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ABSTRACT

A physically-based multi-layer snow model Snow-Atmosphere-Soil-Transfer scheme (SAST) and a land
surface model Biosphere-Atmosphere Transfer Scheme (BATS) were employed to investigate how boreal
forests influence snow accumulation and ablation under the canopy. Mass balance and energetics of snow
beneath a Scots pine canopy in Finland at different stages of the 2003–2004 and 2004–2005 snow seasons
are analyzed. For the fairly dense Scots pine forest, drop-off of the canopy-intercepted snow contributes, in
some cases, twice as much to the underlying snowpack as the direct throughfall of snow. During early winter
snow melting, downward turbulent sensible and condensation heat fluxes play a dominant role together with
downward net longwave radiation. In the final stage of snow ablation in middle spring, downward net all-
wave radiation dominates the snow melting. Although the downward sensible heat flux is comparable to the
net solar radiation during this period, evaporative cooling of the melting snow surface makes the turbulent
heat flux weaker than net radiation. Sensitivities of snow processes to leaf area index (LAI) indicate that
a denser canopy speeds up early winter snowmelt, but also suppresses melting later in the snow season.
Higher LAI increases the interception of snowfall, therefore reduces snow accumulation under the canopy
during the snow season; this effect and the enhancement of downward longwave radiation by denser foliage
outweighs the increased attenuation of solar radiation, resulting in earlier snow ablation under a denser
canopy. The difference in sensitivities to LAI in two snow seasons implies that the impact of canopy density
on the underlying snowpack is modulated by interannual variations of climate regimes.
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1. Introduction

Forests are well recognized to alter both accumu-
lation and ablation of snow on the ground. Forest
canopies may intercept a portion of snowfall, and the
intercepted snow may later fall to the ground, melt, or
sublimate depending on the climate conditions (Gold-
ing and Swanson, 1986; Lundberg and Halldin, 1994).
Canopies strongly influence the radiation balance at
the snow surface by absorbing and reflecting incoming
solar radiation and altering the emission of thermal
radiation. The forest canopy shelters the snow sur-
face from wind and alters temperature and humidity
gradients, greatly reducing the efficiency of turbulent
energy transfer (Marks et al., 1998). Niu and Yang
(2004) addressed the effects of physical processes due

to the canopy on snow mass and energy balances in
boreal ecosystems. They suggested that explicitly in-
cluding a canopy heat storage term in the canopy en-
ergy balance equation decreases the spuriously large
amplitude of the diurnal canopy temperature varia-
tion and reduces the excessive daytime sensible heat
flux from the canopy downward to the snow surface
for the usually stable conditions with snowpack under
relatively warm canopy.

In general, snowmelt decreases as the canopy den-
sity increases. However, with conditions of high at-
mospheric temperature, calm winds, and high snow
albedo, greater snowmelts can occur under a dense
canopy due to enhanced infrared thermal radiation
from the canopy elements than under a sparse canopy
(Yamazaki and Kondo, 1992). As to the net all-
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wave radiation, an important snowmelt energy source,
FitzGibbon and Dunne (1983) examined the relation-
ship between forest cover, net radiation, and snowmelt,
and found that the net all-wave radiation increases
with forest density as the transmission of solar radia-
tion through the canopy decreases. But Suzuki et al.
(1999) found that the net radiation does not vary with
forest density during the snowmelt season because of
the net effects of decreased below-canopy snow albedo
which offsets the attenuation of solar radiation and in-
creased downward longwave radiation as forest density
increases.

The relative contribution of the radiative com-
ponents to the energy balance of snowpack depends
on latitude, those atmospheric conditions (especially
cloud amount) that influence the potential incident so-
lar radiation, the characteristics of the canopy, and the
snow surface albedo, all of which influence the surface
absorbed solar radiation. When snow albedo is low, a
steady decrease in snowmelt energy is found with in-
creasing canopy cover, while snowmelt rates for high
albedos are either insensitive or increase with increas-
ing canopy cover (Sicart et al., 2004). Nakabayashi
et al. (1999) obtained similar results concerning the
seasonal progression of snowpack on surface albedo
and solar radiation. At the beginning of the snowmelt
season when the albedo remained high, the forest ef-
fect became null because the increase in thermal ra-
diation from the canopy offset the decrease in solar
radiation. As the albedo gradually lowered with the
advance of the snowmelt season, the decrease in solar
radiation due to the presence of forest cover exceeded
the increase in thermal radiation and the tendency for
the forest to effectively decrease net all-wave radiation
reaching the ground became evident.

