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Abstract

Radiation is one of the primary influences on vegetation composition and spatial pattern. Topographic orientation
is often used as a proxy for relative radiation load due to its effects on evaporative demand and local temperature.
Common methods for incorporating this information (i.e., site measures of slope and aspect) fail to include daily or
annual changes in solar orientation and shading effects from local topography. As a result, these static measures do
not incorporate the level of spatial and temporal heterogeneity required to examine vegetation patterns at the
landscape level. We developed a widely applicable method for estimating potential relative radiation (PRR) using
digital elevation data and a widely used geographic information system (Arc/Info). We found significant differ-
ences among four increasingly comprehensive radiation proxies. Our GIS-based proxy compared well with esti-
mates from more data-intensive and computationally rigorous radiation models. We note that several recent studies
have not found strong correlations between vegetation pattern and landscape-scale differences in radiation. We
suggest that these findings may be due to the use of proxies that were not accurately capturing variability in

radiation, and we recommend PRR or similar measures for use in future vegetation analyses.

Introduction

Plants respond to solar radiation through multiple
pathways (Geiger 1965). Photosynthetically active
radiation (PAR) provides the driving energy for pho-
tosynthesis (Raven et al. 1992). Radiation affects the
water demand components of the water balance
(Stephenson 1998), and has been shown to have a
significant effect on the distribution of surface water
through simulation modeling (Band et al. 1991) and
empirical sampling (Yeakley et al. 1998). These
multiple influences can result in complex responses to
radiation loads. Numerous studies have shown that an
interaction between radiation and plant processes can
influence the landscape-scale distribution of plants
(Swanson et al. 1988; Austin et al. 1990; Davis and
Goetz 1990; Chen et al. 1999; Urban et al. 2000), but

others, somewhat surprisingly, have not been able to
document a strong correlation between radiation
estimates and plant pattern (Brown 1994; Parker
1995; Park 2001).

Direct measurements of radiation are uncommon
and especially rare in topographically rugged terrain.
Acquiring fine-scale information about climatic fac-
tors over large extents is logistically problematic.
There are two common approaches to account for
radiation effects over landscape scales. The simpler
approach relies on static topographic proxies based on
slope and aspect, either from field measurements or
from digital terrain data (e.g., Beers et al. 1966). A
more complicated approach involves numerical inte-
gration of radiation values through simulation mod-
eling using terrain and climate data (Running et al.
1987; Daly et al. 1994; Dubayah 1994; Dubayah and
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Figure 1.(A) Solar azimuth (4) and solar zenith angle (Z) create a topographic shading effect. (B) This shading is continuously shifting as the
earth rotates causing changes in solar zenith and azimuth throughout the day. The change in the orientation of the earth’s tilt in relation to the sun
creates the basis for our seasons. The lower two panels depict the solar zenith (Z) and declination (D) for the same location during the summer

(C.) and winter (D.) solstices.

Rich 1995; Thornton et al. 1997; Fu and Rich 1999;
Wilson and Gallant 2000).

Here we present a third alternative: a physical
proxy that captures some of the solar geometry of
more complicated radiation models yet can be quickly
implemented for any landscape with digital terrain
data. This level of detail should be appropriate for
landscape-scale vegetation analysis and provide a
valuable addition to the spatial datasets available for
ecological studies.

The geometry of radiation

Solar insolation is the sum of direct, diffuse and re-
flected radiation. Direct-beam radiation is the fraction
of extra-atmospheric solar radiation that reaches the
earth’s surface without being scattered by molecules
in the atmosphere (Figure 1a). Diffuse-beam radiation
is the component resulting from atmospheric scatter-
ing. Reflected radiation is the component that bounces

off other surfaces before impinging on a target
(Campbell and Norman 1999). Under clear sky con-
ditions, direct radiation is largely a function of the
angle between the earth surface and the sun. Topog-
raphy filters radiation loads through shading and
attenuation of the solar flux by altering the solar
illumination angle. The earth’s rotation causes solar
orientation to systematically change throughout the
day (Figure la—b). The tilt and orbit of the earth
causes solar orientation and solar period (Figure 1c—d)
to systematically change throughout the year (Duba-
yah and Rich 1995). Simple radiation proxies can not
account for these dynamics.

