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The past century has seen significant research comparing snow accumulation and ablation in forested
and open sites. In this review we compile and standardize the results of previous empirical studies to
generate statistical relations between changes in forest cover and the associated changes in snow accu-
mulation and ablation rate. The analysis drew upon 33 articles documenting these relationships at 65
individual sites in North America and Europe from the 1930s to present. Changes in forest cover
explained 57% and 72% of the variance of relative changes in snow accumulation and ablation, respec-
tively. The incorporation of geographic and average historic climatic information did not significantly
improve the ability to predict changes in snow processes, mainly because most of the studies did not pro-
vide enough information on site characteristics such as slope and aspect or meteorological conditions
taking place during the experiments. Two simple linear models using forest cover as the sole predictor
of changes in snow accumulation and ablation are provided, as well as a review of the main sources of
variation that prevent the elaboration of more accurate multiple regression models. Further studies
should provide detailed information regarding the main sources of variation influencing snow processes
including the effect of year-to-year changes in weather variables during the monitoring period.

� 2010 Elsevier B.V. All rights reserved.
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1. Introduction

The effects of forest cover on snow accumulation and ablation
have been subject of substantial research over the last century.
Snow accumulation is most often represented by the peak snow
water equivalent (SWE) (mm) on the ground before the snow starts
to melt, while snow ablation rate (mm/day) is usually computed as
the peak SWE divided by the number of days of the ablation period
(from date of peak SWE to date of snow disappearance).1 Generally,
as forest cover increases, snow accumulation on the ground is re-
duced because part of the snowfall intercepted in the canopies is re-
turned to the atmosphere by sublimation (Essery et al., 2003).
Although the magnitude of these combined phenomena varies
according to specific conditions, it has been found that up to 60%
and 40% of cumulative snowfall can be intercepted and sublimated,
respectively (Hedstrom and Pomeroy, 1998; Pomeroy et al., 1998).
Many studies have shown that snow accumulated in forested areas
is up to 40% lower than that in nearby open reference sites (e.g.
D’Eon, 2004; Winkler et al., 2005; Jost et al., 2007).

The primary driver of snow ablation is the net available energy,
which can be calculated with an energy balance model that in-
cludes incoming and reflected shortwave radiation, incoming and
outgoing longwave radiation, sensible and latent heat fluxes and
ground heat conduction as independent variables (Brooks et al.,
2003; Boon, 2007). Forest cover is critical in this equation because
even though it might increase longwave radiation, reductions in
the incoming shortwave radiation from the sun generally lead to
net losses in the total energy budget available for melting (Essery
et al., 2008). Canopies also reduce wind speed and thus the magni-
tudes of the sensible and latent heat fluxes. A number of empirical
studies have shown that snowmelt rates in forests can be up to 70%
lower than in open areas (e.g. Hendrick et al., 1971; Boon, 2007;
Teti, 2008).

Snow accumulation and melt play an important role in the
hydrology of montane snow-dominated regions, where water sup-
ply is highly dependent on spring melting from forested areas (Uu-
nila et al., 2006). The sensitive connection between forest structure
and snow processes has, therefore, many significant implications
(Musselman et al., 2008). Although the interest in this subject is
not new (e.g. Connaughton, 1933a; Meagher, 1938), climate vari-
ability has recently increased concerns about the potential magni-
tude of the impacts. For example, evidence is showing that over the
past decades decreasing snowpacks are melting at faster rates and
earlier in the spring in western North America (e.g. Mote et al.,
2005; Knowles et al., 2006) and other regions (e.g. Koening and
Abegg, 1997; Bavay et al., 2009), where up to 75% of the total water
input comes from snow (Service, 2004). As a result, spring peak
discharges are becoming larger while the summer/autumn flows
are experiencing severe declines (Rood et al., 2008). These changes
have generated concern about the current capacity of existing
dams to handle higher peak flows, the need for more reservoirs
hough there are slight conceptual differences between snow ablation and
, both terms are used in this review indistinctively.
to regulate water release for summer irrigation and the loss of
farmlands and wildlife habitat (D’Eon, 2001; Service, 2004).

Additional evidence also suggests that the changes in forest
structure associated with alterations in wildfire, disease and insect
infestation regimes could exacerbate the anomalies in the patterns
of snow accumulation and melting (Musselman et al., 2008). Dis-
turbed canopies over extensive areas might counteract the appar-
ent snowpack decline observed in the past decades and result in
larger snowpacks melting faster, with the potential to increase
the magnitude–frequency of flooding events in rural as well as
populated areas (Schnorbus, 2007). For example, the current
mountain pine beetle (MPB) outbreak in British Columbia (BC)
has infested 135,000 km2 of lodgepole pine forests as of 2008 (BC
Ministry of Forests, 2008), with uncertain impacts on water re-
sources (Winkler, 2001; Uunila et al., 2006; Bewley et al., 2010).
On the other hand, forest fire suppression policies could lead to
changes in canopy cover and water resources in western North
America (Matheussen et al., 2000) by creating large areas of over-
stocked stands with higher snow interception rates (Sampson,
1997).

The need to quantify the relationship between forest structure
and snow accumulation and melting has motivated the develop-
ment of several modelling approaches. Methods have ranged from
local-scale empirical studies comparing forested and non-forested
areas (e.g. Winkler et al., 2005; Woods et al., 2006; Boon, 2009) to
the application of process-based simulation models (e.g. Hendrick
et al., 1971; Hedstrom and Pomeroy, 1998; Essery et al., 2008). The
latter are, in principle, applicable to a wide range of conditions but
require input data that are not readily available in operational con-
texts. Empirical models such as the ones developed by Kuz’min
(1960) or Woods et al. (2006) have been derived from a wide range
of studies to provide first-order estimates of the effects of forest
cover changes on snow processes. However, they do not explicitly
account for the governing processes, which vary in both space and
time, and therefore cannot be relied upon to generate precise pre-
dictions at different sites or different years.

To develop a better understanding of, and ability to, predict the
interaction between forest structure and snow accumulation and
melting, it is necessary to identify the additional factors that ex-
plain the spatial and temporal distribution patterns of snow. Forest
cover is not the only variable influencing snow accumulation pro-
cesses, nor the most important under certain conditions (Gary,
1975; Pomeroy et al., 1997). Other sources of variation that expose
the complexity of the interaction between cover and snow process
include snowfall magnitude (Anderson, 1956), year to year varia-
tions (Berndt, 1965), elevation (Daugharty and Dickinson, 1982),
aspect and slope (Anderson et al., 1958a; Moore and Wondzell,
2005), size of the clearcut used as a reference (Golding and Swan-
son, 1986), wind speed (Woods et al., 2006), specific weather con-
ditions (Lundquist et al., 2004; Lundquist and Flint, 2006), spatial
distribution of trees (Dunford and Niederhof, 1944; Veatch et al.,
2009), and canopy geometry (Essery et al., 2008).

