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ABSTRACT

This study investigates the dependence of net radiation at snow surfaces under forest canopies on the overlying
canopy density. The daily sum of positive values of net radiation is used as an index of the snowmelt rate.
Canopy cover is represented in terms of shortwave transmissivity and sky-view factor. The cases studied are a
spruce forest in the Wolf Creek basin, Yukon Territory, Canada, and a pine forest near Fraser, Colorado. Of
particular interest are the atmospheric conditions that favor an offset between shortwave energy attenuation and
longwave irradiance enhancement by the canopy, such that net radiation does not decrease with increasing forest
density. Such an offset is favored in dry climates and at high altitudes, where atmospheric emissivities are low,
and in early spring when snow abedos are high and solar elevations are low. For low snow albedos, a steady
decrease in snowmelt energy with increasing canopy cover is found, up to a forest density close to the actual
densities of mature spruce forests. Snowmelt rates for high abedos are either insensitive or increase with
increasing canopy cover. At both sites, foliage area indices close to 2 are associated with a minimum in net
radiation, independent of snow albedo or cloud cover. However, these results are more uncertain for open forests
because solar heating of trees may invalidate the longwave assumptions, increasing the longwave irradiance.

1. Introduction

At high altitudes and latitudes, snow has a significant
influence on hydrological and atmospheric processes.
Large fractions of these regions are covered by ever-
green coniferous forests. The retention of needles
throughout the winter leads to a large influence of the
canopy on snow accumulation and melting processes
(e.g., Kuzmin 1972; Hedstrom and Pomeroy 1998;
Lundberg et al. 1998; Ohta et a. 1999; Pomeroy and
Dion 1996; Koivusalo and Kokkonen 2002).

Trees absorb a large part of the incoming shortwave
radiation. During winter, when there is no tree transpi-
ration, this heat load is dissipated as either alongwave
radiation flux upward and downward or an upward and
downward convective heat flux (Rouse 1984). Trees
shelter the snow surface from wind, reducing turbulent
fluxes, so subcanopy snowmelt depends mainly on the
radiative fluxes (Price 1988). The magnitudes of net
shortwave (positive) and net longwave (negative) ra-
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diative fluxes are reduced at the snow surface below a
forest relative to open sites (Harding and Pomeroy 1996;
Hardy et al. 1997). As canopy coverage increases, two
competitive radiative changes affect snowmelt at the
ground surface: vegetation attenuates the transmission
of shortwave radiation but enhances longwave irradi-
ance to the surface. The shortwave energy reduction is
generally the dominant effect and melting is reduced
(Link and Marks 1999). However, the longwave radi-
ation increase may offset any reduction in shortwave
irradiance, a situation that can be referred to asthe *‘ra-
diative paradox’’ defined by Ambach (1974).

Studies of the sensitivity of snowmelt to canopy cov-
erage have generally been based on modeling results
(Yamazaki and Kondo 1992; Davis et al. 1997), as the
difficulty of observing different snowmelt rates under
various canopy coversis large. Suzuki and Ohta (2003)
simulated snowmelt rates under larch forests of different
densities. Subcanopy variables such as solar irradiance,
however, were empirically derived from the above-can-
opy atmospheric forcing; these statistical relations do
not give much insight into the physical processes and
are not necessarily stable over a broad range of forest
densities.
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TaBLE 1. List of sensors used in the Wolf Creek forest with their specifications.
Quantity Sensor type Height (m) Accuracy*
Air temperature Vaisala HM P45, capacitive hygrothermometer 2,15, 21 +0.2°C
Surface temperature Everest, IR sensor, vertically above the canopy 2,21 +0.5°C
Trunk temperature Thermocouple 1 +0.1°C
Net radiation REB net radiometer 21 +10%
Delta-T tube net radiometer 2 +10%
Shortwave radiation LI-COR LI-200SA pyranometer (upward) 21 +5%
Matrix pyranometer (upward) 0 +5%
Delta-T 1-m tube solarimeter (downward) 15 +5%
Longwave radiation Eppley pyrgeometer 0 +10%

* According to the manufacturer.

This study examines the sensitivity of subcanopy net
radiation components during snowmelt to canopy char-
acteristics with reference to atmospheric conditions.
Daytime fluxes are exclusively considered, since during
nighttime the canopy limits longwave losses from the
snow surface, and the snow temperature remains near
the freezing point (e.g., Holler 2001). The dependence
of subcanopy net radiation over snow to canopy char-
acteristics is described in terms of shortwave transmis-
sivity and sky-view factor. Of particular interest are the
atmospheric conditions that favor an increase in net ra-
diation under dense forests. The main case study is a
spruce forest in the Wolf Creek basin, Yukon Territory,
Canada. Data from a pine forest located near Fraser,
Colorado, are used for comparison purposes.