Diffuse and reflected radiation are more difficult to
quantify (Dubayah and Rich 1995), and are not
calculated in this method. These components tend to
minimize spatial differences in radiation. Under clear
sky conditions, the largest share of radiation is di-
rect-beam. This condition provides the maximum
contrast in radiation load between sites with different



topographic orientations. As the partitioning of
radiation shifts from direct to diffuse, sites are af-
fected similarly and the relative differences between
sites are reduced. Calculating a measure of potential
direct radiation thus provides an upper bound on
differences in solar insolation for topographically
complex terrain.

Radiation proxies

Slope and aspect have been used as radiation proxies
in hundreds of studies because, until recently, they
have been the easiest way to estimate relative radia-
tion. Early gradient analysis studies categorized
topographic aspects as factors along a moisture con-
tinuum (e.g., Whittaker 1956). Frank and Lee (1966)
standardized these discrete relationships between rel-
ative radiation and slope and aspect in tables that
accounted for latitudinal differences. These tables
were based on a 16-quadrant measure of aspect and
are still in use today (Parker 1995; McCay et al. 1997;
Donnegan and Rebertus 1999). As categorical factors,
however, slope and aspect have a limited ability to
capture the full range of topographic variability. For
example, the 16-quadrant model has been used in
several studies in the southern Appalachians with
varying results (Day and Monk 1974; Clinton et al.
1994; McCay et al. 1997; Bolstad et al. 1998).

Aspect can be represented as a continuous quantity
by reorienting the variable along a specified orienta-
tion of interest, such as a north-south axis. One
common approach is to use ‘absolute aspect’ com-
puted as ABS(180-aspect), which solves the circu-
larity problem while aligning the index on a N-S axis.
Beers et al. (1966) used the cosine function to trans-
form aspect along an axis running from NE to SW to
reflect the combined influence of bright illumination
with warm afternoon temperatures maximally affect-
ing SW-facing slopes of the Northern hemisphere.
This transformation indexes radiation explicitly as a
proxy for heat load or evaporative demand.

Radiation levels vary through time in several ways
that are not captured by simple topographic proxies.
For instance, east-facing slopes experience higher
radiation loads in morning hours and decreased radi-
ation in later afternoon hours. Annually, solar period
changes in accordance with changing solar inclina-
tion. Therefore, incorporation of daily and annual
solar path is essential when comparing solar exposure
between two sites.
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Even with proper consideration, slope and aspect
alone might not be able to resolve radiation differences
between sites. The proxies by necessity imply that
observed slopes are in a landscape devoid of other
features (i.e., isolated mountains or hills). But
obstructions to direct-beam radiation can result from
not only ‘self-shading® by the slope itself, but also
from shading by nearby ridges. Two sites with iden-
tical topographic orientation (slope, aspect and eleva-
tion) can have widely differing solar exposure based
on their topographic context. For example, sites could
differ by being at the bottom of a drainage or the top of
a nearby ridge but be characterized similarly by simple
measures of slope and aspect. Radiation proxies, as
well as non-spatial radiation models, do not incorpo-
rate shading effects from adjacent land features.

Radiation models

Quantitative estimations of radiation include the sum
of the direct, diffuse and reflected components. Direct-
beam radiation (R,) to a spot on the horizontal plane
of the earth can be estimated as

Rb = cos(Z): (—t/cos(Z)) (1)

where extra-atmospheric radiation (R,,) is attenuated by
atmospheric transmittance (¢) and the cosine of the solar
zenith angle (Z) which is the angle between a vector
directed at the sun and one normal to the horizontal
surface of the earth (Dubayah 1994). Transmittance is
largely a function of the optical depth of the atmosphere
and air pressure. The solar zenith angle is:

cos(Z) = sin(L) = sin(D)

+ cos(L) x cos(D) x cos(15(T — 12))
(2)

where L is latitude, T'is the time of day in hours, and the
coefficient 15 represents the degrees of longitude the
earth rotates each hour. Solar declination (D), the angle
between the sun and a position directly above the
equator at noon, accounts for the tilt of the earth. It
depends only on time (Julian day J) and can be estimated
for each day of the year as:

sin(D) = 0.39785in[279.0 + 0.9856.J
+1.91655in(356.6 + 0.9856J)]  (3)

The radiation calculations as described above are for a
flat plain on the earth’s surface. Radiation is modified by
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local topography using tilt factors and view angles.
Direct beam radiation is attenuated by tilt factors based
on the solar azimuth (4) and local topography. The solar
azimuth, the angle between a vector directed towards
the equator and the vector directed towards the sun’s
current position in horizontal coordinates is calculated
by

A=arcsin[(cos(D)*sin(15(T—12)) /cos(90—2)] (4)

The solar azimuth (4), local slope (s) and local azimuth
(a) are incorporated into the Hillshade function de-
scribed in the methods section.