As for the relative importance of vegetation cover
and climate regimes on the under-canopy snow pro-
cess, Link and Marks (1999) proposed that seasonal
snow cover in the boreal environment may be more
sensitive to land use transitions (e.g., forest versus bare
soil), rather than climate shifts, due to the strong forc-
ing exerted by vegetation canopies on radiation trans-
fer processes. Gelfan et al. (2004) documented only
a moderate sensitivity of snow accumulation to forest
leaf area, while a substantial variation was observed
from season to season with changing weather patterns,
which suggested that the ensemble of snow processes is
more sensitive to variations in atmospheric processes
than in specific characteristics of vegetation cover.

Despite many previous studies concerning vegeta-
tion impact on snowpack, it is not clear which is the
dominant energy term contributing to snowmelt be-
neath the forest, partly due to the lack of available
observations for establishing under canopy energy bud-

gets, and the highly variable weather conditions in the
seasonal evolution of snowpack. Besides, uncertainties
involved in using empirical formulations to estimate
the under-canopy solar and thermal radiation budgets
in previous studies are also responsible for some con-
troversies in modeling under-canopy snow processes.
In this study, the snow mass balance and energy bud-
get of the snowpack under a high latitude boreal forest
is investigated by using a physically-based, multi-layer
snow model Snow-Atmosphere-Soil-Transfer scheme
(SAST) (Sun et al., 1999) and a physically-based land
surface process model Biosphere-Atmosphere Transfer
Scheme (BATS) (Dickinson et al., 1986). Thereby, at-
tempts are made to address snow melting energetics
at different stages of the snow season. The model and
data used in this study are briefly introduced in section
two. The third section concerns the modeling results.
A brief discussion of the results is given in the fourth
section which is followed by concluding remarks in the
fifth section.

2. Model and data

2.1 Model

In the BATS version 1e (Dickinson et al., 1993)
the following four aspects to be employed in this study
were modified: (1) the original one layer snow scheme
was substituted by the multi-layer snow scheme SAST;
(2) canopy albedo and canopy-absorbed solar radia-
tion was modified according to Dai and Zeng (1997)
and Yang et al. (1999, see their Eq. 6) on the basis of
the two-stream concept where the canopy-absorbed so-
lar radiation increases with leaf area index (LAI); (3)
the emissivity of thermal radiation from the canopy
is parameterized to increase with LAI (Oleson et al.,
2004), but in the original BATS solar and longwave
radiation transmitted through vegetation canopy was
neglected; (4) in addition to the original stability cor-
rection in the calculation of drag coefficients in BATS,
the transfer coefficient between the canopy air and un-
derlying soil is simply assumed to be half of the original
value (0.004) used in BATS (see Eq. 65 of Dickinson
et al., 1993) to account for the usually stable atmo-
spheric condition under boreal forest canopy during
snow season.

SAST was developed from up-to-date comprehen-
sive and complex snow schemes, but with substan-
tial simplification and improvement for GCM appli-
cations, validations against observations at different
sites indicate that SAST is a reliable snow model in
climate studies (Sun et al., 1999; Sun and Xue, 2001;
Jin et al., 1999; Xue et al., 2003). The scheme in-
cludes many important physical processes such as snow
compaction, heat conduction, snow grain growth, and
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snow melting. There are three prognostic variables
in the model: specific enthalpy, snow water equiva-
lent, and snow depth. The vapor effects on snow pro-
cesses have been simply parameterized in the energy
balance calculation. A unique feature of SAST is us-
ing enthalpy rather than temperature in the energy
balance equation, which greatly simplifies the compu-
tation procedure for the phase change calculation in
the snow process.

SAST consists of at most three layers. In order to
have reasonable simulations of diurnal changes in sur-
face temperature, the surface layer thickness should be
thinner than the thermal damping depth of snow and
is no more than 3 cm. The second layer thickness is
restricted to less than 20 cm because the diurnal varia-
tion of snowpack properties is more pronounced in the
top 15–20 cm of the snowpack.

