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ABSTRACT

Although many studies have investigated the effects of forest cover on streamflow and runoff, and several have examined the
effects of canopy density on snowpack accumulation, the impacts of forest canopy density on spatial patterns of snowmelt input
to catchments remain relatively underquantified. We performed an intensive snow depth and density survey during maximum
accumulation in a mid-latitude montane environment in northern New Mexico, taking 900 snow depth measurements and
excavating six snow pits across a continuum of canopy densities. Snow water equivalent (SWE) data are correlated with
forest canopy density (R2 D 0Ð21, p < 0Ð0001), with maximum snow accumulation in forests with density between 25 and
40%. Forest edges are shown to be highly influential on patterns of snow depth, with unforested areas shaded by forest to
their immediate south holding approximately 25% deeper snow than either large open areas or densely forested areas. This
indicates that the combination of canopy influences on throughfall and snowpack shading are key processes underlying snow
distribution in the high solar load environments typical of mountainous, mid-latitude areas. We further show that statistical
models of snow distribution are improved with the addition of remotely sensed forest canopy information (R2 increased in 10
of 11 cases, deviance lowered in 9 of 11 cases), making these findings broadly relevant for improving estimation of water
resources, predicting the ecohydrological implications of vegetation and climate change, and informing integrated forest and
water resources management. Copyright  2009 John Wiley & Sons, Ltd.
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INTRODUCTION

More than 60 million people in the western United
States rely on water from mountain river basins for
their drinking, irrigation and industrial needs, while
more than one billion people globally depend on water
from seasonally snow-covered catchments and glaciers
(Bales et al., 2006). The quantity of water available from
these snow-fed rivers, reservoirs and aquifers varies with
trends in precipitation and temperature (e.g. Barnett et al.,
2005) as well as with changes in forest properties (e.g.
Ffolliott et al., 1989). Recent changes in forest structure
and composition have occurred in days to months due
to forest fires and outbreaks of insect pests such as
pine beetles (Breshears et al., 2005), while longer-term
shifts in plant species composition have occurred with
changes in climate (Webb and Bartlein, 1992) and are
expected to continue with future global climate change
(Iverson and Prasad, 1998). The combination of these
vegetation changes, along with the patterns of disturbance
and succession that occur constantly in mountain forests
(Day, 1972), hold consequences for water resources that
are still poorly understood.

The influence of vegetation properties on spatial pat-
terns of snow depth and water equivalent has long

* Correspondence to: W. Veatch, US Army Corps of Engineers New
Orleans District, ED-H, 7400 Leake Ave., New Orleans, LA 70118, USA.
E-mail: William.C.Veatch@usace.army.mil

been recognized. Forest cover intercepts precipitation,
reducing subcanopy snowfall (Harding and Pomeroy,
1996; Hardy et al., 1997; Hedstrom and Pomeroy, 1998;
Pomeroy et al., 1998b, 2002; Gelfan et al., 2004; Mus-
selman et al., 2008); influences the net energy available
to the snowpack for sublimation and melt by reduc-
ing shortwave and increasing longwave radiation (Barry
et al., 1990; Yamazaki and Kondo, 1992; Hardy et al.,
1997; Zhang et al., 2004; Bales et al., 2006; Rine-
hart et al., 2008); and decreases wind speeds, reducing
wind redistribution and energy input to the snowpack
through reduced turbulent heat exchange (Barry et al.,
1990; Yamazaki and Kondo, 1992; Wigmosta et al.,
1994; Harding and Pomeroy, 1996; Hardy et al., 1997;
Pomeroy et al., 1998a; Gelfan et al., 2004). These pro-
cesses result in distinct energy and interception regimes
that are reflected in spatial statistical modelling of snow
cover (Balk and Elder, 2000; Erxleben et al., 2002; Ged-
des et al., 2005), as well as the common observation
that small canopy openings frequently hold more snow
than either open areas or deep forests (Kuz’min, 1960,
cited in Golding and Swanson, 1978; Gelfan et al., 2004).
Recent studies have shown that sublimation losses from
intercepted snowfall and the subcanopy snowpack may
remove a large fraction of annual precipitation (Hedstrom
and Pomeroy, 1998; Essery et al., 2003; Molotch et al.,
2007), but better knowledge of the spatial distribution
of snow and snowmelt is needed before these findings
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can be fully utilized to understand hydrological partition-
ing and ecological function in seasonally snow-covered,
forested environments.

Despite increasing knowledge of the effects of forest
properties on snow accumulation processes and of the
effects of vegetation change on streamflow, relatively
little is known about the importance of forest density and
structure on water input to the catchment. In particular,
the knowledge that small forest openings hold deeper
snow is of little help to science and management unless
the prevalence and effects of these openings can be
quantified at the basin scale, for example through the
use of remotely sensed vegetation data. In addition
to improving estimates of the spatial distribution of
water equivalent, better understanding of the processes
linking forests and snow are needed to predict the effects
of climate and vegetation change and to quantify the
potential benefits of integrated forest and water resources
management.

In this study, we evaluated the effects of vegeta-
tion density and geometry on maximum snowpack accu-
mulation, and thus springtime snowmelt input to the
catchment. Previous work on micro-scale variations in
snow water equivalent (SWE)(Musselman et al., 2008)
implied that the combination of two vegetation-mediated
processes, snowfall interception and snowpack shading,
would result in maximum snowpack accumulation in
forests with moderate density as opposed to either open
areas or very dense forest, a hypothesis we test in this
paper with an intensive forest stand-scale snow depth
and density survey. Secondary objectives of this study
included investigating the underlying processes control-
ling snow accumulation patterns at the stand scale, for
which we use a simple model of energy and throughfall

regimes in forests and investigating methods of utiliz-
ing remotely sensed forest canopy density information to
improve statistical models of spatial snow distribution.

STUDY AREA

The study area lies within the 89 000 acre Valles Caldera
National Preserve (VCNP) at approximately 35Ð5 degrees
north latitude in the Jemez Mountains of north–central
New Mexico (Figure 1). This study focuses on an area
of approximately 25 hectares on the eastern flank of
Redondo Peak. The mountains within and around the pre-
serve accumulate a continuous winter snowpack, which
forms an important source of surface and groundwater
for the surrounding semi-arid grasslands and deserts, as
well as the upper Rio Grande which supplies the city of
Albuquerque.

