
ABSTRACT: Solar exposure profoundly affects stream processes
and species composition. Despite this, prominent stream monitor-
ing protocols focus on canopy closure (obstruction of the sky as a
whole) rather than on measures of solar exposure or shading. We
identify a candidate set of solar exposure metrics that can be
derived from hemispheric images. These metrics enable a more
mechanistic evaluation of solar exposure than can be achieved with
canopy closure metrics. Data collected from 31 stream reaches in
eastern Oregon enable us to quantify and compare metrics of solar
exposure from hemispheric images and a metric of canopy closure
with a concave densiometer. Repeatability of hemispheric metrics is
generally as good as or better than the densiometer closure metric,
and variation in the analysis of hemispheric images attributable to
differences between analysts is negligibly small. Metrics from the
hemispheric images and the densiometer are typically strongly cor-
related, at the scale of an individual observation and for 150 m
stream reaches, but not always in a linear fashion. We quantify the
character of the uncertainty in the relationship between the den-
siometer and the hemispheric metrics. Hemispheric imagery pro-
duces repeatable metrics representing an important ecological
attribute; thus those researching the effects of solar exposure on
stream ecosystems should consider the use of hemispheric imagery.
(KEY TERMS: solar exposure; instrumentation; meteorology/clima-
tology; densiometer; hemispheric imagery; stream assessment.)
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INTRODUCTION

Solar input drives stream heating, primary produc-
tion, periphyton species composition, fish life history
strategies, and numerous other stream parameters
(Gregory, 1980; Cummins et al., 1984; Beschta et al.,
1987; Feminella et al., 1989; Tait et al., 1994; Shaw

and Bible, 1996; Rutherford et al., 1999; Grether et
al., 2001). Despite its significance, prominent stream
monitoring protocols (e.g., Fitzpatrick et al., 1998;
Peck et al., 2000) focus on canopy closure (the propor-
tion of the sky which is obscured when viewed from a
point) (see Jennings et al., 1999) rather than on more
direct measures of solar exposure (the amount of solar
energy received per unit area per unit time) or shad-
ing (the proportion of solar energy that is blocked by
vegetation and topography). One study (Platts and
Nelson, 1989) illustrated the distinction in showing
that measures of shade were better predictors of
salmonid biomass than measures of canopy closure in
streams in the intermountain West. This result sug-
gests that the widespread focus on canopy closure
may err in quantifying solar exposure and its effect on
stream characteristics. Thus, methods to quantify
solar exposure should be defined and evaluated for
use in stream monitoring and assessment programs.

Davies-Colley and Payne (1998) compared nine
tools for measuring stream shade. They concluded
that “using fisheye photography potentially yields
maximum information, but requires much offsite
image processing. This method may become more pop-
ular when digital cameras are fitted with fisheye
optics” (Davies-Colley and Payne, 1998:258). Since
their article was prepared, not only have digital cam-
eras become fitted with fisheye optics, but a new gen-
eration of software has become available that greatly
simplifies the analysis of hemispheric images.

Good reviews of the use of hemispheric imagery 
for plant and forest ecology are available (Chazdon
and Field, 1987; Rich, 1990; Roxburgh and Kelly,
1995). Several authors discuss the merits of direct
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and indirect measurement methods for measuring
solar exposure (e.g., Rich, 1990; Davies-Colley and
Payne, 1998; Jennings et al., 1999). Direct measures
of solar radiation are valuable, but they represent
only the period of time when the measurements are
taken; for stream assessments they would need to be
compared against comparable and simultaneous mea-
sures at a nearby unobstructed location. In contrast,
indirect estimates developed from single hemispheric
images are valid for as long a period as the image is a
valid representation of the quantity and location of
features that obscure the sun. In general, the correla-
tion between hemispheric metrics (an indirect
method) and direct measures of light is good, particu-
larly under more open canopies and when atmospher-
ic conditions are properly evaluated (Whitmore et al.,
1993; Easter and Spies, 1994; Roxburgh and Kelly,
1995; Comeau et al., 1998; Jennings et al., 1999;
Machado and Reich, 1999; Ferment et al., 2001).