2. Study sites and measurements

The primary study site was a subarctic forest in the
Wolf Creek Research Basin, located 15 km south of
Whitehorse (Yukon Territory, Canada; elevation: 750
m; 60°36'N, 134°57'W). A detailed description of the
site can be found in Pomeroy et al. (2002). Observations
were made in a dense forest of mature white spruce
(Picea glauca), 12—18 m tall. From LI-COR LAI-2000
Plant Canopy Analyzer measurements (LI-COR 1992),
Pomeroy et al. (2002) estimated the foliage area index,
LA’ (including clumping effects and stems, leaves, and
branches), or *‘effective LAI"" (Chen et al. 1997), to be
3.3 and the sky-view factor for the underlying snow
surface to be 0.13.

The basin has a subarctic continental climate, char-
acterized by alarge annual variation in temperature, low
humidity, and low precipitation. The mean annual tem-
perature is approximately —3°C, with monthly mean
temperatures ranging from 5° to 15° in summer and from
—10° to —20°C in winter. The mean annual precipitation
is around 350 mm, with approximately 40% falling as
snow (Pomeroy and Granger 1997).

Measurements of air temperature (below, within, and
above the canopy), canopy and ground surface temper-
atures, net radiation (above and below), and shortwave
radiation (above and below) were made in April 2003
(Table 1). Incoming longwave radiation above the can-

opy was derived from measurements of downward-|ook-
ing infrared surface temperature (primarily viewing the
canopy, but also some ground), net radiation, and net
shortwave radiation at a height of 21 m. Two Campbell
dataloggers (21X and CR10) recorded 30-min averages
of 5-s time step observations. Ten recently calibrated
Matrix pyranometers were randomly located beneath the
forest canopy to obtain a spatially integrated measure
of incoming shortwave radiation at the snow surface.
The subcanopy incoming longwave radiation was mea-
sured by two Eppley pyrgeometers placed on the snow
surface. A separate measure of subcanopy net radiation
using a Delta-T 1-m-tube net radiometer provided val-
ues very close to the net radiation calculated using the
radiometer array, outgoing longwave radiation from the
IR surface temperature, and reflected shortwave radia-
tion measured using a downward-looking Delta-T 1-m-
tube solarimeter.

Secondary observations were taken as part of the Na-
tional Aeronautics and Space Administration’s (NASA)
Cold Land Processes Experiment (CLPX; http://
www.nohrsc.nws.gov/~cline/clp.html) in a subalpine
pine forest (40°N, 105°W; 2780 m MSL) in the U.S.
Forest Service Fraser Experimental Forest near Fraser,
Colorado. The mean annual temperature is approxi-
mately +0.5°C, and mean monthly temperatures are
—10°C for January and +13°C for July, with an ob-
served range of about —40° to +32°C (Alexander et al.
1985). The mean annual precipitation is about 750 mm,
with nearly two-thirds falling as snow from October
through May. The forest consists of logdepole pine (Pi-
nus contorta) with an average height of 12.4 m (the
“uniform” forest of Hardy et al. 2004). The sky-view
factor below the canopy and the mean LAI’ were es-
timated to be 0.25 and 1.8 from hemispherical photo-
graphs and LI-COR LAI-2000 measurements, respec-
tively.

An array of 10 Eppley pyranometers and 2 Eppley
pyrgeometers was used to sample incoming radiation
fluxes below the canopy (Rowlands et al. 2002). The
incoming shortwave and longwave irradiances abovethe
canopy were measured separately by a Kipp & Zonen
CNRL1 radiometer (accuracy: =10% for daily sums), and
the air temperature above the canopy was measured with
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a Vaisala HMP45C hygrothermometer (accuracy:
+0.5°C). The measurement period used here is 27-29
March 2002.