The VCNP as a whole is topographically complex,
with a mean elevation of 2768 m (range 2167–3434 m)
and mean slope of 12Ð8 degrees (maximum 75Ð4 degrees)
(USGS, 2003). However, our research centres on an
area with a range of canopy densities but relatively
little variability in elevation and low slopes (Table I).
Topography here is much more regular than in studies
highlighting its importance in the distribution of snow
in mountain catchments (Balk and Elder, 2000; Erxleben
et al., 2002; Erickson et al., 2005; Geddes et al., 2005;
Molotch et al., 2005). Geology of the VCNP is also
complex, being primarily the result of a volcanic eruption
and collapse around one million years ago which left
Redondo Peak, a resurgent dome, and its surrounding
crater covered with rhyolitic ash flow tuffs (Goff et al.,
2006).

Figure 1. Location of research site within the Valles Caldera National Preserve (VCNP) of New Mexico. Squares represent 30 ð 30 m intensive study
plots and circles represent snow pit locations. The study area is characterized by variable forest density, low variability in elevation (¾3015 m) and

low slopes.
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EFFECTS OF FOREST CANOPY COVER ON NET SNOW ACCUMULATION 117

Table I. Topographic characteristics of snow-depth measurement plots. Locations were chosen to maximize variability in forest
properties while minimizing slope and elevation variability. Canopy density estimates are from the 2001 NLCD dataset (USGS,
2007); insolation was modelled in ArcGIS from a 10-m USGS DEM (USGS, 2003) and elevation and slope were extracted from

the same DEM.

Forest
class

(%) Canopy
density

#
Plots

#
Datapoints

Elevation (m) Slope
(deg)

Solar
(W/m2)

Mean snow
depth (cm)

Open 0 5 225 3014 š 4 3Ð2 š 1Ð5 252 š 3 55Ð4 š 9Ð7
Low 0–25 4 180 3018 š 8 4Ð0 š 1Ð4 243 š 7 66Ð0 š 3Ð5
Low–mid 25–50 4 180 3011 š 7 4Ð0 š 3Ð3 252 š 10 60Ð8 š 3Ð1
High–mid 50–75 4 180 3020 š 12 2Ð9 š 1Ð7 240 š 9 42Ð3 š 8Ð9
Dense 75–100 3 135 3018 š 11 4Ð3 š 1Ð3 238 š 15 51Ð0 š 12Ð8
Range — — — 3004–3038 0Ð3–7Ð2 225–265 30Ð8–69Ð9

Wind data from a micrometeorological station, 1Ð8 km
from the centre of this site, operating continuously
since 2003, show a prevailing winter wind from the
west–northwest (average direction for November through
April of 287 degrees), with a mean winter wind speed
of 2Ð0 m/s and a mean daily maximum wind speed of
7Ð2 m/s. These speeds are much lower than those found
in studies showing wind to be an important factor in
snow distribution (Hiemstra et al., 2002; Winstral et al.,
2002). November through April precipitation at the same
station averaged 40Ð9 cm between 2004 and 2007, while
at the nearby Quemazon and Vacas Locas SNOTEL sites,
November through April precipitation averaged 29Ð8 cm
(1981–2006) and 32Ð34 cm (2002–2007), respectively.
These precipitation values represent approximately 50%
of the annual precipitation for the area, with the remain-
der falling as rain during the summer monsoon. Tem-
peratures are warm for a mountain catchment; mean
temperature from November through April for the years
1989–2006 was �2Ð3 °C at the aforementioned Quema-
zon SNOTEL site.

Vegetation type within the VCNP varies by elevation
and soil type, with grassland in valley bottoms yielding
to ponderosa pine at valley edges, which in turn gives
way to a mixed conifer forest that covers all mountains
in the preserve to their peaks. This study site is within
and surrounded by a mixed conifer forest consisting
mainly of blue spruce (Picea pungens), white pine (Pinus
strobiformis), Douglas fir (Pseudotsuga menziesii ) and
white fir (Abies concolor) (Musselman et al., 2008). At
an eddy covariance tower, 0Ð6 km from the centre of this
study area, vegetation is dominated by Englemann spruce
(Picea engelmannii ) with mean height of 19Ð6 m, mean
diameter at breast height (dbh) of 26Ð9 cm, mean leaf
area index of 3Ð43 and mean stem density of 783 stems
ha�1 (McDowell et al., 2008).

FIELD METHODS

We developed and used a sampling scheme to quantify
the effects of forest canopy density on snow depth
at the stand scale while minimizing the influence of
other factors known to control SWE (i.e. topographic
variability). We chose 20 plots, each 30-m square,
to perform an extensive snow-depth survey, selecting

several plots from each quartile of canopy density (i.e.
0–25%, 25–50%, etc.) along with several unforested
plots to ensure that we would capture the site’s variability
in canopy density and forest edges. We sampled snow
depth at 45 locations within each plot on March 11,
2007, for a total of 900 snow-depth measurements. To
isolate the effects of vegetation, we chose plots with
similar elevations and minimal slopes (Table I). As one
objective of this study was to evaluate ways to make
remotely sensed forest canopy information useful in
water management, we positioned each 30-m plot to
coincide with a Landsat pixel of known canopy cover
as published in the national land cover database—forest
canopy dataset (USGS, 2007) and used this dataset for
canopy density estimates.

We adapted the sampling scheme within each 30-m
plot from schemes used by Erxleben et al. (2002) and
Cline et al. (2001) to produce a stratified random sam-
ple of snow-depth measurements, ensuring that samples
would be roughly evenly dense across the sample space
while minimizing bias (Figure 2). This scheme consisted
of subdividing each plot into nine 10-m square sub-plots,
with five depth measurements in each. In each sub-plot,
we took one depth measurement at the centre and two
each at 2 and 4 m from the centre, forming two orthogo-
nal transects with 2-m spacing (Figure 2). We determined
the orientation of these transects by random number gen-
erator. We navigated to each plot by map and compass,
as well as Global Positioning Satellite receiver, care-
fully entering each sub-plot from a direction that would
not intersect the depth measurement transects. At each
sampling location, we measured snow depth to the near-
est centimetre using a graduated aluminium hand probe
inserted vertically into the snowpack to the ground sur-
face.

