuse insolation.

Methods

This research was performed at the Wind River Canopy Crane
Research Facility (WRCCRF) in southern Washington State,
U.S.A., a cooperative program with the University of Washington,
the USDA Forest Service Pacific Northwest Research Station, and
the Gifford Pinchot National Forest Wind River District. The
WRCCRF consists of a 75 m tall construction tower crane installed
in a 500-year-old Douglas-fir (Pseudotsuga menziesii(Mirb.)
Franco) – western hemlock (Tsuga heterophylla(Raf.) Sarg.) forest
in the T.T. Munger Research Natural Area, Wind River Experimen-
tal Forest in the Cascade Mountains of southern Washington State,
U.S.A. (45°49′13.76′ ′N, 121°57′06.88′ ′W, elevation 355 m). The
site has a temperate winter-wet, summer-dry climate with
2528 mm of annual precipitation, less than 10% occurring between
June and September. Average annual snowfall is 2330 mm, and
mean annual temperature is 8.7°C. The tallest tree is 65 m tall.
Douglas-fir dominates the upper canopy above 45 m. A dense
subcanopy of western hemlocks dominates the middle story along
with western redcedars (Thuja plicata D. Don) in moister sites.
The understory contains many western hemlocks, Pacific silver fir

(Abies amabilis(Dougl.) Forbes), Pacific yew (Taxus brevifolia
Nutt.), and vine maple(Acer circinatumPursh.). For further de-
tailed site descriptions, see Holden (1995) and information pub-
lished at http://depts.washington.edu/wrccrf/.

I sampled nine vertical transects in the centers of canopy gaps
by taking a hemispherical photograph at 5-m height intervals. Be-
cause I sampled centers of gaps, the results represent insolation in
well-lit portions of the forest that correspond to the most active
outer canopy layer. Digital analysis of photographs estimated pene-
tration of direct and diffuse insolation, which I then combined with
long-term insolation data from Portland, Oreg., to estimate mean
yearly and mean monthly insolation for each photograph. My anal-
yses included (i) vertical profiles of mean yearly insolation aver-
aged over all nine gaps (gap averaged); (ii ) intergap variability in
mean yearly insolation; (iii ) interannual variability in gap-averaged
yearly insolation; (iv) vertical profiles of mean monthly gap-
averaged insolation; (v) vertical profiles of monthly fractions of di-
rect and diffuse insolation; (vi) vertical profiles of interannual vari-
ability of monthly gap-averaged insolation; (vii) vertical profiles of
hourly insolation with height for the winter solstice, spring equi-
nox, and summer solstice on very clear and completely cloudy
days; and (viii ) vertical profiles of LAI, leaf angle, and clumping
estimated from inversion of the Beer–Lambert law (Chen et al.
1991; Rich et al. 1995).

Hemispherical photographs were taken with standard procedures
(Rich 1989, 1990), using Kodak TriX PAN 400 ASA black and
white film with a Nikkor 8-mm lens and Nikon FM1 camera body
mounted on a self-leveling platform (gimbals) attached to a
monopod. A red filter was used to enhance contrast between fo-
liage and sky, unless light levels were extremely low deep in the
canopy. The gondola was positioned above a gap, and a photograph
was taken every 5 m as the gondola descended. Following a light
reading, the shutter speed, F-stop, and filter were adjusted. The
camera assembly was then lifted so that the lens was just above the
gondola frame. A self-timer allowed the camera to steady at a level
position, and an exposure was taken. Crane azimuth, hook height,
and jib distance (trolley) were recorded. The gondola was lowered
as far as possible without encountering deep understory vegetation,
usually to between 5 and 10 m height. Photos were taken under
dawn and (or) overcast conditions, which allowed for acquisition
of high-quality images in which sky and foliage were well differ-
entiated (Fig. 1). Hook height (distance below the crane jib) was
transformed into height above the ground by correcting for ground
elevation and the height of the camera within the gondola. Thirty
three additional photographs were taken on a regular 25 × 25 m
grid at 1.5 m above the forest floor to estimate forest floor condi-
tions beyond the nine gaps.