Given hemispheric imagery's proven track record
and its potential to provide information on stream
solar exposure, our goal is to evaluate its feasibility
and characteristics as a tool for stream monitoring
and assessment. These steps are key elements to the
second and third of four steps suggested for ecological
indicator evaluation (Jackson et al., 2000; Fisher et
al., 2001).

We examine four issues in our analyses. First, we
identify a set of candidate indicators of solar radiation
that may be valuable for stream assessments. Second,
we compare canopy closure estimates using a den-
siometer (an inexpensive and widely used device)
(Fitzpatrick et al., 1998; Peck et al., 2000), which has
been useful in explaining the status of instream
resources (e.g., Herlihy et al., 1998; Hill et al., 1998;
Bryce et al., 1999; Pan et al., 1999) and measures of
candidate indicators derived from hemispheric
images. Third, we characterize sources of error in the
analysis of hemispheric imagery. We examine analyst
error because numerous previous researchers (Rich,
1990; Whitmore et al., 1993; Jennings et al., 1999;
Robison and McCarthy, 1999; Englund et al., 2000;
Engelbrecht and Herz, 2001; Hale and Edwards,
2002) note this potential source of error. We also
examine sampling error, because its magnitude is the
key to making quantitative design decisions about the
use of any monitoring tool. Fourth, we examine the
relationship between both analyst and sampling error
on the one hand and canopy closure on the other
hand. 

The key remaining step for indicator evaluation is
to determine if the candidate indicator adds value in
terms of our understanding, assessments, or manage-
ment actions.

STUDY AREA AND METHODS

Study Area and Sample Reaches

Data were collected from 31 wadeable stream
reaches within the John Day and Lower Deschutes
Basins in central and eastern Oregon, USA (approxi-
mately 44.6°N and 119°W). The stream reaches sam-
pled were selected on a probability basis from the
perennial stream network of the region using well-
documented methods (Stevens, 1997; Stevens and
Olsen, 1999). We sampled stream reaches during the
summers of 2000 and 2001, 11 the first year and the
remainder the second year. Most of the streams sam-
pled (26 of the 31) were on public land. Streams
ranged in Strahler order from 1 to 4, with a median 
of 2. The mean bankfull width of these streams was
4.8 m and ranged from 1.1 to 11.1 m. Stream eleva-
tion ranged from 700 to 1,700 m, with a median eleva-
tion of 1,300 m. Vegetation along these streams
ranged from dense conifer forests with canopies com-
pletely closed over the stream to sparse grasses and
shrubs with virtually no vegetative closure over the
stream.

Field Methods

At each stream reach we collected paired hemi-
spheric images and densiometer readings. These data
were collected at the “exact” coordinates of the stream
sample point specified in the random sample of the
stream network. We also collected samples at 30 m
increments (as measured through the stream thal-
weg) upstream for approximately 300 m. Each image
collection represents a sample point; the collection of
images at a location represents a stream reach. The
data were collected at a height of about 1 meter over
the surface of the water in the center of the stream
thalweg. In addition, observations were collected at
temperature loggers at the upper and lower ends of
the study reaches. Densiometer readings and hemi-
spheric images were collected on the same day. All
reaches were sampled during full leaf out, and some
reaches were also sampled before full leaf out. Quan-
tification of canopy closure and shading is
attributable to multiple layers of vegetation as well as
topography and some elements of the stream bank.

Densiometer Readings. Densiometer readings
were collected according to the stream center protocol
in the EMAP field manual (Peck et al., 2000),
although our densiometer readings were taken 
at 1 m, the same height at which we collected hemi-
spheric images. This method is similar to that used in
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other field protocols (Platts et al., 1983, 1987; Fitz-
patrick et al., 1998). A densiometer is a convex grid-
ded mirror in which the canopy and sky are visible.
Each reading is a count of the number of 17 grid
points that are not open to the sky. Densiometer read-
ings are taken in four directions relative to the flow of
the stream – upstream, downstream, left, and right.
The four readings are combined into a total densiome-
ter reading for the sample point. The maximum possi-
ble total is 68.