To collect measurements of snow density we sampled
six snow pits, located in a variety of forest canopy
densities, on March 10, 2007 using the method described
by Cline et al. (2001). Fewer snow density measurements
were necessary than snow-depth measurements because
variability in snow density is known to be conservative
relative to depth (Elder et al., 1998). We excavated each
pit to the ground surface, taking snow density, grain type
and size, and temperature measurements at 10-cm vertical
increments. We determined values of snow density by
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Figure 2. Example locations of depth measurements (white dots) within
two of the twenty 30 ð 30 m plots sampled for this work. Five depth
measurements were obtained along orthogonal transects within each

10 ð 10 m sub-plot.

extracting duplicate 1-L volumes of snow from each 10-
cm interval with wedge-shaped stainless steel cutters and
weighing them in the field, taking the average of the two
masses to represent the snow density for that interval
and taking the average of all intervals to represent the
snow density for the pit. To avoid direct insolation of the
sampling wall, we dug each pit so that the pit face was
oriented away from the sun at the time of sampling.

MODELLING METHODS

Geographic information system (GIS)-based modelling
of solar radiation

To investigate the effects of forest density on snow-
pack insolation and to generate values of below-canopy
insolation for statistical modelling (described in the two
sections below), we modelled solar radiation for vari-
ous forest densities using synthetic random forests within
a geographic information system (GIS). Several aspects

of forest canopy structure, including density, patterns of
gaps and tree species, interact to exert strong influence
on solar radiation transmittance to the snowpack (Hardy
et al., 2004); we sought to create as simple a representa-
tion as possible to assess the relationship between canopy
density and snowpack solar loading. We approximated
each tree as an opaque right cone with 15-m height and
3-m radius and placed them randomly within 30-m square
domains, reproducing the forest densities of the 20 plots
we measured in the field. We used a Monte Carlo method
to calculate the area and thus the canopy density of each
random forest: we placed 100 000 random points in each
forest, with the percentage of these that intersect trees
being equal to the canopy density. We then used these
hypothetical forests to generate a digital elevation model
with 10-cm cell size to reflect the conical trees where they
exist and the mean elevation of the study site (3015 m) at
all other points. Finally, we used the Solar Analyst tool
(Fu and Rich, 2000) within the Spatial Analyst extension
of ArcGIS 9Ð2 software to model the direct and diffuse
insolation to each horizontal cell (i.e. ignoring insola-
tion to the trees themselves) within the analysis extent
(Figure 3 for an example).

In addition to modelling insolation for each of the
canopy densities sampled in the field, we modelled forests
of 90 and 95% density, to provide information about the
likely effects of very dense forests that are not currently
common at our site. We replicated each density five times
in random orientations to avoid bias from anomalous
forest orientations and normalized insolation values to a
scale of zero-to-one by dividing each value by the value
generated for a flat, treeless surface.

Binary regression trees

A binary regression tree is a non-linear, hierarchical sta-
tistical model in which a dataset of dependent variable
values is recursively partitioned into increasingly homo-
geneous subsets (Breiman et al., 1984; Clark and Preg-
ibon, 1992). We constructed binary regression trees to
model snow depth as a function of topographic and veg-
etation variables to determine the relative importance of
each variable on snow depth and to evaluate whether

Figure 3. Two examples of modelled solar load based on forest densities. The forest patch on the right, with canopy density of 16%, shows more
shaded area than the patch on the left, with 12% canopy density. Examples use non-random tree positioning for display purposes.
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the addition of vegetation information can improve esti-
mates of snow distribution. Non-linear statistical tech-
niques such as binary regression trees are preferable
to linear regression when non-linear relationships exist
between the dependent and independent variables, as is
frequently the case with snow depth. Tree models are
also more adept at capturing interactions between vari-
ables, do not require assumptions of the form of variable
interaction and can be used to indicate which indepen-
dent variables are most important, since these will be
utilized earlier in the recursive partitioning and thus will
appear higher in the tree, closer to the root node. The
use and effectiveness of binary regression trees in pre-
dicting spatial patterns of snow depth is well documented
(Elder et al., 1998; Balk and Elder, 2000; Erxleben et al.,
2002; Winstral et al., 2002; Molotch et al., 2005; Mussel-
man et al., 2008). In this study, we intentionally created
models to over-fit the data and then pruned them to
optimal size as described in Clark and Pregibon (1992),
choosing as optimal the model with the lowest overall
mean deviance based on 100 iterations of ten-fold ran-
dom cross-validation (see Molotch et al., 2005 for details
of this procedure). Detailed descriptions of binary regres-
sion tree growing and fitting procedures may be found in
Breiman et al. (1984) and Clark and Pregibon (1992).

Our tree models employ eight variables: elevation,
slope, aspect, northness (the product of the cosine of
aspect and sine of slope, see Molotch et al. (2005) for
a detailed description and application), above-canopy
solar radiation (modelled in ArcGIS 9Ð2 using the same
Digital Elevation Model (DEM) (USGS, 2003) used to
extract elevation, slope, and aspect), below-canopy solar
radiation (the product of above-canopy solar radiation and
normalized modelled shading as described in the previous
section), forest canopy density from the 2001 national
land cover database (NLCD) (USGS, 2007) and forest
edgeness, which is the northness metric applied to the
canopy density field instead of an elevation field and is
intended to capture forest edge effects. Edgeness, in other
words, is the product of the cosine of the direction (from
north) of negative forest canopy gradient and the sine
of the gradient fi.e. cos[aspect(�rC)]sin(rC), where C
is the forest canopy density fieldg. We borrow the term
edgeness (edge strength) from the pattern recognition
literature (e.g. Tolt, 2003), using it in a related though
not strictly equivalent context.