Photographs were analyzed with the program CANOPY 2.1
(Rich 1989). Because the steel cage of the gondola precluded accu-
rate compass measurements to orient the photos to true north, the
azimuth of the crane jib was used for orientation. The CANOPY
editor was used to remove the jib, cables, and other components of
the crane and gondola. One person (S.B.W.) analyzed all photos.

Standard “site factors” were calculated. Indirect site factor (ISF)
is the proportion of sky visible from the photo point, and measures
the penetration of diffuse radiation. I assumed a uniform overcast
sky (UOC). Direct site factor (DSF) is the proportion of the
sunpath not obscured by foliage, weighted by a function of solar
elevation angle to account for atmospheric absorption. ISF and
DSF were also cosine corrected to a horizontal surface to incorpo-
rate insolation data from horizontal sensors (ISFC and DSFC).
Analysis included the interactive choice of a threshold gray value
to separate canopy from sky. Trees contrasted strongly with over-
cast sky, so that choosing a threshold during CANOPY analysis
was straightforward. Repeat analysis of a subset of 20 photos span-
ning the whole range of canopy cover showed repeatability (RMS
error) of 0.02. The lowest site factors were well within a range
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Fig. 1. Example vertical transect of photographs every 5 m height. Height profiles of ISFC and DSFC corresponding to photographs
are in the small graph to the right.
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(0.03–0.15) where digital analysis techniques provide reliable esti-
mates (Rich 1990).

Site factors were converted into total yearly and monthly insola-
tion. No long-term data were available from WRCCRF itself.
Long-term (1961–1990) shortwave insolation, divided into diffuse
and direct components, has been measured at Portland, Oreg.,
about 65 km west of WRCCRF (NREL national solar radiation
data base). Portland data capture the overall seasonality and cloud
cover of region, but insolation at WRCCRF differs slightly from
that in Portland (D. Shaw, personal communication), primarily be-
cause Portland experiences coastal fog that penetrates up the Co-
lumbia River during the summer, while WRCCRF is beyond the
summer fog zone. However, the position of WRCCRF on the wind-
ward slope of the Cascade Range also increases cloudiness during
the passage of weak summer cold fronts. The advantages of using
the long-term Portland data include the division into direct and dif-
fuse insolation and interannual and monthly variation over the 30-
year period. The magnitude of the differences between Portland
and WRCCRF can be quantified once longer term on-site records
become available.

Mean yearly insolation was calculated as a weighted sum of
ISFC and DSFC (cosine corrected):

[1] Stot = Sc × ISFC + Sb × DSFC

whereStot, Sd, and Sb are total, diffuse, and direct (beam) insola-
tion, respectively.

Insolation was expressed as a daily average (MJ·m–2·day–1) or
summed through time for a yearly total. A similar weighting
scheme was used for monthly insolation, using monthly DSFC and
mean daily direct and diffuse insolation for each month. Because
of slight differences in ground elevation from gap to gap, results
were averaged for 5-m increments to create “gap-averaged” site
factors. The standard deviation and range of site factors and insola-
tion at each height measured intergap variability.

I estimated interannual variability of total yearly direct and indi-
rect insolation for each year from 1961–1990. I also calculated the-
oretical maximum global insolation by assuming clear sky
conditions year round (Lund 1980). The coefficient of variation
(CV = SD/mean) at each height was calculated for intergap,
interannual, and monthly variability. I also calculated the
interannual variability (SD) of monthly insolation by calculating
insolation for every month in the 30-year Portland record.

I simulated hourly insolation for the winter solstice, spring equi-
nox, and summer solstice under both clear and cloudy skies.
Hourly direct and diffuse clear-sky insolation on a horizontal sur-
face was calculated for each date by standard equations (Lund
1980) assuming an atmospheric transmissivity of 0.8 (very clear). I
also calculated hourly diffuse insolation on a horizontal surface un-
der uniform stratocumulus clouds, using equations extracted from
List (1971). Stratocumulus clouds provided an intermediate bright-
ness between lower altitude stratus and fog and higher cloud types,
and are a common feature of storm systems in the region. Other
cloud types could also be simulated by these methods. Hourly un-
weighted openness along monthly sunpaths was averaged across
gaps for each height, and hourly insolation was calculated as

[2] Stot = ISFC × Sd + Ob × Sbc

whereOb is the hourly openness along the sunpath andSbc is the
hourly direct insolation cosine corrected for the horizontal surface.
The direct component drops out on cloudy days.