Hemispheric Images. Hemispheric images were
collected with a Nikon Coolpix 950 (firmware version
1.3) with an FC-E8 fish eye lens. The camera was lev-
eled and oriented on a tripod to magnetic north,
which was marked on the images with a fiber optic
tube. Color images were collected with automatic
exposure, high contrast, in manual mode, with nor-
mal lens setting, and normal resolution resulting in
an image size of approximately 300 kB in a JPG file
with 1:4 compression and 1,600 by 1,200 pixels. The
field of view was manually maximized before each
image was collected so that the entire hemispheric
view was captured as shown in Figure 1. As in other
studies, hemispheric images were taken without the
sun directly in the image to ensure that images could
be collected with the contrast and lighting required
for image classification. Therefore, photos were usual-
ly taken at dusk, with some taken at dawn or on over-
cast days.

Hemispheric Image Analysis

All of the images were analyzed in Hemiview ver-
sion 2.1 software (Delta-T Devices, 1998). Analysis in
Hemiview or similar programs requires the following
steps.

1. Specify the image orientation (true N), the por-
tion to be analyzed, and the location of the reach (lati-
tude, longitude, and elevation).

2. Specify assumptions about the analytical
approach. We used the lens calibration provided by
the vendor, a uniform overcast sky model (assuming
that diffuse radiation comes equally from all direc-
tions), and divided the image into eight azimuth and
18 zenith zones. We assumed a solar constant of 1,370
Wm-2, a transmission coefficient (the percentage of
solar radiation transmitted through a unit atmo-
sphere depth) of 0.8, and a diffuse proportion of 0.1.

3. Specify the nature and form of the desired out-
put.

4. Classify the image (i.e., use a classification algo-
rithm in the software to partition the image into pix-
els that block the sun and pixels that do not block the
sun).

5. Calculate the metrics.

Image classification requires the analyst to parti-
tion the image into pixels that block the sun and pix-
els that do not. This is an iterative and subjective
process in which the analyst makes a judgment about
the classification as a whole. In about 4 percent of the
cases we edited the images with either Adobe® Photo-
shop® (version 5.5) or Microsoft Photoeditor (version
3.01) before processing in Hemiview to obtain an
acceptable classification. The edits were typically
made to alter portions of the image that should have
been classified as obscured but that were classified as
visible. Although the sun was not in these images,
portions of the image were classified as visible
because the edited surface was still bathed in direct
sunlight and was therefore too light to be classified
properly.

Metrics Derived from Hemispheric Imagery.
Hemispheric image analysis allows us to define a
broad range of metrics. This includes the capacity to
estimate potential solar exposure during any specified
period of time for which the classified image is appli-
cable. Our purpose is to examine the characteristics of
a reasonable subset of this broad range of candidate
metrics. These characteristics should be representa-
tive of the characteristics of other metrics that users
may extract to reflect the facets of solar exposure
appropriate for their work. We do not know which
measures will be prove to be most closely linked with
stream condition; thus ours is an initial list of candi-
dates that we will modify by identifying which of
these candidate metrics are most closely associated
with stream condition (temperature patterns and
metrics of periphyton, macroinvertebrate, and fish
status).

Previous workers (e.g., Platts and Nelson, 1989)
have examined and found value in using metrics of
solar exposure for the entire year. However, in the
temperate zone potential solar exposure varies by a
factor of 5 or more from the winter months to the
summer months. Therefore, it is appropriate to exam-
ine solar exposure for months that are plausibly
linked to the ecological responses of interest. Beschta
et al. (1987) note that for summertime stream temper-
ature, the characteristic of sunlight that we wish to
know is direct solar radiation during the middle four
hours of the day. However, examination of tempera-
ture records of streams shows that maximum temper-
atures may be sustained for very short periods of
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time, suggesting that we may wish to examine solar
exposure for a correspondingly short period. In
response to these considerations, we focus our analy-
sis on nine metrics. These are a hemispheric measure
of canopy closure (Vissky) and solar exposure for the