Independent evaluation of combining remotely sensed
data with regression tree modelling

In addition to constructing binary regression tree models
of snow distribution at our site, we used an independent
dataset to investigate the utility of adding remotely sensed
forest canopy data to non-linear statistical models of
snow distribution. This was necessitated by the low
topographic complexity at our site, which may limit the
applicability of models developed with our field data but
does not necessarily affect the value of our techniques.
For our independent data, we chose the intensive study
area (ISA) snow depth transects dataset collected during

the NASA cold land processes experiment (CLPX).
The CLPX was a multi-scale, multi-sensor experiment
designed to extend local-scale understanding of snow and
ice related processes to regional and global scales. The
ISA portion of the experiment, in which over 8000 snow-
depth measurements were taken during the spring of 2002
and over 11 000 depth measurements were taken in the
spring of 2003, was designed to investigate variability in
snow distribution at remote sensing scales (Cline et al.,
2002, updated 2003). These depth measurements were
taken in nine-square ISAs in north–central Colorado,
each 1 km2, ranging in elevation from 2460 to 3670 m
and extending over 95 km from their southernmost to
northernmost point. Topography for the ISAs ranges
from low-to-moderate, with a wide range of vegetation
types including treeless dry grasslands, riparian areas,
low-to-high density coniferous and deciduous forests,
sub-alpine coniferous forest and alpine tundra (Cline
et al., 2001). As in the current study, we focused on
processes from the maximum accumulation season, in
this case corresponding to data collected during the
second campaign of each season, between March 25 and
29 of both years. In addition to using regression trees to
model the entire dataset for these time periods, we also
modelled four specific ISAs due to their high variability
in topographic and forest canopy variables, namely,
the Fraser Alpine (FA), Rabbit Ears—Spring Creek
(RS), Rabbit Ears—Walton Creek (RW) and Rabbit
Ears—Buffalo Pass (RB) transects. Average elevations
for areas FA, RS, RW and RB are 3567, 2788, 2950
and 3161 m, respectively, and dominant vegetation types
consist of alpine tundra with some coniferous forest,
moderate density deciduous forest, meadow with small
stands of coniferous forest and dense forest interspersed
with meadows, respectively. More detailed description
of the experiment sites and methods are available in
Cline et al. (2001). For each of these snow-depth datasets,
we constructed binary regression tree models using the
same methods and variables as described in the previous
section, extracting canopy density data from the NLCD
2001 dataset (USGS, 2007), topographic data from the
National Elevation Database (USGS, 2008) and snow
depths from the Digital Atlas of Cline et al. (2001).
Following Winstral et al. (2002), we modelled snow
depth rather than SWE for this dataset, assuming that
SWE would follow roughly the same patterns as depth
due to the substantially smaller variability in snow
density than in depth.

As described in the Section on Methods for binary
regression trees, we employed eight variables in statis-
tical modelling of this dataset: elevation, slope, aspect,
northness, above-canopy and below-canopy solar radia-
tion, forest canopy density and forest edgeness (the cosine
of the aspect of negative forest gradient times the sine of
the gradient). As with the binary regression tree mod-
els described in the previous section, we derived the
first four of these parameters from a 10-m USGS DEM
(USGS, 2008), while we derived the last four from the
forest canopy density data in the 2001 NLCD (USGS,
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2007). With the exception of edgeness, each of these
independent variables has been used in prior modelling
of spatial patterns of snow distribution (Wigmosta et al.,
1994; Balk and Elder, 2000; Erxleben et al., 2002; Win-
stral et al., 2002; Geddes et al., 2005; Molotch et al.,
2005; Musselman et al., 2008).

Energy and throughfall-based modelling of net snow
accumulation in forests

On the basis of our findings showing the significant
effects of forest density and edges on snow depth (pre-
sented in the Section on Results), we hypothesized that
forests with moderate canopy densities hold the great-
est snow depths due to the large amounts of shaded
open area, but relatively little canopy interception asso-
ciated with these densities. To test the plausibility of
this mechanism, we created a simple model based on
the four distinct energy/throughfall regimes shown in
Figure 5b: under canopy, corresponding to high inter-
ception and low energy; open, corresponding to little
interception and high energy; shaded open, correspond-
ing to low interception and low energy; and south forest
edge, corresponding to a regime with interception, high
energy, and possibly high longwave re-radiation. As in
the Section on GIS-based Solar Radiation Modelling, we
assumed randomly oriented 15-m high trees at a latitude
of 35Ð5 degrees and used a Monte Carlo approach to
determine the relative contributions of each regime type
to the total area of a 30-m square plot as a function of
forest canopy density. Determining the geometric bound-
aries of each regime is necessarily subjective—we chose
to define under canopy as strictly equal to canopy den-
sity, shaded open as the shadow cast by a tree at one
instant in time (specifically solar noon on Julian day
39, midway between the winter solstice and our sam-
pling date), south forest edge as a region extending from
the southern quarter of each tree canopy edge to 1 m
from the edge and open as the remaining area. Though
the south forest edge regime is intended to include both
interception and insolation and therefore might be con-
strained only to southerly, unshaded, under canopy areas,
we extended it 1 m beyond the canopy as a conservative
measure to account for the possibility of increased long-
wave radiation reducing snow depth in that region as

shown by Musselman et al. (2008). We then applied the
observed snow depths shown in Figure 5b and appro-
priate estimates of snow density (an average of mean
snow densities from the two forested snow pits for the
‘under canopy’ classification, an average of mean snow
density from the four unforested snow pits for all other
classifications) to each of the four regimes and defined
an area-weighted average of these as modelled SWE for
that 30-m square plot, yielding an estimate of average
water equivalent as a function of canopy density.

RESULTS

Meteorological observations

During the 2006–2007 water year under study, snowpack
accumulation began on October 23, 2006. As much
as 25Ð5 cm of precipitation was recorded between this
date and the snow-depth survey date of March 10.
Adjusting this value for wind-induced undercatch using
the method of Goodison (1998) yielded a total of 28Ð8 cm
of precipitation (Table II), representing approximately
32% of the total precipitation that water year. Maximum
SWE was 107 and 115% of the long-term averages at
the nearby Quemazon (1981–2007) and Vacas Locas
(2002–2007) SNOTEL sites, respectively, while average
temperature from November to April was �0Ð17 and
�0Ð42 °C at the same two sites. Mean winter wind
direction for the season studied here was 290 degrees,
with wind originating between 270 and 345 degrees
66Ð4% of the time. Mean wind direction during hours
with recorded precipitation between October 23 and
March 10 was 295 degrees, while mean wind direction
during hours of relative humidity greater than 75%
(possible precipitation and/or blowing snow events) was
297 degrees. Mean wind speed for this season was
1Ð9 m/s, with mean hourly maximum wind speed of
4Ð4 m/s and overall maximum wind speed (3 s) of
14Ð4 m/s. Mean wind speed during hours of recorded
precipitation and during hours of high relative humidity
were 2Ð0 and 1Ð9 m/s, respectively.