Leaf area index (LAI) is an important structural characteristic of
plant canopies, and the vertical distribution of leaves (or needles)
affects interrelated canopy functions such as light interception,
photosynthesis, and transpiration (Chen et al. 1997). LAI was de-
fined here as the one-sided area of leaves per unit ground area
(m2/m2). Hemispherical photographs can be used to estimate LAI

by inverting the Beer–Lambert law for the transmission of light
through a turbid medium (Chen et al. 1991). I used the program
LAICALC (Rich et al. 1995), which solves the equation

[3] P(q) = exp
( )

cos( )

−









G q L

q

Ω t

whereP(q) is the gap fraction at the view zenith angleq, and is
calculated directly from the hemispherical photograph; G(q) is the
projection coefficient characterizing the foliage angle distribution;
Lt is the plant area index including foliage and woody areas; andΩ
is a parameter determined by the spatial distribution of foliage and
other obstructions and is generally known as the “clumping fac-
tor”: Ω > 1 when foliage is uniformly distributed,Ω = 1 when fo-
liage is randomly distributed, andΩ < 1 when foliage is clumped.
Only the productΩLt can be calculated from gap fraction and is re-
ferred to as “effective LAI” (Le). Coniferous forests are highly
clumped at multiple scales, which leads to substantial underestima-
tion of Lt by optical methods without consideration of clumping
(Chen et al. 1997). Because no direct measure ofΩ at WRCCRF
was available, a first approximation was estimated by the ratio of
Le from LAICALC to LAI estimated from sapwood area (Easter
and Spies 1994) and litter fall (Harmon et al. 1998). I did not cor-
rect for bole and branch area or epiphyte load to calculate LAI for
the trees alone. IncrementalLe in 5-m classes produced vertical
profiles of Le; Le from the forest floor was estimated from the 33
photographs on the 25 × 25 m grid at 1.5 m height.

Results

A representative vertical transect showed conditions dur-
ing descent into a canopy gap (Fig. 1, photographs). At the
top of the forest (62–47 m), the only natural obstructions to
insolation were the surrounding mountains and a few emer-
gent crowns of the tallest Douglas-firs. During descent,
subdominant hemlocks appeared at 42 m (compare the form
of the hemlock on the left with the taller Douglas-fir on the
right), producing a rapid rate of change in canopy cover
from 42 to 22 m. Conditions darkened near the bottom of
the gap (7 m), but the porous nature of the forest was appar-
ent. There were substantial open areas at zenith angles >45°
(halfway between the center and rim of the photograph),
similar to photographs from the forest floor taken by Van
Pelt and North (1996).

These changes in appearance were captured quantitatively
with ISFC and DSFC (cosine corrected; Fig. 1, graph). From
62 to 47 m both site factors remained near 1, and then rap-
idly decreased as hemlocks appeared around 42 m. At 22 m,
there was another inflection point, and below 22 m, site fac-
tors decreased more slowly. This sigmoidal shape was char-
acteristic of most individual transects.

Gap-averaged ISF and DSF exhibited sigmoidal patterns
similar to the sample transect (Figs. 2A–2D). Corrected val-
ues were always slightly higher than uncorrected values, be-
cause in these gaps the overhead areas (more heavily
weighted by the cosine correction) were always open. Cor-
rected and uncorrected site factors were highly correlated
(r2 = 0.99), and I worked with corrected values for insolation
calculations.