year (DSF, ISF, and GSF). We select July as a month
to focus on as a typical summer month. For July we
evaluate measures of solar exposure for the entire day
(DAYJuly), for the middle four hours of the day
(MID4July), and for the maximum half-hour of the
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Figure 1. An Example of a Hemispheric Image. The area analyzed is within the circle. The semicircle on the lower left margin of the
image is the fiber optic marker that denotes magnetic north. The grid is added by the software, Hemiview. The inner arc of the grid

is the path of the sun on the day when it reaches the highest elevation during the course of the year (approximately June 21).
The outer arc of the grid is the path of the sun on the day when it reaches its lowest elevation during the course of the year
(approximately December 21). The area between the arcs describes the path of the sun during two months: the inner area is

for June and July; the outer area is for December and January. The lines perpendicular to the arcs describe half-hour increments
in the movement of the sun. The block labeled A is the portion of the sky that determines the metric MAXJune (see Table 1).
The block labeled B is the portion of the sky that determines the metric MID4August. The block labeled C is the portion of

the sky that determines the metric DAYSeptember. The full grid is the portion of the sky that determines DSF.



day (MAXJuly). As a heuristic companion to these
analyses we examine a measure of solar exposure for
the entire day for the month of January (DAYJan-
uary), when the solar position is very different than in
July, as shown in Figure 1. Finally, we examine LAI
because other users may find this analysis of value. 

Table 1 provides more detailed definitions of the
metrics that we have chosen to examine. It also illus-
trates that the set we examine are a subset of a larger
number of metrics that could be used in assessing
stream habitat. The portions of the sky whose cover
determines direct solar exposure for various time
periods are identified in Figure 1.

Estimates of the amount of direct radiation are list-
ed as potential estimates because we specify fixed
assumptions about atmospheric conditions and
canopy closure. This is the same approach that has
been taken in other analyses (e.g., Platts et al., 1987;
Platts and Nelson, 1989; Maloney et al., 1999). Pro-
viding estimates of the actual amount of radiation
received would require modification of potential val-
ues by atmospheric data such as those in the Agrimet
network (U.S. Bureau of Reclamation, 2001). This
regional adjustment, however, would not adjust the
potential estimates to reflect differences in light qual-
ity, i.e., shifts in wavelength that result from canopy
structure and composition, and cloud cover (e.g., Lief-
fers et al., 1999; Rutherford et al., 1999).

Data Analysis

We use different subsets of our data for different
purposes. A summary and characterization of the

points where these sets of images were collected is
provided in Table 2.

Relationship Between Closure and Shade. We
evaluate the relationship between metrics derived
from densiometer readings and those from hemi-
spheric imagery at both point and reach scales using
datasets D and E (Table 2). At the reach scale, met-
rics are the average of measurements over the first
150 m of the stream reach. We selected 150 m because
this enables us to conduct our analysis with a single
standard length, which is the length of an EMAP
sample reach for streams up to 3.75 m in bankfull
width (Peck et al., 2000). At the reach scale, we used
only samples taken during full leaf out. We weighted
multiple observations taken from the same point as if
we had collected only one measure at that point.

Scatter plots of the relationship between hemi-
spheric metrics and densiometer total were examined.
When the best fit did not appear to be linear, exami-
nation of the scatter plot suggested alternative trans-
formations (e.g., a cubic fit as shown in Figure 2b). We
quantify the uncertainty in the relationship by report-
ing the R2 values and by reporting the standard error
of the regression prediction as a percentage of the
regression prediction. This percentage varies over the
range of canopy closure, so we report the value for
more open canopies, average canopies, and more
closed canopies. We also illustrate the magnitude of
the uncertainty by providing scatterplots that include
regression lines and 95 percent confidence intervals
for individual predictions. 

Analyst Error and Software Differences. We
selected 31 images to evaluate the sensitivity of the
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Table 1. List of metrics derived from hemispheric images. We examined a subset of these metrics in this paper. Each metric can
be expressed either at either the point or the reach scale. Definitions are from or are adapted from (Delta-T Devices 1998).

Radiation estimates are for a horizontal intercepting surface. See Figure 1 for an illustration of which portions of the sky are
associated with each of the direct radiation metrics. Months are generally defined as the period from the 22 of the previous

month through the 21 of the current month. Units of radiation are in Mega joules per meter square per unit time.