2.2 Data

A Scots pine forest site with sandy glacial till at
Hyytiälä (61◦51′N, 24◦17′E) in Finland (Vesala et al.,
1998) was chosen for this study and two consecutive
snow seasons, 2003–2004 and 2004–2005, were inves-
tigated. The average height of the Scots pine forest
is 15 m, the all-sided LAI is 6 (Vesala et al., 2005),
thus one-sided LAI is 3. According to the definition of
Chen et al. (1997), the effective LAI is 2.4 by assum-
ing the ratio of woody to total vegetation area is 0.25
and the clumping index is 0.6. Meteorological data
at 30 minute time-intervals for complete winters was
obtained. Daily precipitation amounts were measured
with a shielded gauge in a clearing 1 km from the forest
site; no correction was applied. Cloud amounts were
estimated from temperature and humidity as described
by Liston and Elder (2006), and daily precipitation
was divided equally between half-hour periods with
cloud cover exceeding 70%. Total precipitation is par-
titioned into snow and rain using a linear function be-
tween 0◦C (100% snow) and 2◦C (100% rain). Weekly
snow depth observations were recorded at seven snow
pits, the values from five of which represent snow depth
under closed forest canopy and the other two below
relatively sparse canopy. In this study, we treat the
average of the seven pits’ snow depth data as the over-
all observations for the forest site.

Each numerical experiment was integrated from 1
October to the end of April of the following year. The
simulations of snow surface energy and snow mass bal-
ance from November to the end of the snow season are
analyzed to investigate the snowmelt energetics under
a high latitude boreal forest canopy at different stages
of the snow season. In this paper, snow refers to those
accumulated on the ground under the canopy.

3. Analysis of results

Simulations of the seasonal evolution of snow depth
under the canopy in both snow seasons captured the
observed accumulation, melting, and final ablation of
snow quite well, except for the fact that the peak of
snow depth was underestimated in 2004 and overesti-
mated in 2005 (Fig. 1). In the 2003–2004 snow season,
accumulation of snow began in late November, 2003
and continued gradually until late January, 2004 (Fig.
1a), followed by an abrupt increase from the end of
January to early February and some decrease after-
wards. The under canopy snow depth peaked around
the beginning of March, a little earlier than observed
and was followed by decreasing snow depth, partly due

Fig. 1. Temporal evolution of simulated daily mean snow
depth (m) beneath the vegetation canopy in comparison
with weekly observations in (a) 2003–2004 and (b) 2004–
2005 snow seasons.
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Fig. 2. Seasonal evolution of daily mean (a, c) direct throughfall of snowfall and
drop-off from the canopy-intercepted snow (mm d−1) and (b, d) the interception of
snowfall and rainfall by the canopy (mm) in snow seasons of (a, b) 2003–2004 and (c,
d) 2004–2005.

to compaction but mostly attributable to melting since
early April. The final snow ablation occurred on 19
April, a little earlier than observed. Compared with
the modeled snow water equivalent (not shown), sev-
eral melting processes occurred during the snow sea-
son, one is from the end of November to early De-
cember, one in late December, the last one from early
to mid-April. The decrease of snow depth in early
February (from 0.4 m to 0.32 m) is due to snow com-
paction rather than melting. The overall characteris-
tics of snow accumulation in 2004–2005 are similar to
that in 2003–2004, except that the under-canopy snow-

pack before February is deeper than its counterpart in
the 2003–2004 snow season (Fig. 1b).

Components contributing to snow accumulation
under the canopy and precipitation intercepted by
foliage are compared in Fig. 2. Since we assume
100% vegetation coverage for the simulation at the
Hyytiälä site, direct throughfall of snowfall is quite
small for the relatively dense canopy, since intercep-
tion by the canopy is significant. Snow accumulation
on the canopy that exceeds the maximum holding ca-
pacity of the canopy drops off towards the ground,
which is at least twice the direct throughfall and is
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Fig. 3. Temporal evolution of simulated daily mean snow surface energy budget (W m−2)
in (a, b) 2003–2004 and (c, d) 2004–2005 snow seasons. (a), (c) radiation and (b), (d)
turbulent heat fluxes. Grey bars in each panel represent the sum of the two components.
Positive and negative values represent energy flux towards and away from the snow sur-
face, respectively. The same for Figs. 4, 5, 6 concerning the energy flux direction.

the largest contribution of snow falling to the ground
beneath canopy (Figs. 2a, 2c). Therefore, the maxi-
mum water (snow) holding capacity is a very impor-
tant parameter for the simulation of the under-canopy
snow process. BATS assumes the same maximum
holding capacity (0.1 mm) for both liquid water and
snow, which considerably underestimates the intercep-
tion of snow by the canopy (Niu and Yang, 2004). In
this study we assume the same amount when the atmo-
spheric temperature is above 1.0◦C but take 0.3 mm
when the atmospheric temperature is below 1.0◦C. Of

every month of the two snow seasons that experienced
snowfall, most was recorded between early December
2004 and January 2005 (Fig. 2c). The contrast of rain-
fall and snowfall interception is obvious because of the
different maximum holding capacities of the canopy.
Fluctuations in the canopy-intercepted snow indicate
varying weather conditions (Figs. 2b, 2d).