Gap-averaged ISFC followed a sigmoidal decrease, with
little change above 55 m (>0.95), the most rapid change
from 50 to 35 m (0.5), and a lesser rate of change below
35 m to 10 m (0.2) to 0.1 at 1.5 m (Fig. 2C). Mean DSFC
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showed a similar pattern (Fig. 2D). Intergap variability was
minimal at the very top of the canopy, rapidly increased, and
remained large at lower heights. The maximum intergap
variability in ISFC occurred between 40 and 45 m, and max-
imum intergap variability in DSFC occurred between 25 and
30 m. Intergap variability in DSFC was generally larger than
that of ISFC, especially lower in the canopy.

Direct insolation penetrated deeper into the canopy as so-
lar elevation increased from December through June
(Fig. 3). In December, DSFC was 0.50 at 42 m, virtually no
direct insolation penetrated below 20 m, and gap-averaged
DSFC was strongly sigmoidal. In March, DSFC was 0.50 at
35 m, some direct insolation penetrated to 10 m (DSFC =
0.10), and the sigmoidal shape was still apparent. By May
and June, DSFC was 0.50 at 25 m, DSFC at 10 m increased
to 0.20, and curves were nearly linear from 50 to 10 m. DSF
was symmetrical around the solstice months, so the pattern
was mirrored from June to December.

Thirty-year averages of yearly and monthly direct and dif-
fuse insolation on a horizontal collector at Portland clearly
showed the seasonal cycle of the Pacific Northwest (Fig. 4).
On a yearly basis, global insolation averaged 12.7 MJ·m–2·day–1

evenly distributed between direct and diffuse components
(49–51%). On a monthly basis, December provided the least
insolation, because of low solar elevation and high cloudi-
ness (69% diffuse). July provided the most because of high
solar elevation and low cloudiness (39% diffuse). The inten-
sity of diffuse insolation in July (about 9 MJ·m–2·day–1) ex-
ceeded the above-canopy global insolation for the period
October–February. Under completely clear skies, insolation
would be symmetrical around the solstices. In actuality, the
months after the summer solstice were sunnier than the
months preceding it. For example, average daily insolation
in April was 56% diffuse, compared with 40% diffuse in
August.

Yearly insolation in the gaps exhibited a sigmoidal height

Fig. 2. Height profiles of ISFU, DSFU, ISFC, and DSFC. The thick line is the mean, the inner lines are ±1 SD, and the outer lines
are the range.
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profile (Fig. 5A). Each curve was nearly equal combination
of ISFC and DSFC, according to eq. 1, because of equal
weighting of yearly direct and diffuse radiation at Portland
(Fig. 4). Above 55 m there was little obstruction and yearly
insolation averaged more than 4250 MJ/m2. Below 50 m,
yearly insolation decreased steadily to 2000 MJ/m2 at 30 m,
followed by a less rapid decrease to 800 MJ/m2 at 10 m, and
<500 MJ/m2 at 1.5 m. Fifty percent of the yearly insolation
was intercepted above 32 m, 80%, above 15 m; and 90%,
above the lowest understory (1.5 m). Intergap variability in
yearly insolation was large, and absolute differences were
greatest between 30 and 40 m (range 1500–2000 MJ/m2).

Yearly partitioning between direct and diffuse insolation
also changed with height. From 65 to 20 m, 50% of yearly
insolation was diffuse, rising to 58% at 15 m and to 62% be-
low 10 m. This pattern of partitioning was a direct result of

the relative values of ISFC and DSFC (Figs. 2C and 2D).
From 65 to 20 m, ISFC and DSFC were equal; below 20 m,
ISFC was larger than DSFC.

Portland exhibited interannual variation in total insolation
(Fig. 5B). At the top of the canopy, the sunniest year (1970)
delivered 4827 MJ/m2 of which 47% was diffuse, and the
cloudiest year (1983) delivered 3997 MJ/m2 (53% diffuse).
Interannual differences were maintained deep in the canopy
but were muted at the lowest heights, with an absolute range
of <100 MJ/m2 below 10 m. To illustrate the magnitude of
cloudiness effects, theoretical clear-sky yearly insolation de-
livered 6060 MJ/m2 at the top of the canopy, of which 15%
was sky diffuse, reduced to less than 650 MJ/m2 at 1.5 m
(Fig. 5B, right-hand curve).