Metric Category Abbreviation Description

Visible Sky Vissky The proportion of pixels which are classified as visible sky.

Site Factors DSF, ISF, GSF The proportion of direct, indirect, or total solar radiation reaching a point
relative to that in a location with no sky obstructions.

Monthly Direct Solar Radiation DAYmonth The potential direct radiation received below the canopy for each month.

Maximum Direct Solar Radiation MAXmonth The potential maximum amount of direct radiation received below the
canopy during any half hour period during each month.

Mid Day Direct Solar Radiation MID4month The potential amount of direct radiation received below the canopy between
10 a.m. and 2 p.m. during each month.

Effective Leaf Area Index LAI Half of the total leaf area per unit ground area. Assumes a random
distribution of canopy elements; an assumption whose validity varies by 
stand types (Chen et al., 1997).



results of image classification to the varying judg-
ment of multiple analysts. To ensure that these
images covered a broad range of canopy conditions,
we selected the images at random from nine strata
defined by three levels of densiometer total (0 to 25,
26 to 43, and 44 to 68) and by three levels in the
range of the four densiometer readings that comprise
the total densiometer reading (0 to 4, 5 to 10, and 11
to 17). The sample was drawn from the set of 143
images collected early in the first year of study. 

Seven analysts – four experienced and three inex-
perienced – classified each of the 31 images (see
Dataset A in Table 2). For each image and analyst we
calculated the candidate indicators listed in Table 1.

We compared the variability in metrics attributable
to analysts (VA) to the variability across the images
(VI). We assumed a random effects model for both the
effect of the analyst and the effect of the image on the
metric value. Components of variance were then esti-
mated for each of the two effects using standard
methods (Miller, 1986). We also examine the ratio
VA/VI not only for the full dataset, but also within
eight subsets of the data: experience level of the ana-
lyst (experienced and inexperienced), densiometer
total (three subsets), and densiometer range (three
subsets). Finally, we examine the correlations and
regressions for five metrics (Visible Sky; Direct, Indi-
rect, and Global Site Factor; and LAI) derived from 

these 31 images in two additional software packages –
Winscanopy® (Regent Instruments, 1999) and GLA
(Frazer et al., 1997). 

Sampling Error. We characterize sampling error
during the full leaf out period. We characterize sam-
pling error at the point scale by evaluating pairs of
repeat measurements at 33 individual well located
points from nine stream reaches (Dataset B in Table
2). We characterize sampling error at the reach scale
by evaluating pairs of repeat measurements at the
same nine stream reaches (Dataset C in Table 2).
Sampling error is quantified in the form of the stan-
dard deviation, s, and as CV*, the coefficient of varia-
tion with a correction for bias (Sokal and Rohlf, 1981).
To evaluate the possibility that either analyst or sam-
pling error is a function of canopy opening we com-
pare s for each type of error as a function of canopy
closure as measured with a densiometer. Our evalua-
tion of the correlations includes a Bonferroni correc-
tion for comparisons across the nine metrics that we
evaluate.

Statistical analyses were conducted with SPSS®

version 10 and higher, SAS® 8.2, and Microsoft® Excel
2000. The calculation of CV* was the only statistical
calculation done in Excel. These calculations were
verified for accuracy, in a few cases, using SPSS.
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Table 2. Characteristics of the different sets of point scale observations used in this analysis. Five images in dataset A are included in
dataset B; all of dataset B images are included in dataset C; half of dataset B is included in datasets E, and 24 of dataset A images

are included in dataset E. Dataset E is aggregated to the reach scale. The pairs of samples included in B and C were all taken
during the period of full leaf out. The average time between the repeat measurements was 67 days ranging from 47 to 90 days.