3. Model
a. The radiation equation

Assuming that longwave radiation from canopy nee-
dies, stems, and trunks can be represented by a mean
canopy temperature (T,.), the net al-wave radiation at
the snow surface below a forest can be written as

R, = VL, + (@ — VoT?
—oT:+ Kl7(1 — ay), D

where V, is the sky-view factor for the snow surface
(the fraction of the celestial hemisphere visible from
beneath the canopy), L,! is the above-canopy incoming
longwave radiation, ¢ = 5.67 X 1078 W m—2 K~*is
the Stefan—Boltzman constant, T, is the snow surface
temperature, K, ! is the above-canopy incoming short-
wave radiation (or global radiation), 7 is the shortwave
transmissivity of the canopy including multiple reflec-
tions (7, = K1 /K !, for shortwave irradiance K| at the
snow surface), and « is the snow albedo.

The longwave emissivities of vegetation and snow
are generally considered to be closeto ¢ = 0.97 (Mellor
1977; Oke 1987; Muller 1985; Dozier and Warren
1982). However, as Eq. (1) assumes that the snow and
the vegetation surfaces are full emitters (¢ = 1), re-
flection of longwave radiation by both surfaces may also
be neglected (« = 1 — ¢ for opague materials). This
assumption is acceptable considering the accuracy of
longwave radiation measurements and the desired sim-
plicity of the radiative model used here. The time step
is hourly. Only dense forests are considered to allow
modeling of the canopy as a homogeneous horizontal
scattering medium. The analysis does not deal with
snow retained in the canopy since much of this will
have dripped or evaporated by the spring, and Pomeroy
and Dion (1996) showed that intercepted snow has a
small influence on the shortwave transmissivity.

b. Sky-view factor and shortwave transmissivity
Subcanopy longwave irradiance can be written as
L = V,Lyt + (1 — V,)oT4 2

As the mgjority of the atmospheric longwave radiation
(L,t) received at the surface comes from the near-sur-
face layer of the atmosphere, L.l may be written as

©)

where ¢, is the apparent emissivity of the atmosphere,
and T, isthe air temperature near the ground (Unsworth
and Monteith 1975). Assuming that the mean canopy
temperature is close to the air temperature (T, = T,,;
this assumption is discussed in section 4), the sensitivity

L, = g,40T4,
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FiG. 1. Relative changesin incoming subcanopy longwave radiation

caused by reductions in sky-view factor [Eq. (4)] for different at-
mospheric emissivities: e, = 0.60, 0.75, and 0.90.

of subcanopy longwaveirradianceto changesin the sky-
view factor can be written as a function of the atmo-
spheric emissivity as

ALI/L,L = (1 — Ve, )AV,. (4)

Figure 1 shows changes in longwave radiation caused
by reductions in the sky-view factor for three atmo-
spheric emissivities. In mid- and high latitudes, the at-
mospheric emissivity ranges from 0.6 to 1 for clear to
cloudy skies (Brutsaert 1982). The enhancement of
longwave irradiance due to a sky-view factor reduction
is maximal under clear skies (low atmospheric emissiv-
ity) but is independent of the forest density.

The accuracy of longwave radiation measurementsis
generally no better than =10% (Halldin and Lindroth
1992). However, the main source of error isinterference
from solar radiation, so we can expect better accuracy
under conditions of low solar radiation beneath a dense
canopy. Figure 1 shows that uncertaintiesin V, greater
than +0.05 may cause errorsin longwave radiation cal-
culations exceeding =5% (under clear skies), that is,
probably larger than the uncertainty in longwave mea-
surements in a forested environment. This is an impor-
tant point given the difficulty in ascertaining the ac-
curacy of the canopy parameters.

We assume that the mean shortwave transmissivity isa
monotonic increasing function of the sky-view factor,

V, = f(z). ©)

As the shortwave transmissivity varies throughout the
day with the solar angle, we define the daily average of
transmissivity as

7o = KUKl = X KL/ Kyl (6)

where the variablesin bold italic are daily averages, and
3, notes the daily sum.
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Various authors (e.g., Yamazaki and Kondo 1992;
Gusev and Nasonova 2001) have assumed

Vf = T (7)

Another relation between V, and 7. can be derived from
the empirical relationship that Pomeroy et al. (2002)
observed between the sky-view factor and the foliage
areaindex LAI’ from L1-COR LAI-2000 measurements
in eight coniferous and deciduous forests in northern
Canada (r2 = 0.97):

V, = a — bIn(LAI"), 8)

where a = 0.45 and b = 0.29 are constants. Shortwave
transmissivity can be related to the foliage area index
by Beer’s law,

T, = e RA, ©)

The extinction coefficient k is the average projected fo-
liage area in the direction of the sun; k depends on the
geometric and spectral properties of the incident radi-
ation and the canopy. We define the mean extinction
coefficient k as

k = —In(r)/LAI". (10)