Relative values of intergap and interannual variation were
compared using the CV at each height class (Fig. 5C). The
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Fig. 3. Height profiles of gap-averaged monthly DSFC. The seasonal progression of direct light penetration into the forest as solar ele-
vation increase can be readily seen.

Fig. 4. Daily direct and diffuse insolation by month for Portland, Astoria, and Yakima. Yearly average is the final column.
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intergap CV changed with height, linearly increasing from
60 m to a local maximum of 32% at 27 m, decreasing to
25% at 15 m and increasing again to nearly 40% below
10 m. The CV for interannual variation remained below 5%
at all heights (Fig. 5D).

A height–time–energy plot showed strong seasonal varia-
tion in the penetration of daily insolation (Fig. 6A). All
heights received little daily insolation in the winter months,
because of low global insolation. Global insolation increased
with solar elevation, as did the depth of direct beam penetra-
tion leading to a peak in July. Mean values for the forest
floor were never greater than 2.5 MJ·m–2·day–1. Yearly
curves were asymmetric around the summer solstice because
of the cloudiness patterns discussed above (Fig. 4). The sea-

sonal amplitude was greatest in absolute terms higher in the
canopy, but relative variation measured by the CV across
months was greatest between 15 and 30 m and again at the
forest floor (Fig. 5D).

The monthly fraction of diffuse radiation varied with
height and month (Fig. 6B). The diffuse fraction increased
toward low canopy levels in all months and was greater in
winter than in summer. The deep understory was dominated
by diffuse insolation for much of the year, but in June, July,
and August, a substantial proportion of the radiation deep in
the forest was direct.

Interannual variability in average monthly insolation
(measured by the SD) appeared to be relatively low, barely
exceeded 2 MJ·m–2·day–1 in June and July near the top of the
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Fig. 5. (A) Height profile of gap-averaged 30-year mean insolation using Portland insolation data. The thick line is the mean, the inner
lines are ±1 SD, and the outer lines are the range. (B) Interannual variation of Portland data. The thick line is the mean, the inner
lines are ±1 SD, and the outer lines are the maximum and minimum (labeled by year). The far right-hand profile is for a completely
clear year. (C) Height profile of CV (coefficient of variation, SD/mean) of interannual (IA), intergap (IG), and monthly (MO) insolation.
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canopy, and becoming greatly muted deeper in the canopy
and in winter months. However, in relative terms as mea-
sured by the CV, interannual variability at the monthly scale
was on the order of 10%, about twice that exhibited on a
yearly basis.

The hourly distribution of clear-sky and cloudy-day inso-
lation on the winter solstice, spring equinox, and summer
solstice showed unimodal shapes, beginning at sunrise, peaking

at noon, and ending at sunset (Figs. 7A, 7B, and 7C). Seasonal
variation was strong. In December under clear skies, global
insolation was low, peaking at 0.63 MJ·m–2·h–1 at noon.
On the cloudy day, insolation peaked at 0.33 MJ·m–2·h–1 at
noon. In March, insolation peaked at 2.4 MJ·m–2·h–1 and
0.95 MJ·m–2·h–1 at noon on the clear and cloudy days,
respectively, and insolation penetrated deeper into the forest. In
June, insolation peaked at 3.3MJ·m–2·h–1 and 1.3 MJ·m–2·h–1

at noon on the clear and cloudy days, respectively. Average
peak insolation at the forest floor in June never reached
1 MJ·m–2·h–1 on the clear day.

In December, penetration into the forest on the clear day
was minimal because of low solar elevations. The seasonal
increase of insolation was driven by higher solar elevations
that increased the depth of direct penetration and provided
higher hourly global insolation. The seasonal changes of in-
solation with height on cloudy days were a strict function of
global hourly insolation, as ISFC was assumed to not change
through the year.

The jaggedness in clear-day contours contrasts with the
smoothness in cloudy-day contours, and the differences were
driven by high variation in canopy cover at half-hour inter-
vals along narrow sunpaths. A single branch can effectively
cover a half-hour increment along monthly sunpaths, so only
nine samples at any given height leads to high spatial vari-
ability at that fine temporal scale.