Data Set
A B C D E

Purpose Image Sampling Sampling Relationship to 150 m Reach
Classification Error Point Error Reach Densiometer Characterization

Error Scale Scale Readings

Number of Observations 31 Sample Points 33 Pairs of Sample 9 Sample 557 Sample 218 Sample
Points Reaches Points Points

Selection and Use Stratified Probability Repeat Repeat Reach All Observations Observations From
Selection From First Observations Scale Observations From 31 Reaches a Single Visit for

143 Images From at 33 Points on at 256 Points From the First 150 m of
10 Reaches 9 Reaches 9 Reaches 31 Reaches

Densiometer Total

Minimum 1 12 2 0 0

Mean/SD 33/18 42/15 38/15 36/19 34/21

Maximum 59 68 68 68 68



RESULTS

Relationship Between Hemispheric Metrics and
Densiometer Readings

There is a strong correlation between densiometer
readings and hemispheric metrics at the point and

reach scales (Figure 2 and Table 3). The R2 for the
reach scale regressions are about one-third larger
than the corresponding R2 at the point scale. The cor-
relation is stronger for metrics that have a smaller
directional component and weaker for metrics that
have a directional component, especially when that
directional component is at a low zenith angle. For
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Figure 2. Examples of the Associations between Densiometer Readings (the x-axis) and Two Metrics from Hemispheric Images.
Figures 2A and 2B are for the point scale; 2C and 2D are the same metrics on the same axes for the reach scale. The heavy black
lines represent the least squares regression lines. The form of the fit is provided in Table 3. The pair of dashed lines that roughly

parallel the regression lines represent the 95 percent confidence intervals for individual predictions. The vertical dashed lines
show the average densiometer reading. Definitions of the metrics are provided in table titles in Table 1.



example, at the point scale, the R2 for DSF is lower
(at 0.66) than the R2 for ISF (at 0.82), and the R2 for
DAY is lower during January (0.30) than during July
(0.68). The correlation is also larger when a longer
period of the day is examined. For example, correla-
tions are greatest for the full day in July, smaller for
the middle four hours, and smallest for the maximum
half-hour.

The magnitude of the prediction standard error in
relation to the regression prediction varies with the
canopy closure. Except for LAI, the relative magni-
tude of the prediction uncertainty usually increases
by a factor of two to four or more as canopies become
more closed (Table 3). 

Variability in Image Classification

Image classifications by different people lead to dif-
ferent estimates of each metric (Figure 3). If the vari-
ability in a metric attributable to classifications
produced by different analysts (VA) is small relative
to the variability in a metric attributable to different
locations (VI), then analyst differences can be ignored.
The average value of VA/VI for all nine metrics, 0.08
percent, is very small. Even the maximum value of
this ratio, 0.22 percent for LAI, is very small. We also
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Table 3. The Relationship Between Densiometer Total (X) and Metrics From Hemispheric Imagery (Y). Descriptions for hemispheric
metrics are as provided in Table 1. For the linear form Y = b0 + b1*(X); for the log form Y = b0 + (b1*ln(x)) for the logistic

form Y = u/(1 + b0 + b1
x); b0, b1 and u are fit in the regression model. In all cases p < 0.01 with a Bonferroni adjustment fir

the significance of the correlation coefficient. There are 558 pairs of observations for all point scale analyses except for
Leaf Area Index where it is 158; there are 31 pairs of observations at the reach scale. The uncertainty of the regression

prediction (the standard error of the regression prediction/regression prediction) is provided for three levels of densiometer
reading. These are the 10th percentile, the mean, and the 90th percentile of Dentotal for each dataset.

Point Scale Reach Scale
Standard Error Standard Error
of Regression of Regression

Prediction/Regression Prediction/Regression
Hemispheric Prediction at Dentotal = Prediction at Dentotal =

Metric (Y) Form R2 9 36 63 Form R2 10 34 57

Vissky Linear 0.78 15% 25% 76% Linear 0.89 10% 16% 40%

DSF Linear 0.66 20% 32% 93% Linear 0.84 12% 20% 48%

GSF Linear 0.69 18% 30% 84% Linear 0.86 11% 18% 43%

ISF Linear 0.82 12% 19% 50% Linear 0.94 7% 10% 21%

DAYJan Log(X) 0.30 59% 140% 329% Log(X) 0.53 39% 92% 353%

DAYJuly Linear 0.68 18% 28% 69% Linear 0.89 9% 14% 29%

MAXJuly Cubic 0.52 13% 12% 19% Logistic 0.60 9% 9% 12%

MID4July Linear 0.55 21% 31% 63% Linear 0.81 11% 16% 28%

Ln(LAI) Linear 0.65 63% 179% 37% – – – – –

Figure 3. Estimates of Global Site Factor by Each of Seven
Analysts for Each of 31 Images. The images are ordered by

densiometer total, which ranges from one for Image 1 through 59
for Image 31. Compare the spread of estimates for each image

to the width of the confidence interval shown in Figure 2A.