Daily evolution of the surface snow layer energy
budget is shown in Fig. 3, with positive values indi-
cating energy fluxes downward to the snow surface in-
volved in heating the snowpack. In the snow season of
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2003–2004, net solar radiation is negligible until early
February, then gradually intensifies, with sporadic low
radiations in late March associated with cloudy con-
ditions. It should be pointed out that net solar ra-
diation in this study is referred to as the solar radi-
ation absorbed by the top layer in the SAST scheme
which excludes the part of the visible solar radiation
transmitted through the top snow layer, it is therefore
available for heating the top snow layer. Net long-
wave radiation, in general, cools down the snow sur-
face, except for several heating periods that contribute
to snow melts which are discussed later. The total net
radiation is dominated by net longwave radiation be-
fore mid-March, 2004. However, net solar radiation
is comparable to or more than the net longwave ra-
diation from mid-March onward (Fig. 3a). The tur-
bulent sensible and latent heat flux exchanges between
the canopy and the snowpack fluctuate with variations
in temperature and vapor pressure differences between
the canopy and the snow surface except for the weak
turbulent heat exchanges in January, 2004. Sensible
and latent heat fluxes act in a downward direction
to heat the snow surface intermittently before mid-
February, 2004. Thereafter, downward sensible heat
flux warms the snow surface while evaporation cools it
off. Condensation of atmospheric water vapor and its
associated heating are conducive to the snow melting
process between late November and early December,
2003. The sensible heat flux from the warmer canopy
to the snow competes with snow surface evaporation
from late February onwards and dominates the overall
turbulent heat flux intermittently (Fig. 3b).

The temporal evolutions of net radiations and tur-
bulent heat fluxes in the 2004–2005 snow season are
similar to the discussion above, except that net long-
wave cooling is dominant until late March and net
longwave heating dominates after April 2005 (Fig. 3c).
Sensible heating dominates over latent cooling during
most part of the 2004–2005 snow season, excluding
late November, 2004 when turbulent cooling occurs,
and the period from late February to mid-March when
evaporative cooling is slightly stronger (Fig. 3d).

In the following paragraphs, we will select some
specific periods, including early winter snow melting
and fast snow ablation in mid-spring, to demonstrate
the energy balance characteristics at different stages
of the snow season.

In the early stage of the 2003–2004 snow season,
net solar radiation is negligible, and the total net ra-
diation is dominated by net longwave radiation (Fig.
4). Longwave radiation from the relatively warmer
canopy to the colder snow surface heats the snowpack,
except for two days in November (29th and 30th) when
cooling occurred through net longwave radiation and

strong advection of cold air led to more than six de-
grees cooling within 24 hours (Fig. 4c). Turbulent
sensible heating and condensation heating contribute
more than the total radiation to snow melting on 28
November, around noon of 29 November, and during
the daytime on 1 December (Fig. 4b). For the 2004–
2005 snow season, net longwave radiation contributes a
small part to snow melting between 15 and 17 Decem-
ber (Fig. 4d) but total turbulent heat fluxes contribute
the largest part during the middle of December 2004
(Fig. 4e). In short, the turbulent heat flux under the
canopy is the dominant energy source for snow melting
during early winter. A relatively large amount of tur-
bulent heat flux is associated with the combination of
high air temperature, high humidity, and strong wind
(Figs. 4c, 4f). More sensible heat in the 2004–2005
snow season is mostly attributed to stronger winds
than its counterpart in 2003–2004. These results are
in line with Marks et al. (1998) who emphasized the
importance of the turbulent sensible and latent trans-
fers during winter rain-on-snow events. This along
with the combination of warm air temperatures, strong
winds and high humidities can cause significant con-
densation on the snow surface, providing adequate en-
ergy for rapid melting of the snow cover. Essery et
al. (2003) also found the large fraction of downward
sensible heat flux in the under-canopy snow surface
energetics, although the atmospheric conditions under
the boreal forest canopy are often stable during snow
melt season.