Stand-scale snow-depth surveys

Snow-depth data collected in 20 plots of various forest
densities during maximum accumulation season shows

Table II. Meteorological data for the winter under study (water year 2007) and longer-term datasets. The winter under study was
warmer than the long-term average but precipitation, wind, and snow accumulation were similar. Winter season is defined as October
28 (day of first snow accumulation in water year 2007) through date of maximum SWE accumulation. Values listed for multiple

years are means of those years.

Winter season Quemazon SNOTEL Vacas Locas SNOTEL VCNP local micro-met station and snow-depth sensors

Max
SWE
(cm)

Mean
temp
(°C)

Mean
date peak

SWE

Max
SWE
(cm)

Mean
temp
(°C)

Mean
date peak

SWE

Winter
precipitation

(cm)

Max
depth
(cm)

Mean wind
speed
(m/s)

Vector
mean wind

direction (deg)

1981–2006 25Ð7 �2Ð2 March 21 — — — — — — —
2003–2006 18Ð5 �2Ð1 March 16 23Ð9 �2Ð3 March 18 — — — —
2005–2006 20Ð9 �2Ð0 March 16 25Ð1 �1Ð8 March 11 24Ð6 64 1Ð9 279
2007 27Ð4 �0Ð2 March 7 28Ð4 �0Ð4 March 6 28Ð8 72 1Ð9 290
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Figure 4. Mean snow depths in each 10 ð 10 m sub-plot at maximum accumulation as a function of elevation (a), slope (b), topographically controlled
(i.e. above-canopy) solar forcing (c) and NLCD forest density (d). Moderate forest density, with canopy coverage between 20and 40%, is associated

with greater snow depths than either open areas or dense forest.

that deeper snow accumulated in forests of moderate
canopy density than in either open areas or in dense
forests (Figure 4d). Snow in these forests was about 8%
deeper than in open areas. In contrast to the correlation
between forest density and snow depth, no strong influ-
ence on snow depth was evident for elevation, slope or
solar index (Figure 4a–c).

Analysis of snow depths at forest edges showed that
southern edges of forests accumulated an average of
46% less snow than forested areas without southern
edges (30Ð7 and 57Ð0 cm, respectively), while open areas
immediately to the north of forests accumulated 26%
more snow than open areas without such an edge (74Ð1
and 58Ð9 cm, respectively, Figure 5b). Western edges of
forests and open areas, oriented perpendicular to the
predominant westerly wind direction, did not contain
significantly different snow depths than forests or open
areas without western edges (Figure 5a).

Snowpack characteristics

The six snow pits ranged in mean density from 288Ð2 to
363Ð9 kg/m3, with a mean of 324Ð3 kg/m3. Densities were
generally consistent within each pit; standard deviations
of density among layers of the same pit ranged from 17Ð8
to 27Ð4 kg/m3. Snow temperatures for each snow pit layer
ranged from �2Ð5 to �0Ð5 °C, with means and standard
deviations of temperatures within pits ranging from �2Ð8
to �1Ð3 °C and from 0Ð2 to 1 °C, respectively (Table III).
All snow pit layers had temperatures below 0 °C. In each
pit, between two and five distinct sun crusts were clearly
visible, with rounded crystals and decomposing dendrites
between them at various depths and between 4 and 13 cm
of depth hoar at the base. Because solutes near the top

of a melting snowpack are known to elute before those
in other layers (Bales et al., 1989), a roughly consistent
distribution of solutes throughout a pack may be taken as
evidence that melt has not yet begun. Continuity in snow
crystal stratigraphy and chemical concentrations between
and within pits indicated that no melt had occurred at the
pit sites before our sampling date (Table III; please see
Gustafson et al. (in preparation) for a detailed description
of solute concentrations in these snowpits).

In light of the significant differences in snow depth we
found associated with forest edges as described above
and shown in Figure 5b, we used snow density values
associated with the four energy and deposition regimes
identified in the snow-depth survey to distribute estimates
of snow density and convert snow depths to water
equivalent. For each depth measurement location, we
calculated SWE using a weighted average snow density:

SWE D d�C�c C CS�S C O�o C ON�N� �1�

given
C C CS C O C ON D 1 �2�

where C, CS, O and ON are the fractional areas covered by
canopy, south edge of canopy, open and open just north
of canopy, respectively, and �c, �S, �o and �N are snow
densities for the same four classifications. The relative
contribution of each category to a total area depends
on solar angle and canopy structure; we defined each
fraction as a function of canopy density as described
above in the context of energy and depositional regime
modelling. Using this formulation with the best available
representative snow densities for each classification (the
mean snow density of the unforested pit with the greatest
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Figure 5. Maximum individual snow depths as function of forest edge
orientation. East–west edges (a) suggest wind redistribution has little
effect on depth at our site; north–south edges (b) in contrast, exhibit
a pronounced gradient with greatest snow depth in shaded, open areas on
the north side of forest patches, similar snow depths in unshaded open
and contiguous forests, and shallowest snow depths on the immediate

southern edges of forest patches.

degree of solar radiation shading for �N, the average
snow density of the two snow pits in forested areas
for �c and �S and the average snow density of the
four pits in clearings for �o), resulted in a similar
pattern for SWE as a function of canopy density as
shown for depth in Figure 4: maximum accumulation

was associated with canopy density between 20 and 40%,
with peak accumulation approximately 7% greater than
in open areas.