This study has two objectives. The first is to review the results
of empirical studies to identify the magnitudes of the effects that
different factors have on snow accumulation and ablation. The sec-
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ond is to use the compiled data in a meta-analysis to generate
empirical models that could be used to predict the effects of forest
cover change on snow processes, along with an estimate of the
uncertainty associated with the prediction. Such a model could
be a useful operational tool for generating first-order estimates
of forest-snow interactions, particularly over large areas with
sparse weather data, where the application of process-based mod-
els may involve significant uncertainty.
Fig. 1. Relationship between storm size and the ratio of fresh snow accumulated
under the forest and a nearby open site [adapted from McNay et al. (1988)].
2. Sources of variability affecting the interaction between forest
cover and snow

A variety of factors can influence the interactions between snow
accumulation and melting and forest cover. In addition, errors in
measuring snow accumulation, ablation and forest cover can add
to the variability of observations around a statistical model. Each
of these sources of variability, errors and bias is described in detail
below.
Fig. 2. Snow depth as a function of elevation in Little Slocan Valley, British
Columbia [adapted from D’Eon (2004)].
2.1. Snowfall magnitude and inter-annual variations

Since tree branches cannot intercept an unlimited amount of
snow, the influence of forest cover decreases in importance as total
snowfall increases beyond a certain threshold (Boon, 2009). Similar
to what occurs with rain (Brooks et al., 2003), a higher proportion
of snow precipitation can be intercepted by tree canopies and sub-
limated to the atmosphere if the events are small. Snowfall
magnitude varies significantly from year to year in many locations
(Wilm and Dunford, 1948; Anderson, 1956), thus suggesting that
relative and absolute snow accumulation under the same forested
site will be different if measured consecutively during a long per-
iod of time.

Connaughton (1933b) studied snow accumulation and melting
in five plots in Idaho in response to the recommendation of cutting
forests in order to increase water supplies. The study revealed the
strong influence of snowfall magnitude on forest-snow interac-
tions: in a light snowfall year (1931), forested sites accumulated
27.5% less snow than open areas, while in the following average
year that figure dropped to 4.3%. Winkler and Moore (2006) stud-
ied the relationship between forest stand properties and snow
accumulation at two sites in the Interior Plateau region of British
Columbia, for a three year period (1995–1997). They found that in-
ter-annual variability in peak snow water equivalent was signifi-
cant in both sites and explained 28–42% of the total variance.
Additionally, the greatest inter-annual variations were found at
the forested sites and not in the clearcuts, suggesting that the
interaction between the effects of total snowfall and canopy cover
is not linear. Boon (2009) found similar differences in snow accu-
mulation in forests relative to clearcuts in a two-year study at Fra-
ser Lake, BC. In the same province, Jost et al. (2007) showed that
the influence of forest cover, relative to aspect and elevation,
changes according to snowfall magnitude.

The influence of individual snowfall events on snow intercep-
tion was studied by McNay et al. (1988) in Douglas-fir and western
hemlock forests on Vancouver Island, BC. Regression analysis was
used to relate forest cover and storm size to predict the amount
of fresh snow under the canopy. The authors found a non-linear
relationship between storm size and snow depth for events smaller
than 15 cm and a linear trend for larger events. Fig. 1 summarizes
the data of McNay et al. (1988) to show the overall relationship be-
tween storm size and the ratio of fresh snow accumulated under
the forest and open areas for the storm events. We found a slight
but significant [Pearson correlation coefficient (r) = 0.37; probabil-
ity (p) = 0.008] positive correlation between storm size and the
proportion of snow that accumulates under the forest as snowfall
events become larger, although the lower frequency of large events
is a limitation in the analysis.

2.2. Elevation

Elevation also has an influence on the magnitude of snowfall
events and snow processes (Anderson and West, 1965). In the Nel-
son Forest Region (BC), snow accumulation in paired forested and
clearcut sites along an elevation gradient was found to increase at a
rate of 11–15 mm of SWE per 100 m increase in elevation for for-
ested sites, and 21–27 mm for open sites (Toews and Gluns,
1986). D’Eon (2004) measured snow accumulation in 27 transects
(455 plots) in open and forested areas ranging in elevation from
500 to 1500 m. The absolute values of snow depth showed a signif-
icant correlation with elevation (r2 = 0.40; p < 0.001) (Fig. 2). How-
ever, the relation between canopy cover and snow depth proved to
be significant only in low elevation sites, which the author attrib-
uted to greater snow accumulation in the higher sites and a corre-
sponding decrease in the importance of canopy influence.
Elevation also provided the best correlation and regression coeffi-
cients with snow depth in a study of snow distribution in forested
and deforested landscapes in New Brunswick (Daugharty and Dick-
inson, 1982).

Lower temperatures at higher elevations are also expected to
have an influence on snow melting rates. Hendrick et al. (1971)
studied the influences of elevation, slope-aspect and forest cover
types on snowmelt in the Sleepers River Watershed (Vermont).
The 111 km2 watershed (200 to 800 m in elevation) was stratified
into 96 environments that represented the combinations of the
three variables of study. The significant influence of elevation on
snowmelt led to conclude that mountainous watersheds with high
variability in elevation are at a lower risk of spring snowmelt flood-
ing due to differentiated onset and rates of melting along the gra-
dient. Similar conclusions are reported by Alila et al. (2007), while
rare exceptions to this generalization are explained by Lundquist
et al. (2004).



222 A. Varhola et al. / Journal of Hydrology 392 (2010) 219–233
2.3. Aspect

The effect of aspect on snow accumulation and melting is prin-
cipally a function of exposure to solar radiation, with more snow
expected to accumulate on northerly aspects (in the northern
hemisphere) due to reduced melting and sublimation rates during
the accumulation phase (Golding and Swanson, 1986). Predomi-
nant local wind directions may also influence the effect of aspect
on accumulation and melting.

Berndt (1965) conducted an experiment in lodgepole pine
stands and clearcuts in Wyoming to determine changes on peak
snow accumulation due to aspect and clearcut size. The results
indicated that the combination of both variables had a significant
influence on snow accumulation, with east aspects showing great-
er responses to clearcutting and south aspects subject to a larger
influence of clearcut sizes than the others. Murray and Buttle
(2003) analyzed the effect of north and south facing slopes on
snow accumulation and melt in the Turkey Lakes Watershed (On-
tario) by comparing a hardwood maple stand and a nearby open
site in 2000 and 2001. As expected, melt rates were significantly
higher in south-facing sites with the forested south-facing stands
showing an even higher rate than the north-facing clearcut. It
was concluded that aspect had a stronger influence on melting
than forest cover. Comparable results were reported by Haupt
Fig. 3. Effect of aspect on peak SWE and melting in coniferous forests with 35%, 65% a
Anderson et al. (1958a)].