One-sidedLe estimated by LAICALC from the 33 forest
floor photographs was 3.7 ± 0.6 m2/m2 (mean ± SD, range
2.7–5.0). The vertical cumulative profile (Fig. 8A) showed
50% of totalLe below 20–25 m and only 13.5% above 40 m.
IncrementalLe increased slowly from 60 to 50 m, followed
by more rapid linear increase from 50 m to a local peak at
30–35 m, a local minimum around 20 m, and another local
maximum around 5–10 m (Fig. 8B). Structurally, the canopy
above 50 m was dominated by emergent Douglas-fir, and the
30- to 35-m peak corresponded to the hemlock middle story.
The relatively open area between 25 and 15 m was below
the lower live branches of these hemlocks. The 5- to 10-m
peak corresponded toAcer and shade-tolerant conifers such
as yew and young hemlocks.

The mean “leaf” angle estimated by LAICALC was 57 ±
1° and did not change with height. Given the resolution of
the photographs, the angle likely measures shoot and branch
orientation, as opposed to individual needles.

Discussion

The combination of the canopy crane, hemispherical pho-
tography, and long-term insolation data provided the means
to effectively explore spatial and temporal components of in-
solation variability in this forest. In contrast with other stud-
ies of forest light environments, I was able to characterize
vertical distribution, elements of horizontal distribution at
various heights, and temporal distribution through the year
and through select days as it varies with height. The long-
term insolation data from Portland provided the means to es-
timate absolute amounts of insolation, fractions of direct and
diffuse insolation, and the effects of varying cloudiness from
interannual variation.

The major potential bias in these results is that the esti-
mates above 1.5 m were for the centre of canopy gaps,
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Fig. 6. (A) Height–time profiles of monthly mean daily insola-
tion (MJ·m–2·day–1) for Portland. (B) Proportion of diffuse inso-
lation by height and month through the year. (C) Interannual
variation (SD) of monthly insolation by height and month for
1961–1990 Portland data.
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which were some of the best-lit portions of the forest and
represent the active canopy layer where most photosynthesis
and evapotranspiration occurs. Live foliage was generally
concentrated on the outer 1–2 m of branches, and volumes
within tree crowns were virtually empty except for branches.
Sampling within the tree crowns at various heights (not pos-
sible with current crane access) could provide a somewhat
different view of the vertical insolation gradient and would
greatly increase the degree of horizontal variability at any
given height.

The 1.5-m samples were distributed across a wide range
of canopy conditions, which may account for the behavior of
DSF and monthly diffuse fractions estimated for the forest
floor. DSF at 8.4 m was the same as DSF at 1.5 m on a
monthly and yearly basis. (Figs. 2B, 2D, and 3). DSF usu-
ally would be highest well north of gap centers (Canham et
al. 1990; Van Pelt and North 1996); if the 1.5-m height were
sampled at the bottom of gaps, then one might expect to see

a continual decrease of DSF to the forest floor. The absolute
differences in insolation this bias produced, however, may
be relatively small because of the low insolation at ground
level.

I sampled only one component of horizontal variability:
intergap variability. Each gap had a unique vertical profile
that reflected the heterogeneity of the forest, and differences
between gaps led to annual differences of up to2000
MJ·m–2·year–1 at the same height. Variation within gaps
(intragap variation) keeping height constant may be substan-
tial in a north–south direction, as the north side of a gap will
receive more direct sun than the south side (Van Pelt and
North 1996). At ground level, such north–south differences
appear to be muted in old-growth Douglas-fir – western
hemlock forests because of the dense middle story of hem-
locks (Canham et al. 1990). Higher in the canopy, though,
north–south variation may be substantial. Data from a study
on dwarf mistletoe (Shaw and Weiss 2000) suggests that
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Fig. 7. Height–time profiles of half-hourly insolation (MJ·m–2·h–1) for clear and cloudy days for December, March, and June.
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yearly insolation may vary from north to south in a gap by a
factor of two at heights between 20 and 40 m. However,
more systematic evaluation of intragap horizontal variability
with height and sampling within tree crowns would greatly
enhance the picture of horizontal variability.