Stand-scale GIS modelling of solar radiation in forests

Modelled solar radiation shows a strong correlation
with forest canopy density (R2 D 0Ð94, Figure 6). Inso-
lation to the horizontal plane (hypothetical snow sur-
face) decreases with canopy density, generally follow-
ing an exponential decay pattern. At approximately 45%
canopy density, diffuse (atmospherically scattered) radi-
ation overtakes direct radiation as the major form of
insolation, under the assumption of generally clear-sky
conditions. Comparison of total modelled insolation using
this GIS-based approach to the common practice of using
Beer’s Law to estimate shortwave transmittance through
forest canopies (Wigmosta et al., 1994; Berbigier and
Bonnefond, 1995; Wang, 2003), following Pierce and
Running (1988) in using 0Ð52 as an average light extinc-
tion coefficient for conifers, resulted in a high degree of
correlation (R2 D 0Ð95) between the two methods.

Binary regression trees

Application of the binary regression tree technique to our
dataset resulted in minimum model deviance for a tree

Figure 6. Normalized solar index as a function of forest density. Solar
radiation decreases exponentially with increasing canopy density, with
diffuse radiation becoming the dominant component at approximately

45% canopy density.

Table III. Basic characteristics of the six snowpits sampled for this study. VWM refers to volume weighted means. Please see
Gustafson et al. (in preparation) for a more thorough investigation of spatial patterns of snow chemistry and isotopes at this site.

Snowpit Forest cover Temp. (°C) Snow density (kg/m3) Cl� (µeq/L) SO4
2� (µeq/L)

Mean � VWM � VWM � VWM �

NL Open �1Ð3 0Ð3 315Ð9 25Ð3 17Ð4 10Ð0 10Ð6 8Ð3
SL Open �1Ð6 0Ð7 363Ð9 24Ð9 19Ð2 5Ð6 12Ð5 6Ð2
T Open �1Ð9 0Ð2 335Ð9 20Ð8 19Ð0 3Ð8 13Ð1 8Ð7
LR Open, shaded �2Ð3 1Ð0 313Ð3 25Ð5 19Ð7 7Ð1 11Ð6 5Ð3
SC Forest �2Ð8 0Ð2 328Ð7 17Ð8 17Ð8 9Ð0 9Ð7 5Ð6
DV Forest n/a n/a 288Ð2 27Ð4 26Ð9 17Ð7 13Ð5 2Ð2
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with 12 terminal nodes (Figure 7), yielding an R2 of 0Ð51.
Adding the forest density and forest edgeness variables
lowered mean model deviance from 40587 to 39542,
slightly increased R2 from 0Ð48 to 0Ð51 and increased
optimal tree size from 10 terminal nodes to 12, relative
to using topographic variables alone. Examination of
the optimally pruned model shown in Figure 7 shows
that shallower snow depths are associated with western
aspects, a finding that is consistent with predictions
by Rinehart et al. (2008), who showed that areas with
high land-view factors can receive significantly increased
energy in the form of reflected shortwave radiation
when the land surface is snow-covered. At this site,
on the eastern flank of Redondo Peak, western aspects
have significantly greater land-view factors than eastern
aspects. After aspect, the next most important factors
in this model are above-canopy insolation and forest
edges, with greater snow depths associated with less
insolation and high edgeness (i.e. northern edges of
forests), highlighting the importance of solar radiation
on snow depth at this site and of forest edges on patterns
of snow accumulation.

Applying the same technique to the CLPX dataset
was also successful: in nine of ten cases, the addition
of remotely sensed vegetation information improved
model performance over the use of remotely sensed

topographic information alone (Table IV). The edgeness,
canopy density and below-canopy insolation metrics were
each employed by at least four models, with all three
metrics employed by three of the ten models. In most
cases, improvement in model R2 with the addition of
forest canopy metrics derived from remote sensing was
comparable to the effect of utilizing a field-gathered
categorical canopy variable (‘Cnpy’). Because field-
gathered variables cannot be used to distribute estimates
of snow depth at the catchment scale, this is a significant
finding for improving estimates of snow distribution at
watershed scales.

Energy and throughfall-based modelling of net snow
accumulation in forests

Modelling the average SWE in a forest plot as a function
of the relative areas contributed by the four energy
and throughfall regimes identified in the snow-depth
survey indicated peak SWE would be expected at a
canopy density of 34%, with about 6% more SWE at
this density than in an unforested area (Figure 8). As
the proportion of the plot covered by forest canopy
increases, unshaded intercanopy area decreases roughly
exponentially, while shaded open and south forest edge
areas follow a concave-down pattern, peaking at canopy
densities of 47 and 44%, respectively.

Figure 7. Optimized binary regression tree model of snow depth as function of forest density, forest edgeness, elevation, slope, aspect, northness and
solar index. Upper left graph shows how model deviance varies with size, optimizing at 12 terminal nodes. Model performance improved with the
addition of forest canopy variables (forest density and edgeness) over the model with only topographic variables (elevation, slope, aspect, northness

and above-canopy solar radiation).
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Table IV. Effects of adding remotely sensed forest canopy information to binary regression tree models of snow depth from the
March 2002 and 2003 CLPX datasets. In all but one case, adding forest canopy information improved model performance, generally
to a similar degree as adding ‘Cnpy,’ a field-gathered vegetation variable. ‘Best model’ refers to the cross-validated regression tree

that minimizes model deviance for each dataset, using remotely sensed topographic and forest canopy information.

CLPX dataset Topo only R2 Best model R2 Best model parameters Topo C Cnpy R2

All 3/2002 0Ð860 0Ð877 Topo C Canopy 0Ð876
All 3/2003 0Ð900 0Ð907 Topo C Canopy 0Ð900
3/2002 FA 0Ð648 0Ð673 Topo C Canopy 0Ð683
3/2002 RW 0Ð198 0Ð247 Topo C TotalSol 0Ð281
3/2002 RS 0Ð361 0Ð418 Topo C Canopy, Edgeness, TotalSol 0Ð476
3/2002 RB 0Ð176 0Ð146 Topo C Canopy 0Ð264
3/2003 FA 0Ð661 0Ð689 Topo C Canopy, Edgeness, TotalSol 0Ð701
3/2003 RW 0Ð307 0Ð352 Topo C Edgeness 0Ð339
3/2003 RS 0Ð402 0Ð474 Topo C Edgeness 0Ð554
3/2003 RB 0Ð341 0Ð367 Topo C Canopy, Edgeness, TotalSol 0Ð360

Figure 8. A simple energy-interception model of SWE (�) calculated
using observed snow depths and densities multiplied by the fractional
area of shaded open (◊), unshaded open (�), deep forest (- - - - ) and

south forest edges (ð).