Fig. 4. Effect of aspect on snow depth according to elevation ranges in
(1951), Anderson and West (1965), Hendrick et al. (1971), Rowland
and Moore (1992), D’Eon (2004) and Jost et al. (2007).

In California, a network of snow sampling points ranging in ele-
vation from 1800–2400 m was established to compare coniferous
forests and clearcuts in different slopes and aspects (Anderson
et al., 1958a). The effect of aspect on April 22 SWE and June 1 melt-
ing rates is shown on Fig. 3. Forests with 35% cover showed larger
peak SWE in north aspect sites, a tendency that is weaker in 65%
cover forests and unclear in 90% cover forests. Snow melting ap-
pears to occur faster in south and west aspect sites with the three
different forest cover values. In all cases, forests with 90% cover
tend to show less snow accumulation and lower melting rates. In
British Columbia, D’Eon (2004) showed that southern aspects
(180�) generally presented decreased amounts of snow accumula-
tion relative to northern aspects in different elevation ranges
(Fig. 4).

2.4. Slope

The overall impact of increasing slope is to reduce snow accu-
mulation due to snow moving downhill, exposure to wind and
higher temperatures in sunnier aspects during the accumulation
period (Golding and Swanson, 1986). Slope is expected to influence
snow melting in combination with aspect (e.g. a south facing stee-
nd 90% of forest cover in Central Sierra Snow laboratory, California [adapted from

Little Slocan Valley, British Columbia [adapted from D’Eon (2004)].



Fig. 5. Effect of slope (%) on peak SWE and melting in coniferous forests with 35%, 65% and 90% of forest cover [adapted from Anderson et al. (1958a)].
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per slope exposes the snow to solar radiation at lower incidence
angles in the northern hemisphere).

In Wyoming, Berndt (1965) compared snow accumulation in
three clearcuts on south facing aspects covering a range of slopes.
Results indicated that a plot with 18% slope accumulated 20–30%
less snow than those sites with gentler slope (5% and 6%). Fig. 5
summarizes a similar comparison undertaken in California (Ander-
son et al., 1958a), where a clear trend in the impact of slope on
snow accumulation was not evident; however, 30% slopes had a
higher melt rate than 15% slopes and more variability existed at
gentler than steeper slopes.

2.5. Clearcut size

When comparing snow accumulation and melting between for-
ested sites and nearby clearcuts, the area of the clearcut plays an
important role. Small clearcut openings are often still sheltered
by surrounding forests, while larger clearcuts are exposed to wind
erosion that reduces overall snow accumulation (Pomeroy et al.,
2002). Intermediate-sized clearcuts are therefore expected to accu-
mulate the largest amounts of snow. With respect to snow melting,
shade from adjacent trees in smaller clearcuts has been shown to
retard melting by decreasing the daily incoming shortwave radia-
tion and reducing the differences with melting rates in the adja-
cent forest.

In James River and the Marmot Creek Experimental Watershed
(Alberta), Golding and Swanson (1986) expressed the clearcut
diameter in terms of number of tree heights of surrounding forests
(H). The results of average peak SWE measured from 1973 to 1976
in James River indicated that at most of the locations, snow accu-
mulation was higher in 2 and 3H clearcuts (Fig. 6). Peak SWE in-
creased significantly from forests (0H) to clearcuts of 0.25, 0.5,
0.75 and 1H, suggesting that snow interception of the adjacent for-
est maintains an important role below that threshold. In Colorado,
Fig. 6. Influence of clearcut size (in number of tree heights of adjacent forests, H) on
snow accumulation in James River, Alberta [adapted from Golding and Swanson
(1986)].
Troendle and Leaf (1980) found maximum snow accumulation in
5H clearcuts, while in Saskatchewan Pomeroy et al. (1997) found
no differences in snow accumulation between a large (km scale)
and small (100 m) clearcut, which was attributed to lower local
wind speeds than in other areas. Berndt (1965) also found minor
differences in snow accumulation and melting in 2, 4 and 8 ha
clearcut blocks in Wyoming. However, all three clearcut sizes
showed up to 40% more snow accumulation and snow disappear-
ance 10 days earlier than the surrounding lodgepole pine stands,
indicating that the combination of clearcut size and aspect was
more influential on snowpacks than their individual impacts.

In the Central Sierra Nevada (California), Anderson and West
(1965) sampled 163 snow courses to determine the effect of ter-
rain and year-to-year snowfall variation on snow accumulation
and melting. The effect of snowfall magnitudes interacted closely
with clearcut size, as accumulation was higher on a 4H than in a
1H clearcut on the year of heaviest snowfall and differences were
reduced by more than 60% in the following two dry years. They
also observed that larger clearcuts accumulated more snow in
higher than in lower elevations.
2.6. Wind

Just as aspect and slope interact to produce combined effects on
snow accumulation and melting, so do clearcut size and wind
speed (Woods et al., 2006). As suggested by Pomeroy et al.
(1997), wind is the main factor affecting snow redistribution since
it can reduce snow accumulation in clearcuts by erosion and en-
hanced sublimation, and increase snow ablation rates during the
melting period. This effect was examined in detail by Gary
(1975), who hypothesized that the greater amount of snow in
openings is explained by the lack of interception and also by move-
ment of snow from the forest to the clearing’s leeward. This implies
that total quantities of snow in the system as a whole may not al-
ways be affected by changing proportions of forests and openings.
This hypothesis is supported by the results of Troendle and King
(1987), which showed that the overall average peak snow accumu-
lation in a catchment in Colorado did not change after harvesting.
Wind is one of the drivers of these important redistribution pro-
cesses. Measurements of snow accumulation and wind speed be-
fore and after a clearcutting treatment in a lodgepole pine stand
in Wyoming indicated that accumulation was consistently larger
in the geometrical center of a 1H � 5H clearing, where the wind
speed declines and releases the snow transported from upwind
canopy flow (Gary, 1975).

Woods et al. (2006) studied the effect of thinning on snow accu-
mulation in lodgepole pine stands at the Tenderfoot Creek Experi-
mental Forest (Montana). Thinning increased wind speed and solar
radiation, producing sublimation that offset the effect of the inter-
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ception reduction. As a result, the treatment had no net effect on
peak SWE. In coastal British Columbia, McNay et al. (1988) per-
formed linear regression analysis to study the relationship be-
tween snow interception and several descriptors of forest
structure and snowfall event size. Explicitly acknowledging the
confounding effects of wind as a snow redistributor, the authors
measured interception immediately after each storm. In central
Ontario, accumulation differences on a ridge crest and a south fac-
ing slope in a clearcut were the result of the redistributing effects
of northerly winter winds (Murray and Buttle, 2003).