Using Egs. (8) and (10), the sky-view factor is related
to the mean canopy shortwave transmissivity by

V, = a— biIn[—In(r,)/K. (11)

The total transmission of shortwave radiation results
from the transmission of direct and diffuse above-can-
opy incoming radiation. Assuming a random distribu-
tion of leaves and a spherical foliage angle distribution,
the extinction coefficient for direct radiation is

k, = (2 cosb) 1, (12)

where 0 is the solar zenith angle. The penetration of
direct solar radiation through the canopy is now

Top = @ LAI"/(2 cosp) (13)
The transmissivity (7.4) and the extinction coefficient
(kq) for diffuse radiation can be derived by numerical
integration of the transmission for direct radiation over
the entire hemisphere,

wl2
Ty = Zf 7,(6) sinf cosh dé. 14
0

The resulting kg, constant throughout the day, generally
depends on the foliage area index (Campbell and Nor-
man 1998).

This simple model does not account for multiple scat-
tering in the canopy or between the canopy and the
forest floor, which tends to increase the shortwave ir-
radiance at the snow surface (e.g., Nijssen and L etten-
maier 1999). The effect on snow abedo of potential
changes in litter fallout under different canopy covers
is not considered here either (Hardy et a. 2000).

SICART ET AL.
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c. Differentiation of the radiation equation

Replacing V, in Eq. (1) by f(7.), the derivative of
the net radiation with respect to the shortwave trans-
missivity (dR,/dr.) is zero when net radiation is inde-
pendent of canopy density or when some canopy cover
causes an optimum value of net radiation (maximum or
minimum). We investigate the atmospheric conditions
giving

drR,/d7,

(Lot = aTHF (7)) + Kl (1 — ay)
=0, (15)

where f'(7.), the derivative of f(7.), is1 or —b/[~,
In7.] depending on whether f(7.) is derived from Egs.
(7) or (11). Note that k does not appear in f'(7.). Equa-
tion (15) assumes that dr./dr, = 1, that is, that the
deviation of the hourly value from the average (7. —
7.) does not depend on the forest density. This as-
sumption is probably incorrect for large changesin for-
est density since the diurnal cycle of 7, increases in
more open forests. However, the focus here is on dense
forests, and we consider this assumption to be valid
considering the simplicity of this study.

The first term in Eq. (15), representing the longwave
flux, is generally negative as the canopy emissivity is
greater than the atmospheric emissivity. The second
term, representing the shortwave flux, is positive and is
generally larger than the longwave term (dR,/d7, gen-
erally positive). Equation (15) permits quantification of
the atmospheric conditions leading to an offset between
the shortwave energy reduction and the longwave ir-
radiance increase such that net radiation does not de-
crease with increasing forest density. For instance, at
high altitude, high latitude, or in dry areas, atmospheric
emissivity islow and so L,¢ islow; in early spring solar
elevationsarelow and soisK,! ; and after fresh snowfall
the subcanopy snow albedo is high.

Figure 2 compares the two expressions for f'(7.) de-
rived from Egs. (7) and (11). For thelogarithmicrelation
from Eq. (11), f'(7,) becomeslarge for small shortwave
transmissivities. Under very dense forests, Eq. (11)
gives a rapid decrease in V,, and hence an increase in
subcanopy longwave irradiance, for only a small de-
crease in shortwave transmissivity. Compared to thelin-
ear relationship in Eq. (7), use of Eq. (11) reinforces
the influence of longwave fluxes on the energy available
for snowmelt, leading to more frequent situations of the
“radiative paradox’” where drR /dr, = 0.

4. Results
a. Air and canopy temperatures

The downward-looking radiant temperature of the
canopy T, integrates the emission of the vegetation el-
ements at different heights [Eq. (2)]. In the Wolf Creek
forest during snowmelt, the thermal gradient in the air
below and above the canopy remained small during day-
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time (Figs. 3aand 3b). Thetemperature of the vegetation
at the top of the canopy remained close to the air tem-
perature, whereas the lower trunks were colder than the
air (Figs. 3c and 3d).