DISCUSSION

Data from a stand-scale snow-depth survey and a statisti-
cal model show that in a high solar load environment
typical of water source areas in the southwest, forest
density and geometry significantly influence patterns of
net snow accumulation. Forest edges, in particular, exert
strong control over snow depth, with unforested areas
shaded by vegetation to their immediate south holding
much deeper snow than either deep forest or large clear-
ing areas, and forested areas exposed to solar radiation
through open areas to their immediate south holding
much less snow. These findings agree with those of
Kuz’min (1960, cited in Gelfan et al. (2004)) and Gold-
ing and Swanson (1978, 1986), who documented that
the distinct energy and throughfall regimes created in
forest openings and edges result in snow depths that dif-
fer predictably from either large open areas or areas of
dense canopy. Golding and Swanson (1986), for exam-
ple, found that northern edges of clearings at Marmot
Creek, Alberta, receiving more direct solar radiation than
southern edges, held up to 52% less snow than southern
edges, a discovery consistent with our findings shown in
Figure 4.

These findings also indicate that forests with moderate
canopy densities, through significant shading of the
snowpack but only marginal interception of snowfall,
create a large number of small shaded openings that
result in more snow on average than in either open
areas or denser forests. We tested the plausibility of
this mechanism in a model of energy and throughfall
regimes as a function of forest canopy density and
found good agreement with field data. As forest canopy
increases, under-canopy areas slowly come to dominate
the overall area, tending to replace open areas first,
then shaded open areas as these become more common.
As a result, modelled SWE follows a concave-down
parabolic trajectory, peaking in forest with approximately
34% canopy density. Modelled SWE does not exactly
match the pattern observed in field data, which peaks at
approximately 25% forest density, but the shape is the
same and the effect magnitude similar, with maximum
modelled SWE about 6% more than in open areas while
maximum observed SWE is about 7% more than in open
areas.

Spatial patterns of SWE are important for hydrological
and ecological studies because they are proxies for
patterns of spring meltwater input to the catchment,
provided that they are not the result of melt themselves.
Data from six snow pits at our site show that melt
had not yet begun when we conducted our snow-depth
survey. The existence of multiple distinct sun crusts in
each pit, separating layers of round and dendrite crystals
in various stages of decomposition, along with snow
temperatures below 0 °C for every sampled layer, are
strong indicators that melt had not begun. Furthermore,
no physical melt indicators in the form of liquid water,
flowpaths or ‘fingers’ of ice were found at any of the six
pits. Solute concentrations within each snow layer also
suggest a snowpack that had not yet experienced melt.
Bales et al. (1989) showed that if snowmelt progresses to
the point that water leaves the bottom of the pack, solutes
are flushed out with the water and their concentrations
within the pack decrease rapidly, while if melt begins
and ends sporadically, without resulting in water leaving
the pack, solutes are moved within the pack and their
concentrations vary dramatically between snow layers.
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Our six pits show low variability in solute concentration
between sites and between layers, indicating that no
meltwater had left the pack or moved within it (Table III;
please see Gustafson et al. (in preparation) for a complete
description of snow isotopes and chemistry from these
pits). We can therefore be confident that lower snow
depths associated with higher energy regimes are due
to sublimation and thus do represent patterns of spring
meltwater input to the catchment.

Examination of the binary regression tree model shown
in Figure 7 highlights the processes controlling snow
depth at our site. The first split in the tree divides the
dataset into east and west aspects, with western aspects
holding shallower snowpacks. Lesser snow depths on
western aspects have been reported in other studies
(Erxleben et al., 2002; Geddes et al., 2005), suggesting
that this may be a widespread property of snow distribu-
tion patterns, potentially related, for example, to warmer
air temperatures during afternoons while western aspects
receive direct insolation. This finding also agrees with
Rinehart et al. (2008), who showed that reflected short-
wave radiation from snow-covered hillslopes and vege-
tation can result in significant redistribution of energy to
facing slopes with high land-view factors, which is the
case for western aspects at this site, being on the eastern
flank of Redondo Peak. A detailed study would be needed
to test these possibilities at our site, but if evidence for
either or both could be found it would again highlight the
importance of solar radiation on patterns of snow depth.
An alternative explanation involves wind redistribution:
winds at this site are consistently from the west, meaning
western aspects are more exposed to wind scour (Winstral
et al., 2002). However, wind speeds at this site are low,
typically not reaching the 5–10 m/s needed to induce
saltation of snow (McClung and Schaerer, 2000). Fur-
thermore, the relatively warm temperatures and high solar
loads found at this site lead to snow surface hardening,
requiring even greater wind speeds to induce redistribu-
tion, and the frequent stands of vegetation make the long
fetches needed for equilibrium drifting scarce.

After aspect, the next decisions in the tree model are
related to (above-canopy) solar radiation and forest edges.
The prominence of solar radiation again emphasizes the
importance of that variable for snow depth, while the
edgeness metric clearly shows the effect of forest edges.
Like northness, edgeness (the product of the cosine of
the direction of negative forest canopy gradient and
the sine of the gradient) ranges from �1 to 1, with
high values indicating areas where forest canopy is
losing density rapidly in the northward direction, highly
negative values indicating rapid loss of canopy density in
the southward direction and values near zero indicating
little variation in density and/or east–west gradient.
Greater snow depths in this model are clearly associated
with northern forest edges (high edgeness), confirming
the findings of Figure 4.

As shown in Figure 7 and Table IV, the addition
of remotely sensed forest canopy information improved
regression tree model performance for both this study

and for the 2002–2003 CLPX study. In the case of the
CLPX dataset, the addition of remotely sensed canopy
information improved model performance for nine of ten
datasets and generally increased model R2 by a com-
parable amount to the addition of Cnpy,’ a categorical
vegetation cover variable gathered in the field. This is sig-
nificant because field-gathered variables are not available
for distributing estimates of snow depth and water equiv-
alent throughout a basin, and because the ‘Cnpy’ variable
includes two categories corresponding to tree canopies
containing intercepted snow, an additional degree of
information unavailable to the remotely sensed forest
canopy dataset. Furthermore, model improvement with
the addition of below-canopy radiation, forest canopy
density, and edgeness (all derived from 2001 NLCD data)
shows that these also exert influence on patterns of snow
distribution in the CLPX dataset, broadening the applica-
bility of our depth survey findings beyond the boundaries
of our field research site. Though initial improvements
in model R2 may appear modest, a complete evalua-
tion of this modelling method will require further model
development beyond the scope of this paper, including
techniques such as spatial distribution of model residu-
als (Balk and Elder, 2000; Molotch et al., 2005). As a
proof of concept requiring further technique refinement,
these findings are highly encouraging for using remotely
sensed vegetation data to improve models of spatial dis-
tribution of snow, particularly given that new capabilities
for remote detection of vegetation cover are under devel-
opment (National Research Council, 2007).