2.7. Specific weather conditions

As energy is the primary driver of snow melting, this process is
particularly susceptible to local and short-term variations of
weather systems. Murray and Buttle (2003) measured snow melt-
ing duration in forested sites during two consecutive years and
found that the ablation period took 27 days longer than a clearcut
in 2000 and only 4 days longer in 2001. Lundquist et al. (2004) ob-
served that while generally snow melting started at lower eleva-
tions in two catchments at Sierra Nevada, California, streams
showed a synchronous rise on March 29, 2002. This was a result
of simultaneous snow melting in 70% of the sites due to an unusual
12 �C temperature increase in 5 days, providing enough energy to
overwhelm the effects of elevation (1500–3400 m), aspect and for-
est cover. A follow-up study (Lundquist and Flint, 2006) explained
how weather and atmospheric conditions hypothetically ideal to
initiate synchronous melting in mountainous environments can
be offset by shading if they take place too early in spring, when so-
lar angles are lower.

2.8. Canopy geometry and tree spatial distribution

In the Fraser Experimental Forest (Colorado), an aspen stand
with 65% forest cover showed greater snow accumulation than
an open area and a lodgepole pine stand with 75% cover and (Dun-
ford and Niederhof, 1944). Pomeroy et al. (2002) compared snow
accumulation in several forest types and found that a mature jack
pine with 82% forest cover and a black spruce stand with 95% forest
cover consistently showed the same percentage of reduction in
peak SWE in comparison with the clearcut control during several
years of measurement. These studies led to conclude that forest
cover per se is not a physical attribute that can explain all of the
differences in snow accumulation. In the case of the aspen stand
studied by Dunford and Niederhof (1944), the higher accumulation
was attributed to a leafless canopy that reduced snow interception,
yet providing enough shelter and shade to prevent sublimation and
erosion by wind. The nearby lodgepole pine with similar canopy
cover was a more efficient snow interceptor due to the differences
in canopy structure and geometry. Correspondingly in the study by
Pomeroy et al. (2002), the amount of accumulated snow was sim-
ilar despite the 13% difference in forest cover between the black
spruce and jack pine stands. Several properties in the forest cano-
pies can explain these factors. Branch flexure was proposed by
Schmidt et al. (1988) and Lundberg and Halldin (2001) as influen-
tial on snow interception. In an experiment to better understand
interception processes in trees, Pfister and Schneebeli (1999) uti-
lised boards of different sizes, shapes and inclination. Snow accu-
mulation varied systematically with both inclination and shape,
which are variables also relevant to tree branches. Despite their
importance, metrics describing these attributes in real trees are
difficult to measure (Parveaud et al., 2008) and therefore are sel-
dom used in models of snow interception.

Tree distribution has an influence on snow accumulation. Even-
spaced stands are expected to show less variability in snow accu-
mulation, which will normally decrease as the forest becomes den-
ser. A less predictable trend might exist on stands with clustered
trees that resemble a combination of dense homogeneous stands
and adjacent small openings. In both cases, there is evidence show-
ing that spatial variability in snow processes will be higher when
forest cover approaches zero. Regarding snow melting, stands with
reduced forest cover (either due to a small number of trees or small
tree size) can increase melting rates because the canopies are un-
able to provide significant shading to the surface and will addition-
ally increase the longwave radiation component of the energy
balance (Swanson and Stevenson, 1971). Studies conducted in
New Mexico by Veatch et al. (2009) showed a strong control of for-
est edges on snow depth, where the absence of interception and
the shading of nearby trees favoured more snow accumulation
than the interior of the forest. This process is also influenced by
the orientation of the edge interacting with local distribution pat-
terns, as Golding and Swanson (1986) and Veatch et al. (2009)
found larger snow accumulation in northern edges.

2.9. Measurement errors

Measurements and calculation of peak SWE, snow melt rates
and forest cover are subject to errors that can be significant and
bias results. They are explained below.

2.9.1. Peak SWE
This variable is defined as the maximum snow water equivalent

accumulated in a specific site prior to melting. Since snowfall var-
ies from year to year, it is impractical for field crews to determine
exactly the date in which peak SWE occurs. This has led to the
standardization of April 1 as the date for comparisons in North
America. If SWE is captured in paired sites, often the peak occurs
in different dates at each site (e.g. Skidmore et al., 1994), raising
questions about how the comparison should be done (using real
peaks from different dates or comparing two SWE measurements
taken at one specific moment). Additionally, manual snow surveys
are usually performed with aluminum snow tubes that extract
samples from the ground to be weighed. This procedure could lead
to a bias of up to 12% (Peterson and Brown, 1975; Goodison et al.,
1981) due to snow compression when taking the sample, scale cal-
ibration, scale reading, retention of the snow core in the sampler
(Winkler et al., 2005) and subjective measurement of debris and
soil depth in the bottom of the pit. Possibly the most important
source of error when measuring SWE is landscape heterogeneity,
as large sample sizes are often needed to account for the effects
of terrain variation. The optimal sampling schemes for the estima-
tion of SWE under these variable conditions were studied by Wat-
son et al. (2006), who concluded that up to 54 cores are needed to
obtain a representative mean at small scales (<100 m) by narrow-
ing the effects of vegetation and radiation on snowpack. Additional
considerations about snow survey sampling are given by Peterson
and Brown (1975), Spittlehouse and Winkler (1996) and Watson
et al. (2006).

2.9.2. Snow melt rates
Since snowmelt is estimated from peak SWE, it is subject to the

same errors plus additional biases derived by dividing peak SWE by
the ablation period to obtain snowmelt rates. First, the precision
with which the date of snow disappearance is determined is lim-
ited by the frequency of site visits (Jost et al., 2007). Some studies
record this date while others calculate melting rates between two
consecutive snow surveys that do not necessarily account for the
entire melting period. Snow disappearance is also subject to vari-
ability within a plot, as it does not occur in all the area simulta-
neously. Second, additional snowfall occurring during the melting
period and mid-winter melting (Russel Smith, pers. comm.) are of-
ten ignored in the calculations. Third, SWE samples taken in melt-



A. Varhola et al. / Journal of Hydrology 392 (2010) 219–233 225
ing, denser snow are subject to larger measurement errors, espe-
cially when the snowpack layer is thin and liquid water is present
in the surface. Boon (2009) measured melting rates both by divid-
ing peak SWE by the melting period and with the use of an energy
balance model. The latter provided melt rates up to three times lar-
ger than the former, thus revealing the errors and uncertainty
inherent to the estimations with both methods.