examine this ratio within subsets of the data: experi-
ence level of the analyst, densiometer total, and den-
siometer range. The average ratio in the subsets is
always less than 1 percent except for four metrics in
one subset of the data – Vissky (2.1 percent), ISF and
Difbe (both 3.1 percent), and LAI (1.8 percent) in the
high densiometer total subset. Thus, we conclude that
analyst error is negligible.

Software Similarities. For Visible Sky, Direct,
Indirect, and Global Site Factor, the predictions of all
three software packages were very similar, with Rs
values greater than 0.990, regressions slopes very
close to 1, and intercepts very close to 0. For LAI,
while the correlations were still quite high, there
were substantial differences from a slope of 1 and an
intercept of 0 in the regressions. These differences are
attributable to clearly stated differences in the defini-
tion of LAI across the three programs.

Sampling Error

Metrics derived from hemispheric imagery have
sampling error comparable to those for densiometer
total, the metric derived from a densiometer, except
for DAYJanuary (Figure 4). Errors for metrics that
reflect annual exposures (GSF, ISF, and DSF) are
lower than errors for metrics of direct monthly expo-
sures (DayJan and DayJuly). For July, errors are
smallest for the maximum half-hour (MAXJuly met-
ric); the sampling errors for the whole day or for the
middle four hours are equivalent. The largest sam-
pling error is for DAYJanuary. Sampling error is an
order of magnitude larger than analyst error, because
analyst error is a subcomponent of sampling error.
There is a small number of outliers and extreme val-
ues (Figure 4) that in some instances arise from very
small differences in sampling locations. Sampling
errors are generally not correlated with Vissky at
either the point or the reach scale.

DISCUSSION

The results presented here allow us to evaluate the
feasibility and response variability guidelines for indi-
cator evaluation (Cairns et al., 1993; Jackson et al.,
2000; Fisher et al., 2001).

Our image collection is evidence of the feasibility of
collecting hemispheric images on wadeable streams.
The time required to collect the images and the train-
ing requirements for field crews to secure usable
images are minimal. The average time between

images collected on a reach was 4.4 minutes, ranging
from 1.5 to 9.8 minutes. The significant constraint on
image collection is the requirement that the sun can-
not be directly visible in the images. Thus a field crew
can only plan to collect images over a short time per
day. Hemispheric images require effort in the office to
translate the images into metrics. We found that an
experienced analyst can use the software to make this
translation in less than three minutes per image,
particularly when the images are from the same loca-
tion. Our image processing rate is about the same as
with earlier software (Rich, 1990; Whitmore et al.,
1993).
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Figure 4. Sampling Error Associated with Different Measurement
Technologies and Metrics at (A) the Point Scale and
(B) the Reach Scale. The solid bar through each box

is the median; the box depicts the interquartile range;
❍ is an outlier; and * is an extreme value.



Error must be well characterized for an indicator to
be useful. We examined two types of error. We con-
clude that analyst error is negligible, as did Robison
and McCarthy (1999). Our result differs in that we
used a digital rather than a film camera, examined a
broader set of metrics, and based our conclusions on
the relative magnitude of the analyst error (VA) as
compared to the variability across the images (VI). We
also found that experienced and inexperienced ana-
lysts gave similar results. Despite the negligibility of
analyst error, a program that uses hemispheric
imagery should include training and quality assur-
ance with a fixed set of representative images to
ensure and to document analyst consistency.

Sampling error for the ecologically relevant metrics
derived from hemispheric images – those for the full
year or for the summer months – is comparable to the
sampling error of the densiometer metric. While some
note that the “densiometer does not give a highly
accurate measure of canopy closure” (Jennings et al.,
1999:67), others (e.g., Kaufmann et al., 1999) compare
the sampling error of densiometer measures to other
measures used in characterizing stream habitat and
conclude that densiometer sampling error is quite
good relative to the sampling error of other indicators.
Thus, the potential to provide information on an
important stream process with relatively good sam-
pling error makes hemispheric imagery a good candi-
date for further evaluation.