During the melting period in spring, solar radia-
tion is rather stable and net longwave heating during
daytime is fairly strong (Fig. 5). The downward sen-
sible heat flux is comparable to or stronger than solar
radiation, and daytime cooling due to snow evapora-
tion is also significant (Figs. 5b, 5e). By comparing
with the aforementioned winter snow melting period,
more downward net longwave radiation and sensible
heat can be attributed to the warmer atmosphere and
warmer canopy. This results in a larger temperature
difference between the air within the canopy and the
underlying snow surface, since wind speed in spring
is comparable to or weaker than its wintertime coun-
terpart (Figs. 5c, 5f). The total net radiative heat-
ing along with the downward sensible heat flux during
the daytime causes the quick melting of the snowpack.
Net longwave radiation contributes slightly more than
net solar radiation, while downward sensible heating
dominates the turbulent heat flux of the snow surface,
especially during the daytime.

Blyth et al. (1994) provided evidence of the mecha-
nism for maintaining negative sensible heat flux over a
forest which is capable of sustaining wet canopy evap-
oration when the radiation is low. The main condition



354 SIMULATION OF SNOW PROCESSES BENEATH A BOREAL SCOTS PINE CANOPY VOL. 25

Fig. 4. Temporal evolution of snow surface energy budget components (W m−2) in each 30-minute simula-
tion period and the concurrent atmospheric forcing of temperature (◦C), wind speed (m s−1), and relative
humidity (percent) during the early winter melting events in snow seasons of (a, b, c) 2003–2004 and (d,
e, f) 2004–2005. (a), (d) net radiation, (b), (e) turbulent heat fluxes, and (c), (f) atmospheric forcing.

needed for this mechanism to occur is a strong wind
shear within a stable, stratified boundary layer. Such
conditions are likely to occur when relatively strong
winds in the boundary layer are associated with a wet
surface with a high aerodynamic roughness, such as
forests. This mechanism for downward transport of
heat can partly explain the aforementioned downward
sensible heart fluxes to the under-canopy snowpack
when the canopy is much warmer than the snow sur-
face.

In order to study the influence of canopy density
on snow processes, we conducted sensitivity studies by
increasing or decreasing LAI by 1.0 for the 2004–2005

snow season. We found that the impact of net solar
radiation increases with lowering LAI, especially af-
ter spring when the incident solar radiation increases
with solar angle (Fig. 6). The effect of net longwave
radiation decreases more than the increase in net solar
radiation during both winter and early spring due to
the lower canopy temperature resulting from less solar
radiation being absorbed by the sparser canopy. For
this reason, the total net radiation decreases when LAI
becomes smaller and vice versa (Figs. 6a–c). Towards
the end of the snow ablation season (after mid-April),
net solar radiation exceeds net longwave radiation em-
anating from the sparser canopy, resulting in more net
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Fig. 5. As in Fig. 4, but for the quick ablation periods in mid-spring.

all-wave radiation from that point on. The strong fluc-
tuation around mid-April is caused by the sharp con-
trast between the numerical experiments where snow
exists in one experiment but disappears in the other.
Since the atmospheric temperature/humidity near the
snow surface decreases more than does the canopy air
temperature/humidity as LAI decreases (not shown),
stronger downward sensible and latent heating (or
weaker cooling) results in more downward turbulent
heat fluxes (Figs. 6d–f). The decrease in net all-wave
radiation surpasses the increase in downward turbu-
lent heat flux associated with lower LAI for most of
the time, but when the solar angle increases and inci-
dent solar radiation intensifies by mid-April, more so-
lar radiation transferring through the sparser canopy
dominates the snow surface energetics. Both down-

ward net all-wave radiation and total turbulent heat
flux increase with lower LAI around the final snow
ablation period in middle April (Figs. 6c, 6f). One
aspect that needs to be pointed out is the asymmetry
in the sensitivities of energy components to changes
in LAI. Less LAI shows larger sensitivity, which is in
line with the results of Yang et al. (1999). The reason
for this is both the attenuation of solar radiation and
the canopy emissivity of longwave radiation increase
exponentially rather than linearly with LAI.