2.9.3. Forest cover
Although the term ‘‘forest cover” has been used in this review

without formal definition, there are differences in the specific con-
cepts and measurement methods employed in previous studies.
Forest cover is usually understood as a percentage in which 0% cor-
responds to an open field and 100% to a dense forest where there
are no gaps between the touching canopies. However, the lack of
consistency in precisely defining forest cover is evident when list-
ing all the terminology used in the literature: canopy cover (Moore
and McCaughey, 1998; Pomeroy et al., 2002), forest density (Ander-
son et al., 1958a), forest shade (Anderson, 1956; Anderson et al.,
1958b), percent canopy density (Hardy and Hansen-Bristow,
Table 1
List of studies used for empirical data relating forest cover to snow accumulation and me

Source Area Site(s)

Anderson and Gleason (1960) California Swain Mountain Exper

Anderson et al. (1958a) California Central Sierra Snow La

Anderson et al. (1976) California Central Sierra Snow La

Berndt (1965) Wyoming Big Horn Mountains

Berris and Harr (1987) Oregon Andrews Experimental

Bewley et al. (2010) British Columbia Baker Creek
Boon (2007) British Columbia Nechako Plateau, Vand
Boon (2009) British Columbia Fraser Lake
Davis et al. (1997) Saskatchewan BOREAS Southern Stud
D’Eon (2004) British Columbia Little Slocan Valley
Dunford and Niederhof (1944) Colorado Fraser Experimental Fo
Goodell (1952) Colorado Fraser Experimental Fo

Hardy and Hansen-Bristow (1990) Montana Hyalite Creek Watersh
Hendrick et al. (1971) Vermont Sleepers River Watersh
Kittredge (1953) California Stanislaus National For
Kuusisto (1980) Finland Various
Mayer et al. (1997) Germany Forstbezirk Schluchsee
McCaughey and Farnes (2001) Montana Tenderfoot Creek Expe
McCaughey et al. (1995) Montana Tenderfoot Creek Expe
Moore and McCaughey (1998) Montana Tenderfoot Creek Expe

Murray and Buttle (2003) Ontario Turkey Lakes Watershe
Pomeroy et al. (1998) Saskatchewan Waskesiu Lake, Prince

Pomeroy et al. (2002) Saskatchewan,
Yukon

Prince Albert Model Fo

Skidmore et al. (1994) Montana Gallatin National Fores
Stähli et al. (2000) Switzerland Erlenhöhe, Brüch
Teti (2008) British Columbia Baker Creek, Fraser Lak

Moffat
Troendle and King (1987) Colorado Deadhorse Creek

Weitzman and Bay (1959) Minnesota Northern Minnesota

Wilm and Dunford (1948) Colorado Fraser Experimental Fo

Winkler and Moore (2006), Winkler
(2001)

British Columbia Upper Penticton Creek

Winkler and Roach (2005) British Columbia Upper Penticton Creek
Winkler et al. (2005) British Columbia Mayson lake
Woods et al. (2006) Montana Tenderfoot Creek Expe
1990), canopy closure (Patch, 1981), crown closure (Winkler and
Roach, 2005), crown completeness (Bunnell and Vales, 1990), and
crown coverage (Kittredge, 1953). Other variables such as leaf area
index (LAI) have been used by some studies as an indicator of for-
est cover and can be transformed to percentage by simple equa-
tions (Pomeroy et al., 2002). Only a few authors have defined
what they consider a measure of forest cover [e.g. ‘‘the proportion
of the sky obstructed by tree foliage from a point on the ground”
(D’Eon, 2004)] and provide details about how they measured this
variable (e.g. Ingebo, 1955; Moore and McCaughey, 1998; Pomeroy
et al., 2002). Further evidence showing that the procedure by
which forest cover is measured can have critical effects on statisti-
cal analyses is provided by Moore and McCaughey (1998), who
used two different instruments (spherical densitometer and a 30�
photocanopyometer) for this purpose and discarded the first one
due to low accuracy and poor regression with SWE. Bunnell and
Vales (1990) reviewed the use and measurement of forest cover
in studies of snow-canopy interactions. Novel remote sensing-
based forest structure metrics potentially applicable to snow pro-
cess modelling were explored by Varhola et al. (2010).
lting.

Species Control
description

imental Forest, Onion Creek Red fir, white fir Fully stocked
stand

boratory Various conifers Fully stocked
stand

boratory Red fir Fully stocked
stand

Lodgepole pine Fully stocked
stand

Forest Douglas-fir, western
hemlock

Open area

Lodgepole pine Open area
erhoof Lodgepole pine Open area

Lodgepole pine Open area
y Area Black spruce Open area

Lodgepole pine Open area
rest Aspen Open area
rest Lodgepole pine Fully stocked

stand
ed Subalpine fir Open area
ed Various species Open area
est Red fir Open area

Pine Open area
Spruce Open area

rimental Forest Lodgepole pine Open area
rimental Forest Lodgepole pine Open area
rimental Forest Various conifers Fully stocked

stand
d Hardwood species Open area
Albert National Park Black spruce Assumed

clearcut
rest, Wolf Creek Research Basin Jack pine Open area

t Lodgepole pine Open area
Norway spruce, silver fir Open area

e, Mayson Lake, Rosita, Taseko, Lodgepole pine Open area

Subalpine forest Fully stocked
stand

Aspen Fully stocked
stand

rest Englemann spruce Fully stocked
stand

Lodgepole pine Open area

Lodgepole pine Open area
Lodgepole pine Open area

rimental Forest Lodgepole pine Fully stocked
stand
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3. Meta-analysis

3.1. Empirical data review and compilation

Empirical studies have traditionally evaluated the effects of
canopy cover on snow accumulation and melting using a paired-
plot approach. Open areas adjacent to the studied forest stands
are the most common reference controls (e.g. Hendrick et al.,
1971; Winkler and Roach, 2005), while fully stocked stands are
usually the baseline for the evaluation of the effects of thinning
or harvesting (e.g. Wilm and Dunford, 1948; Woods et al., 2006).
Some studies include measurements of forest cover or describe for-
est structure in some way (basal area, volume, number of trees,
etc.), while others only provide snow measurements for forests
and controls without quantifying forest cover (e.g. Connaughton,
1933a; Meagher, 1938; Haupt, 1951; Brechtel, 1970, 1979; Swan-
son and Stevenson, 1971; Brechtel and Balazas, 1976; Brechtel
and Scheele, 1981; Schwarz, 1982; Felix et al., 1988; Troendle
et al., 1988). Many of these experiments have been designed to iso-
late the effects of one or several of the sources of variation men-
tioned above; however, their results have not been integrated
and standardized to explore the possibilities of developing a global
model suitable not only for making usefully accurate predictions
but also quantifying the uncertainties in the predictions.