Under clear skies, the mean daytime longwave irra-
diance below the dense forest of Wolf Creek was en-
hanced by about 50% (L,! = 210 W m~2; LI = 320
W m~2). The radiant canopy temperature (T.), derived
from measurements of subcanopy longwave irradiance
[Eq. (2)], was similar to the above-canopy air temper-
ature during daytime (r2 = 0.94, slope 0.93, mean dif-
ference 1.2°C with an rms error of 1.9°C; Fig. 4). The
errors in calculating subcanopy irradiance using T, in-
stead of T, in Eq. (2) are small in the Wolf Creek forest:
the mean differenceis 6 W m~-2 and the rms error is 10
W m-2 (Fig. 4).

b. Dependence of net radiation at the snow surface
on canopy coverage

Daily sums of positive net radiation values at the
snow surface were calculated as functions of the sky-
view factor and shortwave transmissivity from mea-

30
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Fic. 3. Comparisons between half-hourly averages of daytime (0800—2000 LT) air and canopy
temperatures for the Wolf Creek forest, 11-30 Apr 2003. Temperatures are plotted against the air
temperature at 21-m height (the canopy height is 18 m). (a) Air temperature at 2-m height. (b)
Air temperature at 15-m height. (c) Canopy-top temperature derived from infrared measurements.
(d) Trunk temperature measured by thermocouples at a height of 1 m.
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FiG. 4. Hourly averages of the air temperature at 21-m height and
the canopy radiant temperature [T, from Eq. (2)] during daytime
(0800—2000 LT) for the Wolf Creek forest, 11-30 Apr 2003. The
dashed line is the one-to-one line, and the solid line is the fit to the
data.

surements of LI, T,,, and K 1 in the Wolf Creek and
Fraser forests (Figs. 5 and 6).

During the measurement periods, the minimum solar
zenith angle at noon was around 50° in Wolf Creek and
around 40° in Fraser. The shortwave transmissivity
reached maximal values at midday of around 0.12 in
Wolf Creek and 0.40 in Fraser; the overall averageswere
0.06 (18 days) and 0.29 (only 3 days), respectively.

Ass separate measurements of diffuse and direct short-
wave radiation were not available, one clear-sky day
(mostly direct above-canopy solar irradiance) and one
overcast day (mostly diffuse solar irradiance) were in-
vestigated for each site. For clear-sky conditions, the
daily sums of net radiation were calculated on 13 April
2003 for Wolf Creek (measured snow albedo around
0.5) and on 28 March 2002 for Fraser (measured snow
albedo around 0.8). The two relations between V, and
7. derived from Egs. (7) and (11) were used. The log-
arithmic relationship [Eq. (11)] requires considering the
dependence of 7, and k on the foliage area index.

Figures 5b and 6b show that the Beer’s law for pen-
etration of direct shortwave radiation [Eq. (13)] gives
a good approximation of the subcanopy incoming ra-
diation at both sites when the sky is clear. Reduction of
the extinction coefficient by a factor ranging from 0.51
to 0.85 (Campbell and Norman 1998; Nijssen and Let-
tenmaier 1999; Eagleson 2002) to account for multiple
scattering in the canopy does not improve the agreement
with the data (not shown). The largest errors in Ki are
due to the underestimation of the maximum solar ir-
radiance at noon for Fraser (by around 15%). We thus
assume that the total transmission under a clear sky

SICART ET AL.
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Fic. 7. Daily mean value of (a) shortwave transmissivity and (b)
extinction coefficient for direct radiation according to foliage area
index [Egs. (10) and (16)] at Wolf Creek (solid line) and Fraser
(dashed line). The thick line in (b) shows the extinction coefficient
for diffuse radiation from Eq. (14).

(Teer) CAN be approximated by the transmission of di-
rect radiation (7,) derived from Eq. (13), so Eq. (6) can
be written as

f K,! @ LAI'/2cost) g
[

f K.l do
6

The mean clear-sky extinction coefficient (K., ) isthen
deduced from 7., through Eq. (10). Once 7., and
Kyer &€ known, V, is calculated from Eq. (11).

Figure 7 shows the dependence of 7., and K, On
changes in foliage area index. The mean extinction co-
efficient does not change much with the forest density,
remaining around 1.0 for Wolf Creek and 0.75 for Fraser
(Fig. 7b). In the two cases studied, k., mainly depends
on the properties of the above-canopy incident radiation
and on structural properties of the canopy other than the
foliage area index.