Temporal variability occurred at interannual, monthly, and
hourly time scales. Interannual variation was a function of
cloudiness and produced an above-canopy range of about
900 MJ·m–2·year–1 at Portland that became muted in abso-
lute terms deeper in the forest. However, relative interannual
variation as measured by the CV was the lowest of all
sources of temporal variability (Fig. 4). Monthly variation
was a function of both solar angle and cloudiness, and the
effect of solar angle was very large as expected at high lati-
tude sites. Cloudiness drove asymmetry around the summer
solstice in both total insolation and fraction of diffuse inso-
lation. The model of hourly variation highlighted the peak
hourly insolation and the duration and depth of penetration
under sun and clouds on different days. The extreme spatial
variability of hourly insolation was also apparent by the jag-
ged contours on the clear days compared with the smooth
contours on the cloudy days.

Leaf area index has proven to be difficult to measure with
non-destructive optical techniques (White et al. 1997). My
total LAI estimates (Le = 3.7) were definitely low for this
forest type. Measurements of LAI by leaf fall (9.2 m2/m2,
Harmon et al. 1998), and by sapwood area (9.12 m2/m2;
Easter and Spies 1994) were in close agreement. At first ap-
proximation, the difference could be attributed to the clump-
ing factor Ω, which greatly affects the interception of
insolation relative to absolute LAI.Ω was estimated at 0.4
(Ω = Le/LAI according to eq. 2), indicating a high degree of
clumping at WRCCRF. Conifer foliage shows clumping at
many scales: needles on shoots, shoots on whorls, whorls on
branches, whole tree crowns, and clumps of trees within the

stand. Clumping also differs among species, with the
extreme example of flatAcer leaves that are held nearly hor-
izontal compared with conifer needles. My estimate ofΩ
was far lower than that from black spruce (Picea mariana
(Mill.) BSP) forests (Ω = 0.7, Chen et al. 1997). However,
Smith et al. (1993) reported a similarΩ (0.38) for Douglas-
fir forests. The complex multistoried and clumped structure
of this old-growth forest allowed for substantial light pene-
tration deep within the forest, while at the same time sup-
porting a very large LAI. More work clearly needs to be
done to understand clumping patterns of foliage within this
forest.

The vertical distribution of effective LAI (Le) showed a
maximum at around 30–35 m and again from 5–10 m.
Parker (1997) found maximumLe at 18 m, but that result is
likely caused by the high solar angles in his study. The peak
at 30–35 m is consistent with the foliage profile described
by Easter and Spies (1994). The gap bias may have influ-
enced this profile and the overallLe values, but the bias may
not be large because areas away from the open zenith in
gaps are more heavily weighted by LAICALC because of
the cos(q) term in the denominator of eq. 3. In addition,Le
from the non-gap-biased samples at 1.5 m (3.7 m2/m2) was
not much greater thanLe at 8.4 m (3.15 m2/m2).

An essential feature of the insolation environment in this
forest was the importance of diffuse insolation. Diffuse inso-
lation is qualitatively different from direct beam insolation,
and these differences affect both its mode of penetration
through the canopy, and its effect on plants when it is inter-
cepted. Because diffuse insolation comes from all sky direc-
tions, it provides a more even illumination of the forest,
although it can be quite variable from gap to gap (Figs. 2A
and 2C). The geometry of light interception by conifer
shoots and branches is very different under diffuse than di-
rect insolation (Stenberg et al. 1995), and conifer needles
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Fig. 8. Height profiles of (A) Cumulative effective leaf area (Le) and (B) incrementalLe in 5-m height classes.
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under even illumination by diffuse insolation may have high
photosynthetic efficiency without experiencing heat, water,
and light stress that intense direct insolation can produce
(Teskey et al. 1995). In addition, evaporative demand is
much lower under cloudy conditions, so that stomata may
remain open longer through the day. Several conifer stands
have shown greater CO2 uptake rates under diffuse light
than under equivalent direct light intensities (Price and
Black 1990; Hollinger et al. 1994; Goulden et al. 1997), and
models have simulated this effect for whole canopies (Oker-
Bloom 1985; Jarvis et al. 1985). Light response curves at the
shoot level under diffuse conditions are poorly characterized
(B. Bond, personal communication), but physiological mea-
surements under diffuse insolation would be important in
understanding stand-level photosynthesis and the high pro-
ductivity of Pacific Northwest conifer forests. The hourly
contours for the cloudy days (Fig. 7) show that substantial
diffuse light reaches deep into the forest in March and June,
providing even illumination through much of the day that is
well above the light compensation point for the major tree
species (around 0.04 MJ·m–2·h–1; Bond et al. 1999). Under
clear skies in June, much of the upper canopy is well above
the 90% light saturation point for Douglas-fir and hemlock
(0.89 and 0.68 MJ·m–2·h–1, respectively; Bond et al. 1999).
Light and heat stress may limit photosynthesis at these
heights during clear periods. Under cloudy conditions in
June, much of the canopy is illuminated at levels that can al-
low for high photosynthetic rates.