As a first step, previously published results were reviewed to se-
lect studies appropriate for inclusion in the meta-analysis. Only
studies sharing reasonably compatible methodological procedures
and experimental designs were considered prior to building a cen-
tral database, although it is certain that such an integration involv-
ing several decades of research inevitably introduces an unknown
additional magnitude of error to any analysis. To ensure supple-
mentary consistency for the statistical modelling, only datasets
explicitly presenting numerical indicators of forest cover, snow
accumulation and/or ablation in nearby locations were considered.
Thus, a total of 33 publications complied with these requirements
and were summarized for this analysis (Table 1, Fig. 7). They in-
cluded 65 different individual locations in Canada (26), the United
States (24), Finland (12), Switzerland (2) and Germany (2). All the
studies except 3 were fully based on conifer species, 13 of which
were related to lodgepole pine (Pinus contorta).

For each study, the following additional parameters were com-
piled: year(s) of experiment, forest species, elevation above sea le-
vel (m), latitude and longitude, forest structure variable used in the
analysis and type of reference control (either open sites of fully
stocked stands). Information on the average climate was based
on the following variables: historic mean temperature (�C), historic
winter mean temperature (�C) (average of December-March mean
temperatures), historic March–April mean temperature (average of
March and April mean temperatures) (�C), historic total annual
Fig. 7. Distribution of relevant studies according to location (left) and decade (righ
CO = Colorado (USA); other Canadian provinces include Saskatchewan, Ontario and Yuk
precipitation (mm), historic winter precipitation (mm) and historic
March–April precipitation (mm). This data, as well as elevation for
each site, were extracted from the WorldClim database (http://
www.worldclim.org/), a global 1 km-resolution geographic raster
dataset providing climatic data representative of 1950–2000 (Hij-
mans et al., 2005).

3.2. Data standardizing

In order to ensure consistent comparisons of the snow accumu-
lation and melting, observations were normalised to a percentage
relative to a reference site. This normalisation isolates the influ-
ence of inter-annual and inter-location variability in snowfall mag-
nitude. The following equation was applied for this purpose:

Dy ¼ x� R
R

� �
� 100 ð1Þ

where Dy is the change in the variable of interest (%), x is the value
of the variable in a specific site, and R is the value of the same var-
iable in a nearby reference site. Since this reference (R) represents
either an open area of a fully stocked stand, Dy can be negative or
positive as snow accumulation and ablation are usually higher in
open areas than in forests.

Each value for Dy was paired with the corresponding value of
change in forest cover. These changes were assigned negative val-
ues of forest cover in studies using fully stocked stands as refer-
ences, and positive values in studies using open areas.

Overall, the 33 studies provided 234 observations relating snow
accumulation and forest cover, and 110 observations for snow
ablation.

3.3. Statistical analysis

First, simple correlation matrices were examined to assess the
relationship between the relative snow accumulation and ablation
with forest cover and the other site variables. Pearson correlation
coefficients (r) and significance levels (p) were used to determine
the strength of the correlations.

Second, simple linear regression was used to relate the forest
cover variable to the snow accumulation and ablation observa-
tions. The purpose of fitting simple linear models from the data
is to provide an empirically-based tool to estimate relative changes
in snow accumulation and ablation derived from changes in forest
cover. These empirical models are useful for establishing a general
relationship between the variables, and are readily applicable gi-
ven that only a gross average change in snow accumulation or
ablation is required (e.g. for multi-site and/or multi-temporal stud-
ies in which it can be assumed that sources of variation other than
forest cover compensate each other when modelling snow pro-
t). BC = British Columbia (Canada); MT = Montana (USA); CA = California (USA);
on, while other USA states include Wyoming, Oregon, Minnesota and Vermont.

http://www.worldclim.org/
http://www.worldclim.org/


Table 3
Correlation between snow accumulation and melting (r).

Variable (n = 110) Snow accumulation
(n = 234)

Snow
ablation

Forest cover �0.76*** �0.85***

Elevation 0.42*** 0.53***

Latitude �0.37*** �0.65***

Mean temperature 0.10 0.10
Winter mean temperature 0.22** 0.24*

March–April mean
temperature

0.01 �0.18

Total annual precipitation 0.05 0.19*

Winter precipitation 0.11 0.34***

March–April precipitation 0.20** 0.44***

* p < 0.05.
** p < 0.01.
*** p < 0.001.
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cesses). The models are not applicable to make accurate predic-
tions under specific conditions.

Two assumptions were made prior to fitting the models: that
the relationship between forest cover and snow accumulation
and ablation is linear (i.e. a reduction of forest cover from 70% to
50% has the same effect as a reduction from 50% to 30%), and that
the use of fully stocked stands as a reference (i.e. reduction in for-
est cover) provides the same—but mirror-imaged—results as using
open areas as references (i.e. increase in forest cover). The null
hypothesis of linear regression, stating that there is no relationship
between the variables, was tested with F tests and rejected when
p < a (a = 0.05). Since a 0% change in forest cover should result in
a 0% change in either snow accumulation or melting, the regression
models did not include an intercept.

Multiple linear regression was then applied to include the geo-
graphic and climatic variables described in Table 2. Variables were
added in a stepwise procedure, where the software automatically
generated all possible combinations for each step. Models that
showed the best improvements in coefficient of determination
(R2) compared to the simple linear model were subject to further
analysis: t-tests were performed in order to reject or accept the
null hypothesis stating that each variable is not significant given
the other variables (with a = 0.05). Non-significant variables and
those showing variance inflation factors larger than 30 were
dropped, one at a time, and the analysis was redone with the
remaining variables until all complied with these requirements.

Validation of the models was performed by the method de-
scribed by Kutner et al. (2005), which involves running the regres-
sion with all but one record for n times (where n is the number of
observations). The similarity between the sum of squares of the er-
ror (SSE) from this procedure and the SSE for the model using all
data reveals a good performance of the model with independent
observations. Both simple and multiple linear models were subject
to analysis of residuals. Shapiro–Wilk, Kolmogorov–Smirnov, Cra-
mer-von Mises and Anderson–Darling tests were applied to test
for deviations from normality of the residuals. In these tests, the
null hypothesis assumes that the residuals are normally distrib-
uted and is rejected when p < a. White’s test (White, 1980) was ap-
plied to test for deviations from homogeneity of error variances
(null hypothesis states homogeneity and is rejected when p < a,
where a was set to 0.05 for all tests). Finally, these multivariate
models were examined to confirm that the fitted coefficients were
consistent with physical processes (e.g. checking if an increase in
temperature would result in a higher change in melting).

3.4. Results

3.4.1. Correlations
The correlation matrix between site variables and snow accu-

mulation and ablation is presented in Table 3. For both changes
in snow accumulation and melting, forest cover is the most highly
correlated variable, providing the strongest and most significant
Table 2
Description of variables used in modelling.