Figures 8a—c and 9a—c show the daily sums of positive
values of net radiation under clear skies at Wolf Creek
and Fraser, respectively. We only consider shortwave
transmissivities larger than 0.02, which is close to the
minimum value necessary for the growth of most plants
in natural environments (Barnes et al. 1998). Assuming
7. = V,; and alow snow albedo («a, = 0.5), the positive
radiative energy steadily decreases as the forest is made
denser for both sites (dashed lines, Figs. 8aand 9a), and
no radiative offset appears. For a logarithmic relation
between V, and 7, [Eq. (11)], a minimum in net radi-

7-c,clevar =~ Tc,b = (16)
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(b) as = 0.7, and (c) a, = 0.8, respectively, and (d) 18 Apr (cloudy)
with snow albedo «, = 0.7. The dashed line shows calculations with
V, = 7, and the solid line shows calculations with V; = f(7,) from
Eq. (11).
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Fic. 9. Asin Fig. 8, but for the Fraser forest in spring 2002: 28
Mar (clear sky) with snow abedo (a) a, = 0.5, (b) a;, = 0.7, and (c)
a, = 0.8, respectively, and (d) 27 Mar (cloudy) with snow albedo
a, = 0.7.
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ation occurs when theforest isvery dense at ashortwave
transmissivity of around 0.1 (solid lines, Figs. 8a and
9a). For higher snow albedos at Wolf Creek, positive
values of snow net radiation become quite independent
of canopy cover («; = 0.7, Fig. 8b), or even increase
with canopy cover for a clean snowpack (a, = 0.8, Figs.
8c). In Fraser, a minimum of net radiation still appears
when a, = 0.7 (Fig. 9b), and positive values of snow
net radiation do not change much with canopy density
for higher snow albedo (a, = 0.8, Fig. 9c).

The transmissivity for diffuse radiation calculated
from Eq. (14) is close to the measurements of total
transmissivity during cloudy days at Wolf Creek (7, =
0.09, Fig. 5b) and Fraser (74 = 0.25, Fig. 6b). Asabove-
canopy solar irradiance is mostly diffuse under an over-
cast sky, the transmissivity and the extinction coefficient
were taken equal to 7, and kg, respectively, and cal-
culated as functions of LAl only through Eqg. (14). As
aresult, Fig. 7b shows that k, is very close to k., for
Fraser.

Figures 8d and 9d show the daily sumsof net radiation
during two cloudy days: 18 April (Wolf Creek) and 27
March (Fraser). At both sites, the daily above-canopy
shortwave irradiance was around 35% of the irradiance
at the top of the atmosphere, which is close to the min-
imum value observed in spring at Wolf Creek. In the
calculations, the snow albedo was fixed at 0.7 as an
intermediate value. For both sites and both assumed
relationships between V; and k, the daily sum of ra-
diation energy does not change much with forest density
(Figs. 8d and 9d).

c. Sensitivity of net radiation to snow albedo

The threshold albedo above which positive net ra-
diation increases with decreasing canopy transmissivity
(increasing forest cover) is «, such that dR /d7, = O
when o = «,. Presuming Eq. (11), «, can be solved
from Eq. (15):

a=1-b(L,) — o TH(K, 7. 1n7). (17)

Figure 10 shows calculations of dR,/d~_ derived from
observationsin the Wolf Creek and Fraser forests during
melt periods at midday, when incoming energy at the
snow surface is maximal; dR,/d7, depends more on the
snow albedo than on the shortwave transmissivity since
the dependence of R, on 7, includes the enhancement
of longwave irradiance with increasing canopy density
[Eg. (15)]. At both sites, «, becomes quite independent
of the shortwave transmissivity when 7. is greater than
0.2. In the Wolf Creek forest (7. around 0.06), «, is
around 0.55 when the sky is clear (Fig. 10a) and around
0.68 when the sky is cloudy (Fig. 10b). In the Fraser
forest (7, around 0.29), «, is around 0.90 when sky is
the clear (Fig. 10c) and around 0.85 when the sky is
cloudy (Fig. 10d). The albedo threshold «, is higher at
Fraser than at Wolf Creek because of the lower latitude,
which leads to higher shortwave irradiance [Eq. (17)].
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Fic. 10. Derivatives of the net radiation (dR,/d7, in W m~2) as
functions of shortwave transmissivity and snow albedo [Eq. (15) with
f'(7.) = —bl(7.In7.)]. Hourly average values at 1200 LT in the Wolf
Creek forest on (a) 13 Apr (clear sky) and (b) 18 Apr (cloudy), and
hourly average values at 1200 LT in the Fraser forest on (c) 28 Mar
(clear sky) and (d) 27 Mar (cloudy). Areas of positive dR,/d7, are
shaded. The zero contour gives the threshold albedo as a function of
7. (See text).