Because the binary tree growing algorithm recursively
splits a dataset using the best available variable informa-
tion, it would seem that providing additional information
would always improve model performance. As shown
in Table IV and demonstrated by Molotch et al. (2005),
however, this is not the case. Seven of the ten CLPX
datasets were modelled more effectively without access
to all variables; in one of these, the optimal model used
topographic information only. When an additional vari-
able allows the regression tree model to split the dataset
such that model deviance is minimized more quickly, it
will do so, regardless of whether this addition eventually
reduces model deviance overall. Molotch et al. (2005)
addressed this by manually rebuilding and comparing
regression tree models created using every combination
of independent variables. As the size and dimensionality
of datasets becomes larger with increasing information
availability, this approach becomes less tractable, so we
recommend that an investigation be made into methods of
determining the optimal amount of information to provide
to statistical models of snow distribution.

Modelling snowpack insolation within a GIS envi-
ronment showed similar results for total insolation to
the Beer’s Law methodology used in previous studies
(Wigmosta et al., 1994; Berbigier and Bonnefond, 1995;
Wang, 2003), demonstrating that this procedure is effec-
tive even as it is much simpler than optics-based methods
such as GORT (Li et al., 1995) which require specific
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canopy structure parameters. In contrast to Beer’s Law-
based estimates, however, the GIS-based method used
here allows adjustment of parameters such as tree height,
latitude, canopy geometry and seasonality with corre-
sponding impacts on snowpack shading. This method
also reveals greater data dispersion at higher canopy den-
sities, illustrating the relatively greater impacts of edge
effects and canopy geometry in dense forests and dif-
ferentiates between direct and diffuse radiation compo-
nents [direct and diffuse radiation transmission can also
be found using Beer’s Law, but only if light extinction
coefficients are known for both (Wang, 2003)]. Though
there are many simplifying assumptions implicit in the
GIS-based method, it provides a starting point for future
work investigating the impacts of forest patch orienta-
tion, banding and probabilistic distributions of canopy
parameters.

Vegetation and topography combine in complex, inter-
acting processes to determine spatial patterns of snow
depth in mountain catchments (e.g. McKay and Gray,
1981; Hiemstra et al., 2002; Geddes et al., 2005; Liston
and Elder, 2006). Careful examination of snow survey
data and non-linear statistical models and investigation of
alternative explanations for the observed pattern of snow
accumulation lead to the conclusion that the combina-
tion of throughfall and solar radiation is the simplest and
most likely explanation for finding maximal snow accu-
mulation associated with moderate density forest canopy.
Figure 9 shows interception, derived from Equations (10)
and (13) from Pomeroy et al. (2002) and below-canopy
insolation, from Figure 6, alongside measured and mod-
elled values of SWE for this study site. The concave-
down pattern of snow accumulation as a function of forest
canopy density is consistent with a linear combination of
interception (linearly increasing) and snowpack insola-
tion (exponentially decreasing) subtracted from a constant
precipitation value.

Future work in this area should include scenario anal-
yses involving large-scale loss of forest cover due to
insect infestation and/or fire, as these events have become
increasingly common in recent years (Breshears et al.,

Figure 9. Comparison of the effects of forest density on measured SWE
from this study (�) with predictions from the energy-interception model
presented in Figure 8 (ð) and Mussleman et al.’s model (2006) (- - - - ).

Solar forcing (♦) and interception (�) are presented for reference.

2005; Westerling et al., 2006). Optimizing forest den-
sities and configurations to control water input to the
catchment should also be investigated further; in con-
trast to the well-studied impacts of timber harvesting
on streamflow (Bosch and Hewlett, 1982; Ffolliott et al.,
1989; Hornbeck et al., 1997), much remains to be learned
in this area. The transferability of the findings of this
study to other sites is unknown due to the specific topo-
graphic characteristics and the relatively little variability
in tree species at this site; future study design should
investigate these controls and test these proposed frame-
works in a broader context, as well as investigate using
these findings to distribute estimates of snow depth and
water equivalent at the basin scale. Finally, the impacts
of forest density and geometry on snowmelt timing must
be explored, as the mountain snowpack represents a sig-
nificant storehouse of water resources that may behave
differently with changes in climate and vegetation. Cou-
pled hydrologic and econometric models may be needed
to help determine the overall change in value when both
snowmelt quantity and timing are altered by vegetation
change.

CONCLUSIONS

A detailed snow depth and density survey showed that
forest canopy density significantly affects maximum
snow accumulation at the stand scale. Snow depth and
water equivalent were greatest in a forest with canopy
density between 25 and 40%, having approximately 8
and 7% more snow than open areas, respectively. Forest
edges also had significant influences on snow accumula-
tion, with open areas immediately to the north of forest
patches holding 26% more snow than either large open
areas or dense forest areas and 140% more snow than
southern forest edges. Investigation of alternative poten-
tial controls suggested that the combination of canopy
interception and shading of the snowpack from direct
solar radiation was the most likely cause of this result.
Modelling of forest patches as collections of opaque right
cones showed that insolation to the snowpack decreases
exponentially with forest density; the combination of this
response curve with the linearly increasing trend of snow-
fall interception is concave-down (Figure 9). Statistical
models of the spatial distribution of snow depth improved
with the addition of remotely sensed forest canopy infor-
mation from the NLCD forest canopy dataset, (USGS,
2007), both in this study and in the independent CLPX
dataset. The widespread availability of NLCD data makes
these findings broadly applicable and testable throughout
the conterminous United States.
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