Diffuse-beam radiation is the fraction of radiation
scattered by air molecules and aerosols that is not
reflected back into space. The diffuse component is
modified by taking into account the proportion of the
sky visible from the point of estimation (i.e., the
angular percentage of the hemispherical view). This is
a small fraction in a deep chasm and close to 1.0 on a
large flat plain. Sophisticated topographic radiation
models like Solar Analyst (Fu and Rich 1999) or
SRAD (Wilson and Gallant 2000) can account for
this, though the viewshed calculation can take con-
siderable time with large grids (McKenney et al.
1999). Reflected radiation is the sum of the direct and
diffuse components multiplied by the local surface
reflectivity of different surfaces [see Campbell and
Norman 1998 for a more detailed accounting of these
components]. The total radiation impinging on a sur-
face is the sum of these three components.

Scientists have used these calculations to develop
models for predicting solar radiation in complex terrain
(Bonan 1988; Dozier and Frew 1990; Nikolov and
Zeller 1992; Dubayah and Rich 1995; Greenland 1996;
Wilson and Gallant 2000). Running these models can
require considerable site data or the acquisition of
special programs. For instance, SRAD requires up to 16
parameters to calculate a radiation map, however, lit-
erature values are often used in the absence of site data.
(McKenney et al. 1999; Wilson and Gallant 2000). Our
method uses the popular geographic information sys-
tem Arc/Info (ESRI 1994) to produce a spatially
explicit representation of variation in radiation with
minimal investment in time or resources.

Summary

Our goal in calculating a new radiation proxy was to
develop a dimensionless index to support community

vegetation analysis. Decades of gradient studies have
found vegetation patterns are primarily controlled by
‘elevation‘ gradients with fine-scale topography and
soils affecting patterns within the elevation gradient
(Whittaker 1960; Dyrness et al. 1974; Kessell 1979;
Austin et al. 1990). We were interested in the way
local topography influences relative radiation load and
thus evaporative demand. Previous studies suggest
that this is an important mechanism controlling veg-
etation distributions (Callaway et al. 1998; Franklin et
al. 2000; Mackey et al. 2000). For these applied uses,
we felt a simple method of estimating relative radia-
tion was needed that incorporated the important
components of more complicated models but the ease
of calculation of simple proxies. We show that current
radiation proxies are insufficient for estimating the
effect of insolation on hillslopes and should be re-
placed with a more explicit radiation estimate using
either our method or a more complex radiation model.

Methods
Study sites

We demonstrate our approach for two study sites of
complex topography in the western United States:
the Kaweah Basin of Sequoia National Park, Cali-
fornia and the H.J. Andrews Experimental Forest,
Oregon, USA.

Sequoia National Park is located on the west slope
of the Sierra Nevada Mountains in southern Califor-
nia. We focus our study on a 7500 ha portion of the
Kaweah Basin. Climate is Mediterranean with more
than 90 percent of the annual precipitation falling
from October through May (Stephenson 1998). The
elevation in the Park ranges from 400 m to 4419 m
(Vankat and Major 1978). The average slope on our
plots was 18 degrees. Major vegetation types follow
an elevation gradient from chaparral, through oak
savannah, mixed conifer, and subalpine fir before
reaching exposed granitic rock above treeline (Urban
et al. 2000; Vankat and Major 1978). The Park’s re-
search emphasis includes the effects of climate on
vegetation (Stephenson and Parsons 1993). As part of
this research, we have gathered digital and field data
and developed a forest simulation model, FACET, with a
well-tested climate subroutine that will be used for
comparative purposes in this analysis (Miller and
Urban 1999; Urban et al. 2000).