5. Discussion

The sky-view factor controls the apportionment of
subcanopy longwave irradiance originating from the at-
mosphere and from the vegetation [Eq. (2)]. It can be
measured by fish-eye photography or indirectly derived
from radiation measurements (Welles 1990). A sensi-
tivity study suggests that the required accuracy in the
sky-view factor isabout +0.05, whatever the forest den-
sity. High accuracy is crucial in dry climates charac-
terized by low atmospheric emissivities.

From the equation of net radiation, atmospheric con-
ditions that cause an offset between shortwave energy
attenuation and longwave irradiance enhancement by
the canopy were quantified. Such an offset is favored
in dry climates and at high altitudes and latitudes, where
atmospheric emissivities are low, and in early spring
when snow albedo is high and solar elevation is still
low. These atmospheric conditions favor higher net ra-
diation when moving from sparse to dense canopies
while all other conditions are unchanged. However, for
afixed canopy density, net radiation at the snow surface
is still higher for higher incoming longwave or short-
wave radiation or lower snow albedo.

The radiant canopy temperature T, was deduced from
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longwave irradiances below and above the canopy [Eq.
(2)]. In Wolf Creek, T, was dlightly lower than the air
temperature above the canopy, but the difference re-
mained small (1.2°C on average; Fig. 4). A large part
of the longwave emission by the canopy probably orig-
inates from needles and small branches in thermal equi-
librium with the air. Below the canopy at Wolf Creek,
trunks are shaded and are generally colder than the air
during daytime. During snowmelt in dense high-latitude
coniferous forests, air temperature can therefore be used
as a substitute for the canopy radiant temperature. In
more open forests, like Fraser, trunks tend to be more
heated by direct shortwave radiation, causing large tem-
perature differences between vegetation and air at low
wind speeds (Otterman et al. 1988; Rowlands et al.
2002), which may lead to large errors in cal culations of
L1 assuming T, = T,,. However, the focus here is on
climates (early spring) and canopy properties (densefor-
ests) that favor the occurrence of the “radiative para-
dox’’: these conditions aso favor small differences be-
tween T, and T.. In Fraser, the atmospheric data were
used to simulate the net radiation below hypothetical
forests denser than the real one.

Two relationships between the sky-view factor and
the mean shortwave transmissivity of the canopy were
considered: the equality V; = 7. and a logarithmic re-
lation derived from LI-COR LAI-2000 measurements
by Pomeroy et al. (2002) in eight boreal forests [Eq.
(11)]. However, the LAI-2000 derives the sky-view fac-
tor beneath the canopy and the foliage area index from
measurements of the transmitted blue sky light (wave-
lengths 400—490 nm; Welles and Norman 1991). Thus,
Eg. (11) may be influenced by the calculations per-
formed by the LAI-2000 software.

Assuming a random distribution of leaves with a
spherical angle distribution, the hourly values of trans-
missivity in direct radiation were cal culated from foliage
area index and solar zenith angle through a Beer’'s law
relationship [Eqg. (13)]. The spherical assumption is
probably not correct for all coniferous forests (e.g.,
Black et al. 1991). However, this assumption allows
simple calculations whose results are roughly in agree-
ment with the observations in both cases studied, for
both clear and cloudy conditions (Figs. 5 and 6). The
spherical foliage angle distribution is also in agreement
with LAI-2000 measurements of the canopy ‘‘mean tilt
angle” (MTA) in the Wolf Creek forest: MTA = 59°
+ 6° (n = 12).

At both sites, the observed shortwave transmissivity
of the canopy in clear-sky conditions is close to the
calculated transmissivity for direct radiation (Figs. 5 and
6). The main deviations from Beer’s law occur around
noon at Fraser (Fig. 6). Thisdiscrepancy may comefrom
canopy heterogeneities in the rather open Fraser forest:
low solar zenith angles can give direct illumination of
large ground areas, violating the basic assumptions of
Beer’'s law. Indeed, pyranometer measurementsat 5-min
time steps show peaks of direct illumination around
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noon. For averaged radiation data, however, errors in
using Beer’s law remain low (about 15%).