Hemispheric images can be collected with either
film or digital technology. Three analyses have com-
pared the results digital and film hemispheric images.
Englund et al. (2000) and Frazer et al. (2001) found
that digital imagery generally showed that canopies
were more open than the same canopies evaluated
with film. In both of these studies, the canopy open-
ness was relatively low – 8 percent for Englund and
35 percent for Frazer. A third analysis (Hale and
Edwards, 2002) found a strong positive correlation
between the results from the film and digital images
and similar values for the several hemispheric mea-
sures examined, with no systematic differences over a
range of transmittance from 10 to 70 percent. While
this issue is cast in terms of digital versus film, differ-
ences in lenses used on the two classes of cameras
may play a more important role in the differences
noted than the media on which the image is captured.
This issue warrants additional consideration but may
become moot as the evolution of digital cameras
enables them to utilize the hemispheric lenses that
have been available only for film cameras. 

Much of the work using hemispheric analysis is
derived from forested settings. Our results are
derived from riparian settings. In our images there is
typically a substantial gap at high zenith angles as
illustrated in Figure 1. Our results about sampling

and analyst error may be dependent upon the configu-
ration of these gaps and may not be applicable to set-
tings with more homogenous cover.

One alternative to the use of hemispheric images is
the use of a Solar Pathfinder, which is essentially a
manual analogue approach to evaluating solar expo-
sure. This is the device used in some previous work
evaluating the role of solar exposure in stream ecosys-
tems (e.g., Platts et al., 1987; Platts and Nelson, 1989;
Tait et al., 1994, Maloney et al., 1999). Swenson and
Beilfuss (2001) compare the merits of the solar
pathfinder to the analysis of hemispheric images col-
lected with a film camera. They examined metrics
similar to our DAYMay, DAYJune, DAYJuly and
found a strong linear correlation with a slope of one
between estimates derived from the two methods.
They note that while “the Solar Pathfinder can be
operated effectively in any weather condition, it is
best suited for overcast days to avoid staring at the
sun’s reflected image” in the instrument. They note
the value of the permanent record provided by the
hemispheric image and raise concerns about the sub-
jectivity of film exposure differences and scanned
image inaccuracies. Our quantification of analyst
error and sampling error helps to quantify the magni-
tude of these concerns in a digital system. They found
that it took 13 to 15 minutes to process each image.
This is in contrast to our experience of about three
minutes per image; this difference is likely
attributable to our use of a digital camera. Thus while
the Solar Pathfinder is a viable alternative to hemi-
spheric imagery, the time savings associated with the
use of a digital system in comparison to the film sys-
tem in their study is an argument in favor of the use
of hemispheric images to quantify solar exposure.

Although it measures canopy closure, the den-
siometer is widely used to quantify stream solar expo-
sure. The strong correlations between densiometer
readings and hemispheric metrics (Table 3 and Figure
2) help to explain why densiometer readings have
been useful in so many analyses (e.g., Herlihy et al.,
1998; Hill et al., 1998; Bryce et al., 1999; Pan et al.,
1999). At the same time, the uncertainty about these
correlations represents the additional role that solar
exposure may have in determining stream processes
that are not captured in densiometer readings.

CONCLUSION

National stream monitoring and assessment pro-
grams evaluate stream solar exposure by measuring
canopy closure rather than solar exposure. In this
analysis we document a methodology that can charac-
terize stream solar exposure. These improved metrics
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enable a more thorough and mechanistic evaluation of
the linkage between solar input and instream met-
rics. Thus, we recommend the use of hemispheric
imagery for researchers who seek to evaluate the rela-
tionship between solar exposure and stream condi-
tion. An example of the type of evaluation that needs
to be conducted before these methods should be adopt-
ed for more routine use is presented in Platts and
Nelson (1989), which compares the value of a set of
riparian closure and shading metrics and their rela-
tionship with salmonid biomass.
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