Other influences of the canopy concern interception
and throughfall of snow to the ground. It is reasonable
that the canopy-intercepted snow and subsequent drop
off increases with LAI (Fig. 7), but this effect is out-
weighed by less direct throughfall of snowfall through
the denser foliage (Fig. 7c). Therefore the overall ef-
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Fig. 6. Sensitivities of daily mean snow surface energy budget components (W m−2) to canopy density in the
2004–2005 snow season. (a) net solar radiation, (b) net longwave radiation, (c) net all-wave radiation, (d) sensible
heat flux, (e) latent heat flux, and (f) total turbulent heat flux.

fect of foliage density results in less snow falling to
the ground as LAI increases, and vice versa (Fig. 7d).
The snowpack melting under the canopy generally in-
creases in winter but decreases in spring when LAI in-
creases, and vice versa (Fig. 7e), which corresponds to
changes in available energy for melting (Figs. 6c, 6f).
This is similar to the results of Tribbeck et al. (2004),
whereby they proposed that an increase in the forest
density increased snow melt early and in the middle of
the season but decreased the melt rate late in the sea-
son. Under-canopy snow accumulation represented by
snow water equivalent (SWE) increases (decreases) as
LAI decreases (increases) (Fig. 7f). In the sensitivity

experiment when LAI decreases by 1.0, 29 mm more
SWE is simulated peaking around 12 April, in which
accumulated snow falling to the ground increases by
about 11.6 mm due to more direct throughfall, and in-
tegrated snowmelt decreases by about 17.4 mm mostly
due to less thermal radiation from the sparser canopy
(Fig. 6b). In the sensitivity experiment as LAI in-
creases by 1.0, accumulated snow falling to the ground
decreases by nearly 8.5 mm, but integrated snowmelt
increases by about 7 mm, therefore the simulated SWE
is 15.5 mm less than that in the control experiment.

Taking into account the above discussions of en-
ergy budget what materializes is the slower ablation of
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Fig. 7. Daily mean sensitivities to leaf area index of (a) interception of snow by canopy, (b) drop-off from
the canopy-intercepted snow, (c) snow falling through the canopy, (d) total amount of snow falling to the
ground, (e) loss of snow due to melting, and (f) ground snow water equivalent. Units in mm.

ground level snow beneath the sparser canopy (Fig. 8),
since less energy is available for snow melting, while at
the same time more snow is falling to the ground due
to lower LAI. Snow depth can be 0.07 m higher when
LAI decreases by 1.0, and the final ablation of snow is
on 23 April, six days later than the control experiment.
The sensitivity of snow process to denser foliage is less
significant, the maximum difference in simulated snow
depth between the sensitivity experiment with LAI in-
creasing by 1.0 and the control experiment is less than
0.05 m. The final ablation of snow is two days earlier
than that in the control experiment, 15 April versus
17 April. The parallel LAI sensitivity experiments in
the 2003–2004 snow season are much less significant.

As LAI decreases by 1.0, the maximum difference in
simulated SWE is about 0.05 m, whereas the final ab-
lation of snow is only one day later than in the control
experiment; as LAI increases by 1.0, the melting away
of snow occurs at almost the same time as in the con-
trol experiment (not shown). This indicates the effect
of modulation of interannual variations of dominant
climate conditions on the impact of foliage density on
the under-canopy snowpack.

4. Discussion

Short wave radiation that is absorbed by branches
and foliage is emitted as longwave radiation partly
downward towards the snow cover. At high latitudes,
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Fig. 8. Sensitivities of under canopy snow depth (m) to
leaf area index.

the wintertime solar angle is low, and the incoming
shortwave radiation is also low especially under cloudy
conditions. In addition, when the vegetation density is
high, solar radiation transmitted through the canopy
is small, and the albedo of the under-canopy snow is
high. Under all the above conditions, the net solar
radiation absorbed by the under-canopy snow surface
is negligible (Yang et al., 1997). The daily mean net
radiation at the snow cover surface becomes positive
when the daily mean solar angle exceeds 22◦N in late
March for a Jack pine forest in Canada (Pomeroy and
Dion, 1996). It is reasonable that solar radiation con-
tributes little to the snowmelt energy in this study.
Since Hyytiala is at such high latitude, the daytime is
short and solar radiation is very weak in winter. How-
ever, net radiation fluxes dominate the snowmelt en-
ergetics in spring when solar radiation intensifies with
the season evolution. In previous studies, the esti-
mation of the total solar radiation downward to the
under-canopy snowpack using Beer’s law couldn’t dis-
tinguish the visible part which can transmit through
the snowpack from the near infrared part which was
almost totally absorbed by the top layer. This usually
underestimated solar radiation available for snow melt-
ing at the top layer because of the underestimation of
the incident near infrared solar radiation. Considering
the strong interannual variations of climate regimes
along with solar angle in determining incident solar
radiation, more cases from different years and at other
boreal forest sites at different latitudes are needed to
draw general conclusions.