Code Unit Description

AC % Change in snow accumulation
AB % Change in snow ablation
FC % Change in forest cover
ELEV m Elevation above sea level
LAT � Latitude
MTEMP �C Mean temperature
WTEMP �C Winter temperature (December, January, February, March)
ATEMP �C Ablation temperature (March, April)
PP mm Total annual precipitation
WPP mm Winter precipitation (December, January, February, March)
APP mm Ablation precipitation (March, April)
correlations. Elevation was the second best potential predictor of
snow accumulation, with a positive correlation supporting the
assumption that the differences become smaller in forested and
non-forested sites at higher sites. Elevation also had a significant
positive correlation with changes in snow ablation, showing that
at higher altitudes the differences between melting in the forests
and clearcuts become larger. The correlation between latitude
and snow accumulation suggests that at higher latitudes the abso-
lute differences in snow accumulation in forests and open sites in-
crease, possibly due to higher incidence of sublimation. These
differences also become larger for snow ablation as latitude in-
creases, suggesting that ablation is more synchronous in lower lat-
itudes. Of all the extracted temperature indicators, only winter
mean temperature was significantly correlated to snow accumula-
tion: absolute differences between forests and open sites are re-
duced in warmer locations. The same occurs with snow ablation
rates. March–April precipitation was significantly correlated to
both snow accumulation and melting.

Fig. 8 presents the relation between change in forest cover and
change in snow accumulation and ablation. Despite the scatter,
there is a clear trend for both snow accumulation and ablation to
Fig. 8. Compilation of results showing change in snow accumulation (top) and
ablation (bottom) according to change in forest cover.
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decrease as forest cover increases. The studies show maximum
absolute changes in snow accumulation and ablation of up to
75% and 110% respectively. Fig. 8 also highlights that the majority
of studies used clearcuts as a reference (positive change in forest
cover).
Fig. 9. Correlations between snow accumulation and

Fig. 10. Correlations between snow ablation and re
Fig. 9 shows the correlation trends between snow accumulation
and elevation, latitude and representative variables of temperature
and precipitation. The same information is presented for snow
ablation on Fig. 10.
representative geographic and climatic variables.

presentative geographic and climatic variables.



Table 4
Results of simple linear regression.

Equation Analysis of variance Parameter estimates

n F p > F R2 Adj. R2 b b 95% upper limit b 95% lower limit SE t p > t

(2) 234 539.4 <0.0001 0.6984 0.6971 �0.39642 �0.36146 �0.43139 0.01707 �23.23 <0.0001
(3) 110 352.5 <0.0001 0.7166 0.7140 �0.53574 �0.47199 �0.59949 0.03227 �16.60 <0.0001
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3.4.2. Simple regression
The two simple linear models fitted from the data described on

Sections 3.1 and 3.2 are:
Fig. 11. Simple linear models relating changes in forest structure to changes in
snow accumulation (left) and ablation (right) (Eqs. (2) and (3) were fitted using the
data in the figures).

Fig. 12. Observed vs. predicted snow accumulation (le
AC ¼ b� FC ð2Þ

AB ¼ b� FC ð3Þ

where AC = predicted change in snow accumulation (%), AB = pre-
dicted change in snow ablation (%), b = fitted regression slope and
FC = change in forest cover (%). The results of the simple linear
regression, including the value for parameter b, are shown in Ta-
ble 4, while the fitted equations are illustrated with the data on
Fig. 11.

For both models, normality tests for residuals did not indicate
significant deviations from normality, with p ranging from 0.15
to 0.28 for all four tests in the case of Eq. (2), and from 0.07 to
0.15 for Eq. (3) (p < 0.05 was required to discard normal distribu-
tion of the residuals). Homogeneity of variance was also confirmed
for the residuals of Eqs. (2) and (3), with p = 0.26 and 0.24, respec-
tively. Predicted vs. observed values are shown on Fig. 12. Valida-
tion of the models was successful, with SSE from the leave-one-out
procedure (Kutner et al., 2005) differing from the SSE including all
data by only 0.7% for Eq. (2) and 2% for Eq. (3).

Other studies have also fitted simple models relating snow
accumulation with forest cover. Two models presented by Pome-
roy et al. (2002) and the model by Kuz’min (1960) were adapted
to be expressed in the same form as models 2 and 3. The models
by Pomeroy et al. (2002), originally using LAI as independent var-
iable, were transformed to use forest cover with the equation pro-
vided by the same author:

Cc ¼ 0:29� lnðLAIÞ þ 0:55 ð4Þ

where Cc = forest cover (%) and LAI = leaf area index. The resulting
equations were (Pomeroy et al., 2002; Kuz’min, 1960):

AC ¼ 1� 0:144� FC � 0:55
0:29

þ 0:223 ð5Þ

AC ¼ 1� 0:125� FC � 0:55
0:29

þ 0:237 ð6Þ

AC ¼ 1� 0:37 � FC ð7Þ
ft) and ablation (right) for simple linear models.



Fig. 13. Comparison of simple linear models (Pomeroy et al., 2002; Kuz’min, 1960)
predicting effects of forest structure on snow accumulation.
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In order to assess the similarity of the developed model (Eq.
(2)) with those by Kuz’min (1960) and Pomeroy et al. (2002),
equations were plotted against the original data (Fig. 13). The four
linear models linking forest cover to snow accumulation are sim-
ilar, showing a maximum difference of 10% in snow accumulation
prediction when change in forest cover equals 100% or �100%. Eq.
(5), in particular, shows higher differences than the other snow
accumulation equations as forest cover approaches these values.
The differences between the models are mainly due to the use
of different datasets to derive their parameters, especially in the
case of the Kuz’min equation, developed in Russia (Pomeroy
et al., 2002).
3.4.3. Multiple regression
The poor correlations between snow accumulation and melting

with variables other than change in forest cover (Table 3) pre-
vented the development of multi-variable models. In general, the
inclusion of geographic and historic climatic variables did not sig-
nificantly improve the regression coefficients. R2 values only in-
creased marginally (by up to 0.03) when more variables were
included to the simple linear model based on forest cover changes.
The resulting multivariate models that complied with the assump-
tions of regression did not show logical physical meaning and were
difficult to interpret, suggesting that neither the data, nor the mod-
el structure, were appropriate for the purpose of obtaining valid
snow accumulation and melting models of intermediate complex-
ity from the variables analyzed. Testing empirical models with dif-
ferent structures is not in the scope of this study because it would
also require an improvement in the original dataset.
3.5. Discussion

The results of this review confirm that the relationship between
snow accumulation and melting with forest cover is strong and sig-
nificant but complex and highly variable. The confidence limits
shown on Fig. 11 indicate that despite the dispersion of the data,
the sample size was large enough to locate the regression lines
with certainty, and therefore the general inferences made with re-
gard to the relationship between forest cover and snow accumula-
tion and ablation have a solid basis. However, the prediction limits
indicate that observed percentage changes can differ from pre-
dicted values by up to 30–40% at a 95% confidence level. Therefore,
caution is required when analyzing individual records. Of particu-
lar concern is that several show behaviour opposite to the general
trend. For example, stands with up to a 70% increase in forest cover
still led to an increase in snow accumulation. A similar case is ob-
served for snow ablation, thus demonstrating that snow intercep-
tion, sublimation and energy balance could often be governed by
variables other than forest cover, or possibly that measurement er-
rors can obscure the effect. Since the majority of the studies of the
dataset took place in the cold, dry areas of the interior of North
America, where interception and sublimation dominate, data dis-
persion is not attributable to significantly different geoclimatic
conditions. A combination of the many factors discussed in Sec-
tion 2 is a better explanation for the variability observed in
Fig. 8. Given that most of the studies do not provide specific infor-
mation about those factors, it is not possible to isolate their influ-
ence in a statistical model.