The daily extinction coefficient for direct radiation
does not depend much on the foliage area index (Fig.
7b). The extinction coefficient is higher at the northern
site (Wolf Creek, k., = 1) than at the southern site
(Fraser, k.., = 0.75) because the spherical angle dis-
tribution of leaves intercepts more radiation at a large
zenith angle (Campbell and Norman 1998). As aresult,
in the spring climate of Wolf Creek, a canopy cover
increase causes a steady decrease in snowmelt when the
snow albedo is low, up to a density close to the actual
density of the studied spruce forest (Fig. 8). Large snow
albedo values cause a low dependence of snowmelt on
canopy cover or a steady increase in melt energy when
the canopy cover increases (Fig. 8). Theresults are sim-
ilar for Fraser, but, because of more southerly latitude,
shortwave irradiance is higher, such that offsets between
decreases of shortwave transmissivity and enhancement
of longwave subcanopy irradiance are less likely (Fig.
9). These results are more uncertain for large shortwave
transmissivities (more open forests) because solar heat-
ing of trees may invalidate the longwave assumptions,
increasing the long wave above the estimates.

In Wolf Creek, the daily sum of net radiation, which
isdirectly related to the snowmelt, depends on the func-
tional form of f(7.), giving differences in R, of up to
afactor of 2 (Fig. 8). Thus, in canopy radiative models,
the choice of the relation between V; and 7., which
depends both on climate and canopy structural prop-
erties, may have a strong impact on snowmelt calcu-
lations.

With the logarithmic relation for V, = f(7.), amin-
imum in net radiation seems to occur under clear and
cloudy conditions, independent of the snow albedo,
when the shortwave transmissivity is around 0.15, cor-
responding to LAI’ = 1.9 and 2.5 in Wolf Creek and
Fraser, respectively (Figs. 8 and 9).

The net radiation equation was differentiated with
respect to the shortwave transmissivity in order to study
the sensitivity of snowmelt to the snow albedo under
the canopy. When snow albedo exceeds athreshold («,),
the longwave irradiance enhancement by the canopy can
potentially offset the shortwave energy reduction. In the
Wolf Creek climate, the albedo threshold «, rangesfrom
0.5 to 0.7, depending on cloud cover. In Fraser, the
albedo threshold remains high (around 0.9) because of
high shortwave irradiance at this more southerly site.
Any increase in above-canopy longwave irradiance re-
duces the effects of longwave emission by the canopy,
such that situations of ““radiative paradox’’ are not fa-
vored and «, tends to increase. Cloud cover causes both
a reduction in incoming shortwave energy and an in-
crease in atmospheric emissivity, with countering effects
on «,. The overal effect of clouds on the threshold
albedo «, depends on climatic conditions.

Snowmelt or net radiation measurements under var-
ious canopy covers, but under the same climatic forcing,
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are not frequent. In Japan (42°N), Ohta et al. (1999)
observed only small changesin net radiation at the snow
surface below three coniferous and deciduous forests
(LAI" = 0.87, 1.73, and 6.00). In the same climatic
environment, Suzuki and Ohta (2003) did not observe
significant differences in snowmelt rates under sparse
(LAI" = 0.48) and dense (LAI’ = 1.05) larch forests.
Similarly, but in a different climate, Petzold (1981) ob-
served that the net radiation at the snow surface below
three boreal forests only depends a little on forest den-
sity. Pomeroy and Granger (1997) observed little dif-
ference in available melt energy between different Ca-
nadian boreal forests: jack pine (two sites, LAl = 2.2
and 0.8) and mixed wood (aspen and white spruce, LAI’
= 0.4). These examples are roughly in agreement with
the general offset between decrease in shortwave trans-
missivity and enhancement of subcanopy longwave ir-
radiance by the canopy shown in this sensitivity study
based on physical considerations.

6. Conclusions

This study examined the sensitivity of subcanopy net
radiation components during snowmelt to canopy char-
acteristics with reference to atmospheric conditions. A
simple model was derived from meteorological obser-
vationsin aspruceforest in the Yukon Territory, Canada
(60°N), and in a pine forest in Colorado (40°N). Asthe
snow surface beneath a canopy is not greatly cooled
during the night, the daily sum of the positive values
of the net radiation was used as an index of the snowmelt
rate. The dependence of subcanopy net radiation over
snow to canopy characteristics was described in terms
of mean shortwave transmissivity and sky-view factor.

It was found that the daily net radiation at the snow
surface under dense coniferous boreal forests does not
depend much on the canopy density when the snow is
clean (albedo > 0.5): the enhancement of subcanopy
longwave irradiance as canopy density increases gen-
erally compensates for the decrease of shortwave trans-
missivity. In both cases studied, foliage area indices
close to 2 (shortwave transmissivity around 0.15 and
sky-view factor around 0.2) seem to be associated with
a minimum of daily net radiation, independent of snow
albedo or cloud cover.
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