The H.J. Andrews Experimental Forest (HJA) is a
Long Term Ecological Research (LTER) site located
on the west slope of the Cascade Mountains. The
Lookout Creek watershed covers 6400 ha and ranges
in elevation from 410 m to 1630 m. Climate is char-
acteristic of the Pacific Northwest, with dry summers
and wet winters. Annual precipitation ranges from
2200 mm at the base station to 3400 mm at upper
elevations, with less than 300 mm normally falling
during the summer growing season (Grier and Logan
1977). Major vegetation types range from Douglas-fir/
western hemlock at lower elevations, to Pacific silver
fir and mountain hemlock at upper -elevations
(Franklin and Dyrness 1988). Like Sequoia NP, one of
the major research emphases at HJA is the influence
of climate on vegetation. Although radiation has been
described as an important control on the distribution
of several of the dominant tree species in the Western
Cascades (e.g., Abies procera), extending these rela-
tionships to large spatial scales has been problematic.
A recent, detailed analysis of meteorological station
data at the HJA provides a dataset for us to compare
against the estimates of radiation derived from our
simpler approach (Smith 2002).

Potential relative radiation (PRR)

To account for temporal variability in radiation, we
developed potential relative radiation (PRR) as an
integrative index, which sums hourly estimates of
clear-sky radiation over the day and then sums daily
values over the growing season. Each point estimate
accounts for topographic shading by surrounding
landscape features. The method can be summarized as
follows.

1. Calculate solar inclination angle (the complement
of solar zenith) and solar azimuth in degrees for
daylight hours for the day of the month repre-
senting the average solar period for each month of
the growing season (Equations 2 and 4; these data
are also available on many websites).

2. Obtain a digital elevation model (DEM) of the
study site (e.g., from USGS).

3. Calculate hourly hillshaded radiation grids using the
DEM, solar azimuth and solar inclination (Arc/Info
HILLSHADE function with MODEL SHADOWS option).

4. Sum hourly values to get daily totals, which rep-
resent monthly averages.
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5. Sum monthly averages to get seasonal maps of
PRR.

The approach is outlined in greater detail below.

There are many sources for finding solar azimuth
and inclination for a specific location and time of day.
Because solar path changes in a continuous manner
throughout the year we used a single day from each
month to represent that period (Klein 1977; Bonan
1988). We chose the day of the month that was closest
to the average solar period for that month. This was
not always the 15™ of the month, but depended on the
trajectory of the solar period for the month (e.g., June
11 represents the average solar period for June).

We obtained a digital elevation model (DEM) for
our study site from the USGS, being careful to
incorporate enough surrounding area to properly
capture topographic shading. We imported the DEM
into Arc/Info and used solar position information with
the Hillshade function,

HS = 255[c0s(90 — Z) sin(s) cos(o — A4)
+ sin(90 — Z) cos(s)] (5)

where Z is the solar zenith, s is the local slope, 4 is the
solar azimuth and « is the azimuth of the slope facet
(ESRI 1994). Note that the HILLSHADE function uses
solar inclination angle, which is the complement of
solar zenith (90-2).

This function calculates relative insolation based on
surface orientation, solar position, and self-shading by
calculating the angle between the vector normal to the
plane of ground and solar position (ESRI 1994). We
used the MODEL sHADOWS option to set areas shaded by
surrounding topographic features to zero illumination.
We performed this operation for each hour of daylight
on the representative day of each month of the
growing season. To calculate monthly radiation maps
we summed over the hourly grids. To calculate rela-
tive seasonal radiation maps we summed the monthly
grids.

Other radiation proxies

To compare the variation captured by our method to
other common indices, we calculated three other
radiation proxies. Two were derived both from field
measurements and from DEM-based calculations. The
first proxy was a simple measure of transformed
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aspect (Urban et al. 2000) similar to Beers et al.’s
(1966) measure but varying from —1 for NE facing
slopes to 1 for southwest facing slopes:

TA = 1 % cos(o — 45) (6)

The second proxy incorporated slope information
by multiplying TA by the sine of the slope angle, so
that steeper slopes are weighted accordingly:

TASL = 1 % cos(o — 45) = sin(s) (7

We analyzed both DEM and field-based indices
for these proxies to determine how well the digital
data corresponded to on-the-ground measurements.
We had field measurements of slope and aspect from
99 (20220 m) plots in Kaweah Basin and 175
(20220 m) plots in the HJIA. We compared these
field estimates to the DEM-based proxies for these
same sets of plots.