Observations on radiation budgets under the
canopy are necessary to validate the calculation of ra-
diation transmission through the vegetation canopy.
Turbulent heat flux observations are also needed to

evaluate the parameterizations in the model. Al-
though a warmer canopy overlying the melting snow
forms a stable condition beneath the canopy, the great
temperature and moisture gradients under the canopy
can maintain the downward under-canopy turbulences
that are comparable to or greater than the net radia-
tion. Different schemes for calculating both radiation
transmission through the canopy and turbulent heat
fluxes under the canopy and comparisons with cor-
responding observations are further objectives of this
study.

Yang et al. (1999) pointed out that since the av-
eraged canopy temperature is usually higher than the
canopy bottom temperature, the one layer canopy in
the BATS model may overestimate the canopy temper-
ature and, in turn, overestimate the downward sensible
and latent heat fluxes to the snow surface. They fur-
ther suggested a stronger sensitivity to changes in LAI
when LAI is small, and a less sensitivity when LAI is
large. This corresponds with the smaller significance
of the simulations conducted in this study when LAI
becomes higher.

Advection of heat from the surrounding snow-free
terrain and vegetation can account for 60% of the en-
ergy available for snowmelt (Zuzel and Cox, 1979).
The model in this study does not explicitly account for
the heat advection from surrounding snow-free areas,
but it implicitly accounts for this in the sensible heat,
which uses the measured air temperature and wind
speed. Errors in the estimation of snowfall amount
may also contribute to the uncertainty in snow depth
simulation.

It should be pointed out that the simulations are
dependent on the performance of the model; although
SAST is a reliable snow model, comparative studies
using different models may help us understand the veg-
etation influence on snow accumulation and ablation
with more confidence.

5. Concluding remarks

This study employed a physically-based multi-layer
snow scheme SAST and a land surface model BATS to
investigate how the boreal forest influences snow ac-
cumulation and ablation under a high-latitude Scots
pine canopy in Finland. Snowpack mass balance and
energetics of the snow surface beneath the canopy at
different stages of two snow seasons (2003–2004, 2004–
2005) are analyzed. For the fairly dense Scots pine for-
est studied, drop-off of canopy-intercepted snow con-
tributes twice as much or more than direct throughfall
of snow to the snow accumulation on the ground.

At different stages of the snow season, the energy
available for snow melting beneath the canopy is dif-
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ferent. During early winter snow melting, downward
turbulent sensible and condensation heat fluxes play
the dominant role, with downward net longwave radi-
ation also contributing partly to the snow melting. All
energy components are associated with sporadic rain-
fall events, warm air temperature and high humidities,
indicating the importance of weather conditions in the
snowmelt of early winter.

In the final stage of snow melting, net solar heating
is stable and fairly strong, but downward net thermal
radiation of the canopy is slightly stronger than solar
radiation, partly due to extinction of solar radiation by
the foliage and warming up the canopy. Although the
sensible heat flux is comparable to or slightly larger
than solar radiation, evaporative cooling of the melt-
ing snow surface associated with daytime high atmo-
spheric temperature and low relative humidity makes
the overall turbulent heat flux weaker than net radia-
tion. It is the net radiation that dominates the ener-
getics of the snow surface during the final ablation of
snowpack.

Snowmelt during the early part of the season may
speed up under denser canopies, but snow melting
later in the snow season is suppressed. Higher LAI in-
creases the interception of snowfall, therefore reduces
snow accumulation under canopy during the snow sea-
son; this impact along with the enhancement of ther-
mal radiation outweighs the greater attenuation of so-
lar radiation by denser foliage, resulting in earlier snow
ablation under denser canopy. In contrast, more direct
throughfall of snow to the ground and less thermal ra-
diation with a sparser canopy leads to more snow ac-
cumulation and later ablation of snowpack in a high
latitude boreal forest environment. The interannual
variations of climate regimes can modulate the impact
of canopy density on underlying snow processes, mak-
ing the sensitivities of the snowpack to canopy density
fluctuate with climate conditions in different snow sea-
sons.
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