The development of the two simple regression models for the
estimation of changes in snow accumulation and melting with
changes in forest cover over such a wide range of sites confirms
the strong universal relationship between these factors. To apply
these models at new sites requires the absolute value of snow
accumulation in a reference site (either a fully stocked stand or
an open area) to be known as well as an expression of forest cover.
The simple linear snow accumulation model (Eq. (2)) was consis-
tent with similar models found in the literature, suggesting that
no significant improvements can be achieved by this approach.
Eq. (2) has a conceptual advantage when compared to the simple
models presented by other Kuz’min (1960) and Pomeroy et al.
(2002) because it intercepts the origin (i.e. 0% change in forest cov-
er = 0% change in snow accumulation). However, all these simple
models are not capable of accurately predicting snow accumula-
tion and ablation under specific conditions, and are only useful
to obtain general average estimations.

The inclusion of general geographic and historic climatic
parameters failed to provide greater predictive power. One of the
reasons for the relatively poor relation between snow processes
and these variables is the repetition of values within the same loca-
tion. Several studies provided multi-temporal results of snow accu-
mulation and/or melting that had to be linked with unique values
of elevation, latitude, temperature and precipitation. If studies had
provided detailed climatic information for the actual years of the
experiments, it may have been possible to generate a more accu-
rate model, given the known dependence of forest-snow interac-
tions on the characteristics of snow storms and weather
conditions during the melt period. Future empirical studies should
therefore provide detailed information such as accurate coordi-
nates, elevation, aspect, slope and reference clearcut size. Ideally,
detailed measurements of temperature and precipitation during
the monitoring periods should also be recorded. This review shows
again how important metadata are in order to use collected infor-
mation for later analysis. Furthermore, inclusion of such informa-
tion would allow the data to be used in modelling studies.

Evidence shows that the interaction of the many factors adding
variability to the snow processes—snowfall, interception, sublima-
tion, accumulation, redistribution and melting—is too complex to
be modelled accurately, even by physically-based equations. In
fact, Rutter et al. (2009) evaluated 33 snowpack models of a wide
range of complexity and purpose in forests and open sites of five
locations of the Northern Hemisphere during two winter seasons.
They concluded that there is no universal best model that fits all
the locations, and no consistency was found regarding general
models’ behaviour in open and forested sites. Despite intensive
measurements, many other studies have failed to fully explain
the origin of the energy that leads to rates of snow evaporation that
are significantly larger than expected. This lack of closure of the en-
ergy balance shows how complex snow processes are (Lundberg
and Halldin, 2001). It is not a surprise, then, that the simple historic
empirical information compiled in this review was only useful for
fitting simple general linear models.
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4. Conclusions

An extensive literature review was conducted to explore the
relationship between forest cover and snow accumulation and
melting. Generally, studies confirm that as forest cover increases,
the interception of snow in the canopies reduces the amount of
snow that accumulates the ground. Forest cover also provides shel-
ter and shading to the snow and thus reduces snow ablation rates
when compared to an open area. However, the interaction of forest
cover and snow accumulation and melting is subject to a number
of sources of variability that make their prediction under specific
conditions highly difficult. The major sources of variability in
snow-forest studies include the inter-annual variability in magni-
tude of snowfall, elevation, aspect, slope, clearcut size of the refer-
ence to which forests are compared, wind speed, specific
meteorological conditions, canopy geometry and spatial distribu-
tion, and several types of measurement and sampling errors.

The main contribution of this review is the compilation of data
from studies extending back to the 1930s and standardizing the re-
sults so that they could be subjected to meta-analysis. This exer-
cise provided two simple models able to predict changes in snow
accumulation and melting associated with changes in forest cover.
While the fitted relations were significant and the sample size was
large enough to define the average trend with reasonable precision,
there was substantial scatter, so that the models would not provide
accurate predictions for particular cases. Unfortunately, most
studies did not provide enough information so that other variables
could be incorporated in the models. Geographic and historic
climatic variables were compiled from available data sources for
all the sites, but their inclusion did not improve the fit of the
models.

Further research exploring the relationship between forest cov-
er and snow processes should aim to the development of new
experimental designs that measure as many sources of variability
as possible. There is still a need for models of intermediate com-
plexity that can be easily applicable to other areas by using simple
additional variables such as elevation, latitude, aspect, slope, clear-
cut size and temperature. These variables do not require special
techniques or equipment to be measured, and yet no model was
found in the literature that incorporates them to predict snow
accumulation and melting. We believe that an ideal situation for
a multivariate approach to be successful would require: (a) that
the locations of all the studies be accurate enough so that microcli-
mate factors could be retrieved; (b) that current meteorological
conditions (temperature, precipitation, radiation, etc.) at the mo-
ments during which the experiments took place were available
rather than historic averages; (c) that the authors of the studies de-
scribed in more detail the experimental sites and specific method-
ologies, especially to obtain topographic conditions such as aspect
and slope which, despite being easy to measure, are rarely pro-
vided. If this information would have been collected by all the
studies, resulting empirical models of intermediate complexity
might be in a better position to compete with physically-based
models.

Given that stream discharge is of ultimate interest to water re-
sources management because it affects water availability, proper-
ties of drought and flooding events, stability of wildlife habitats,
hydropower production, fisheries, and others, it is important for
snow accumulation and ablation to be properly linked to the mag-
nitude–frequency of low or peak flows at the watershed level. For
this purpose, long-term time series of snow accumulation and
ablation must be recorded so that their temporal (and not only
spatial) variability can be assessed and comprehensive frequency
analyses be conducted.

Empirical studies might continue to be important in the future
for new research at larger scales and basins, where detailed param-
eterization of processes is unlikely to be successful given our cur-
rent knowledge. We encourage authors in Hydrology and other
disciplines to provide as much information as possible in their
experimental designs and publications to ensure better integration
and meta-analysis in the future.
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