The third radiation proxy we considered was a
single HILLSHADE map. This proxy accounted for the
effect of topographic shading without considering
solar track. HILLSHADE requires the user to supply an
azimuth and solar inclination angle (Equation 5).
We used a solar azimuth of 225 degrees and solar
inclination of 45 degrees to mirror our TA calcu-
lation.

Because we are interested in radiation as a relative
variable in community ecology studies, not as an
absolute variable in an atmospheric model, we did not
correct insolation for atmospheric transmittance. We
also ignored the effect of cloudiness. For landscape-
scale vegetation analyses dealing with small-to-med-
ium sized watersheds in mountainous regions, relative
radiation estimates should be sufficient. We attempted
to ascertain the effect of the simplifying assumptions
in our method by comparing the results to those from
two more complex radiation models individually
parameterized for each site.

For Kaweah Basin, we used the radiation model
from the forest gap simulator racer (Urban et al.
2000). The simulator, derived from a general model
by Bonan (1988) and Nikolov and Zeller (1992), has
been shown to be generally robust at reproducing
monthly empirical radiation values across North
America on a variety of topographic positions (Urban
et al. 2000). Because FACET simulates a single slope
face, we ran individual simulations using data repre-
sentative of the 99 points for which we had field
measurements. We summed monthly values over the
growing season (March through September) and

compared the values to those calculated from the
different proxies. FACET does not account for topo-
graphic shading.

For HJA, we compared our results to those from a
model of radiation recently completed for the wa-
tershed that synthesizes the LTER meteorological data
using PRISM (Parameter-elevation Regressions on
Independent Slopes Model: Daly et al. 1994). These
mean monthly estimates of radiation account for
topography, cloudiness and their effects on direct and
diffuse radiation (Smith 2002). We again summed
monthly values over the growing season (June
through September).

Results

A pronounced topographic feature from one of our
study sites illustrates the differences among the dif-
ferent proxies. Figure 2 depicts the area around Moro
Rock, a large granite dome in southern Sequoia Na-
tional Park. The digital elevation map (Figure 2b) is
provided for reference to the four proxies (Figure 2c—
f). The transformed aspect image (Figure 2c) illus-
trates the difficulty of not including a measure of local
slope in formulating a proxy. The dark streak across
the center of the Figure is the northeast face of Moro
Rock. The equally dark region in the upper right is a
low-relief valley that also has a slight northeast aspect.
When slope is accounted for (Figure 2d), the dark
streak in the upper right becomes a lighter shade of
gray, giving a much better representation of the con-
trast in topographic orientation.

The region depicted in Figure 2 lies in a region of
the Park where the only major shading feature is Moro
Rock. When topographic shading is considered (Fig-
ure 2e), the area of low light on the northeast side of
Moro Rock is widened. No other shading effects are
observed. The biggest change in the picture occurs
when daily solar track is included (Figure 2f). The
darkness in the upper right corner disappears and the
darkness in the lower center becomes considerably
lighter. This occurs because in the morning hours the
sun is shining directly on some of these eastern-facing
features for several hours. Morning sun is not cap-
tured by the other simple aspect proxies, which are
transformed along a NE-SW axis. By integrating
across the entire day, the PRR index also highlights
features that get continuous full sun with distinctive
radiation signatures. For example, the white diagonal
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Figure 2.(A) Moro Rock is a large narrow granitic outcrop about 1.2 km long. The photo is from the west. The following maps are oriented
towards the north. (B) DEM of the Moro Rock area is used to illustrate the differences between the radiation proxies draped over a drastic terrain
feature (high elevations are lighter). (C) Transformed aspect map (high radiation areas are lighter). (D) Transformed aspect modified by slope.
(E) Hillshade with 4 = 225, S = 45. (F) Potential relative radiation (PRR).

in the center of the image is the ridgeline of Moro
Rock. Also, the flat area in the upper middle of the
image is readily identifiable in Figure 2f. An artifact
of these methods appears in Figure 2c-f where hori-

zontal striping is present. DEMs can often have de-
fects and these affect all spatial based radiation
models. This can cause serious problems in low-relief
terrain and probably weakened our results in Sequoia.
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Table 1. Correlations between field- and DEM-derived proxies and PRR with the site-specific modeled radiation with FAcET for 99 sample plots
in Kaweah Basin, and with the Smith (2002) model for 175 sample plots in H.J. Andrews Experimental Forest. One-thousand randomly located
points were also used to sample values from the Smith (2002) model and the digitally derived proxies for the H.J. Andrews Experimental Forest.