Cloudier conditions in spring occur when the soil is satu-
rated from snowmelt and spring rains, while sunnier condi-
tions in summer coincide with the period of water deficit in
this forest. This annual cycle of water excess in winter and
spring and deficit in summer is a major constraint on many
forest processes (Waring and Franklin 1979). Estimates of
evaporative demand from these insolation profiles and clima-
tic data may shed light on patterns of seasonal and
interannual water stress in coniferous forests, such as where
in the canopy maximal transpiration occurs as a function of
insolation and leaf area.

The forest canopy not only shapes the insolation environ-
ment but also responds to it in several ways. Tree and branch
growth may increase in high insolation regions of the can-
opy, and conversely, needles and branches are shed in low
insolation regions where they cannot maintain a positive car-
bon balance (Margolis et al. 1995). Vertical insolation gradi-
ents greatly affect photosynthetic capacity and realized
assimilation rates within and among trees (Holbrook and
Lund 1995). Both Douglas-fir and western hemlock trees ex-
hibit gradients of greater needle mass and nitrogen content
with higher insolation, which can increase photosynthetic
capacity of the whole canopy (Bond et al. 1999). Con-
versely, these needle morphologies may themselves be a
strong indicator of average insolation levels at various posi-
tions in the canopy. Understanding how these patterns affect
the photosynthetic capacity of the whole canopy through the
year would involve linking the monthly insolation contours
(Fig. 6) or hourly contours (Fig. 7) with models that con-
sider photosynthetic capacity under direct and diffuse light
and water stress as well as the vertical distribution of leaf
area. Because of the nonlinear response of CO2 assimilation
to light levels and other environmental factors (Stenberg et

al. 1995; Bond et al. 1999), simple averaging over time and
space may not be appropriate for estimating canopy-level as-
similation.

The crane provided unique opportunities to paint a picture
of spatial and temporal variation of insolation in this particu-
lar forest. Transporting the results to other forests of the Pa-
cific Northwest poses challenges. Insolation data exist for
many other stations in the Pacific Northwest (NREL 1999).
Douglas-fir – western hemlock forests extend across more
than 10° of latitude, but structural differences among forests
on different soil types, across latitude, among microclimates,
and with different species composition provide additional
axes of variability. On a global scale, similar sampling at the
six other canopy cranes in the world would provide contrasts
among biomes with far different sunpaths, cloudiness, and
forest structure.

Insolation has pervasive effects on the structure and func-
tion of forest ecosystems. Because this study provides a de-
tailed description of the spatial and temporal structure of
insolation in a tall forest, it is of broad interest to forest ecol-
ogists. On a regional level, WRCCRF has become a focal
point for integrated studies of forest structure and function
in relation to global change (Suchanek 1997). This study
provides key baseline data for relating insolation to numer-
ous facets of forest ecology, including photosynthesis, water
balance, allocation and cycling of carbon and nutrients, dis-
tribution of epiphytes (McCune et al. 1997), insects (Shaw
1998), and mistletoes (Shaw and Weiss 2000) among other
studies at WRCCRF.
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