Radiation Proxy

Modeled Radiation

FACET (1) Smith (+%) 1000pts (%)
Transformed field aspect 0.05 0.06
Transformed field aspect * sine slope 0.08 0.05
Transformed DEM aspect 0.24 0.09 0.20
Transformed DEM aspect* sine DEM slope 0.30 0.05 0.14
Hillshade 0.28 0.31 0.20
PRR 0.81 0.54 0.59

To quantify the amount of variation captured by the
different DEM-based indices we compare them to the
radiation figures generated by the FACET model’s
radiation algorithm for the 99 Kaweah Basin field
plots and the Smith (2002) model for the 175 plots
scattered across the HJA watershed (Table 1). Many of
the sites with the most negative transformed aspect
have relatively high radiation according to the more
sophisticated models. Adding the slope modification
improves the correlation for the Kaweah data but
actually decreases the explanatory power for the HJIA
data. However, both of these changes are small
compared to the change derived from the PRR model
below. Arc/Info’s HILLSHADE function mirrors the
assumptions from transformed aspect, adding the ef-
fects of shading by adjacent topography. The HILL-
SHADE proxy represents solar conditions at one point in
time. Under these conditions, few of the 99 points in
Kaweah Basin were topographically shaded, and the
HILLSHADE index is roughly equivalent to the trans-
formed aspect proxy. By contrast, topographic shad-
ing is much more important for the 175 points in HJA
due to both topography and higher latitude.

The PRR proxy captures any potential shading that
occurs throughout the course of the day and year. The
index is highly correlated with radiation values ob-
tained from the Smith and FACET models (Table 1).
Correlations between PRR and the FacET model vary
from month to month, with the lowest correlations
occurring around the summer solstice (Table 2). After
inspecting scatter plots from each month, we found
the total variance in monthly radiation was much
larger during the equinoxes due to larger zenith angles
(Table 2). The FACET model does not account for
topographic shading, an effect included in the PRR
measure. By recalculating the index without including
shadowing, we found that topographic shading

Table 2. Correlations between potential relative radiation index and
modeled radiation by month and cumulatively for 99 Kaweah Basin
plots. Additionally, September was modeled without calculating
shadows. This is the closest approximation to the calculations per-
formed in the FACET radiation routine. The difference in correla-
tion appears to be due to shading and the variation in radiation from
month to month due to the solar zenith. Topographic effects account
for more variation during the solstices when the zenith angle is
larger. The variance column shows the proportion of the maximum
described variation in PRR for each month.

Month FACET (%) Variance
March 0.86 1.00
April 0.82 0.58
May 0.76 0.25
June 0.63 0.16
July 0.68 0.21
August 0.83 0.46
September 0.94 0.82
Sum 0.90

Sept w/no shad 0.98

accounted for most of the two to seven percent dif-
ference between our PRR proxy and the FACET-
modeled radiation. Due to potential biases in the
placement of the HJA field plots, correlations between
the DEM-derived indices and the Smith model also
were compared for 1000 points randomly sampled
across the landscape (Table 1). Again, PRR is highly
correlated with the modeled radiation. Transformed
aspect does as well as HILLSHADE in predicting this
larger dataset of radiation values.

Field-derived measurements of transformed aspect
and slope-modified transformed aspect correspond
poorly with the modeled radiation and the other
radiation proxies. They explain less than nine percent
of the variation in FACET-modeled radiation values
and less than seven percent of the variation from the



Smith model (Table 1). Correspondence between the
field-based proxies and PRR are equally poor. These
low correlations underscore that field measurements
of many environmental variables, including slope and
aspect, can be estimated for different scales than
measurements derived from a 30-m DEM. This can
cause the two approaches to differ substantially in
their final estimates.

Discussion

Our calculation of potential relative radiation (PRR)
accounts for both temporal variation and topographic
shading by adjacent landforms and requires only
digital elevation data and access to Arc/Info or similar
GIS software. The method can be implemented for
most study areas with only an afternoon’s time
investment on a reasonably fast computer (e.g., a large
DEM with about 45 million grid cells, took about 8
hours). We feel the index provides a good compro-
mise between the simplicity of common radiation
proxies and the complexity of more sophisticated
models. It captures the dynamics important to radia-
tion in mountainous terrain, but remains accessible to
a wide user group.

Studies that explicitly model radiation in topo-
graphically heterogeneous areas regularly find radia-
tion effects to be important correlates with vegetation
pattern (Davis and Goetz 1990; Franklin 1998).
Studies based on proxies such as aspect tend to be
more variable in their conclusions (Parker 1995;
Guisan et al. 1998; Donegan and Rebertus 1999; Park
2001). Proxy variables continue to be used in vege-
tation analysis, however, because they are much easier
to derive. We show that these proxies can correspond
poorly with modeled radiation for sample sizes real-
istic of a rigorous field effort. Given enough samples,
transformed aspect predicts radiation as well as HiLL-
sHADE(Table 1). With smaller sample sizes, the dif-
ferences might be considerable, particularly if many
of the samples are in topographic shade as was the
case for the 175 sample plots considered in this study
(Table 1).

The PRR index, which also can be calculated easily
from digital terrain data, provides a much better match
to the modeled radiation for the field locations. Much
of this increased correlation can be explained by two
factors. First, the ability to account for topographic
shading captures the topographic context. Shadows
from adjacent ridges produce areas that are consider-
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ably darker during certain hours of the day, and
nonspatial models, that do not incorporate local
topography, can greatly overestimate radiation at these
sites. Second, temporal integration captures the dy-
namic aspect of solar geometry which is absent in
static proxies.

PRR has been used in several studies and been
shown to improve upon more conventional measures
of slope and aspect at estimating spatial patterns of
temperature (Lookingbill and Urban 2003), soil
moisture (Lookingbill and Urban 2004), and tree
growth (Bunn et al. 2003). PRR also is being used in
regional vegetation mapping projects in Washington
and Oregon and has had greater explanatory power
than other simpler radiation proxies (unpublished
data).

It is important to reiterate that our method provides
relative estimates only. We modeled the most pre-
dictable source of heterogeneity, direct-beam radiation
with clear-sky conditions and no diffuse-beam radia-
tion. While this is not completely realistic, it
approximates the most common growing season
condition in the mountainous western US systems in
which we work. We present our proxy as an upper
bound of potential radiation differences. Radiation
from diffuse sources tends to attenuate the overall
variability caused by topography, as overcast skies
cast a reasonably uniform light across the entire
landscape (Dubayah and Rich 1995).

Finally, because our method is so reliant on DEM
data, any inherent errors in the DEMs will propagate
into the results. We did not employ DEM-correction
algorithms as they sometimes introduce as many er-
rors as they remove (Dubayah 1994; Dubayah and
Rich 1995) and we wanted to keep our method as
simple as possible. We advise that all DEMs be
examined for apparent systematic errors and stress the
importance of obtaining the best terrain data possible.

Conclusion

Radiation is a fundamental influence on many eco-
logical patterns. We developed our approach for use
in forest community studies to respond to the fol-
lowing common data needs: (1) Our study areas
encompass large landscapes in mountainous terrain,
in which empirical measures of radiation are sparsely
available; (2) In the complex terrain in which we
work, we felt differences associated with topographic
shading were important to include in our estimates of
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radiation. We also felt that it was important to rep-
resent the dynamic nature of radiation loads, which
change over the course of the day and year; (3)
Because our requirements for vegetation analysis are
less stringent then for atmospheric scientists, we did
not account for the comprehensive suite of factors
used in solar radiation models such as attenuation by
atmospheric transmittance or cloudiness. This is in
part because of the scale of our study, and also be-
cause our analyses of vegetation distributions are
correlative and thus require only relative radiation
values. We felt it was important that the estimates
could be calculated readily and the approach be
widely accessible. The resulting PRR index should
provide a tool for estimating fine-scale variability in
radiation across large spatial extents.
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