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Abstract:

Forest canopies reduce shortwave radiation and increase longwave radiation reaching the underlying surface, compared with
open areas, and thus influence rates at which forest snowpacks melt. The sub-canopy radiative environment can be highly
heterogeneous, with temporal persistence depending on canopy structure and differing for shortwave and longwave fluxes,
and this influences the rate at which snow-free ground emerges during snowmelt. Arrays of radiometers have been used
to measure spatial variability in forest radiation, but such instruments are expensive and require regular attention in snowy
environments. Hemispherical photography allows rapid collection of canopy structure data, and many software packages
have been developed for modelling transmission of shortwave radiation using hemispherical photographs, but modelling of
longwave radiation has received much less attention. Results are used here from radiometers located beneath lodgepole pine
stands of varying density at the Marmot Creek Research Basin in Alberta, Canada. A simple model using sky view calculated
from hemispherical photographs to weight longwave emissions from the canopy, calculated using measured air temperature
as a proxy for canopy temperature, and measured above-canopy longwave radiation is found to give good estimates for
spatial averages of sub-canopy longwave radiation, although standard deviations are generally underestimated. If above-
canopy longwave radiation is parametrized as a function of air temperature and humidity rather than measured, good results
are still obtained for daily and longer averages of sub-canopy longwave radiation. A multiple linear regression model using
measurements of above-canopy shortwave radiation to estimate daytime canopy heating gives better results in comparison

with individual radiometers. Copyright © 2008 John Wiley & Sons, Ltd.
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INTRODUCTION

Snow under forests is the source of the greatest proportion
of streamflow in Canadian mountain and boreal forest
regions (Gray, 1970) and is known to be very sensitive to
canopy structure (Metcalfe and Buttle, 1998; Sicart et al.,
2004). Canopy structure varies widely across boreal and
mountain forests from relatively open deciduous and taiga
stands to dense spruce and fir stands. This structure can
also change rapidly due to fire, harvesting, clearing for
agriculture and insect infestations such as mountain pine
beetle. It is expected to change further due to rapid recent
and anticipated climate warming (Danby and Hik, 2007).
Forest canopies strongly influence radiative fluxes reach-
ing the sub-canopy surface, and so influence temperatures
and melt rates for forest snowpacks. Shortwave radiation
is reduced by forest shading, but longwave radiation is
increased during the day as canopy elements are heated
by absorption of solar radiation, and during the night
as the canopy generally has a higher thermal emissivity
than the unobstructed sky. Sub-canopy radiation is also
highly heterogeneous, with higher shortwave radiation in
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sunflecks and higher longwave radiation close to sun-
lit trunks; spatial variance in radiation influences the
average rate of snowmelt if there is a covariance with
the spatial distribution of sub-canopy snow (Faria et al.,
2000). Forest hydrology snowmelt models often estimate
the longwave contribution as part of a sub-canopy net
radiation that is a linear function of above-canopy net
radiation, often by calibration of coefficients to the hydro-
graph. The assumption behind these methods is that net
radiation above and below the canopy are well corre-
lated, and the strength of this assumption is now well
known. Avoiding such an assumption requires explicit
calculation of short- and longwave radiation under forest
canopies. This is desirable not only for accurate mean
melt energy calculations, but also in order to investigate
the spatial distribution of melt energy under the canopy
and the effects that this may have on snow cover deple-
tion, and hence, areal melt rates.

Some sophisticated land surface models (e.g. Sell-
ers et al., 1986; Verseghy et al., 1993) predict radiative
fluxes beneath vegetation canopies, but these models have
high data requirements for meteorological inputs and
model parameters. Simple techniques using limited data
are needed for practical applications. Hemispherical pho-
tography provides a rapid method for gathering canopy
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structure data in the field; the use of hemispherical pho-
tography for studying forest light environments has a long
history (e.g. Evans and Coombe, 1959; Anderson, 1964),
and many software packages such as GLA (Frazer et al.,
1999) and Hemiview (Rich et al., 1999) have been devel-
oped for processing hemispherical images. Hemispherical
photography has also been used in studies of sub-canopy
snow distributions (Lundberg et al., 2004; Lépez-Moreno
and Latron, 2008). Prediction of shortwave radiation is
relatively straightforward, being largely determined by
canopy geometry and above-canopy radiation, but pre-
diction of longwave radiation requires additional infor-
mation on canopy temperatures (Pomeroy et al., 2007)
and has received much less attention. Accurate measure-
ments of canopy temperature are rarely available, except
at well-instrumented research sites, but air temperature is
more commonly measured; it may be that air temperature
can be used as a proxy for canopy temperature in suffi-
ciently dense forests with limited direct solar heating of
the parts of the canopy visible from the ground (Sicart
et al., 2004).

In this paper, we test the accuracy with which long-
wave radiation can be predicted beneath coniferous
canopies of varying density using hemispherical pho-
tography and measurements of air temperature but no
information on canopy temperatures, either with or with-
out measured above-canopy longwave radiation. Multi-
ple linear regression is used to assess by how much
these predictions can be improved if above-canopy short-
wave radiation measurements are also available, and
relationships between the regression coefficients and
hemispherical sky view are investigated. The accu-
racy with which regression coefficients obtained from
short periods of sub-canopy radiation measurements can
be used to make long-term radiation predictions is
tested.

SITE DESCRIPTIONS

The study was conducted in and near the Marmot Creek
Research Basin, Alberta, Canada (50°57'N, 115°09'W).
Elevations in the basin range from 1350 to 3100 metres
above sea level (m.a.s.l.), of which the lower parts are
covered by lodgepole pine forest (Pinus contorta var.
Latifolia). Fluxes of incoming longwave radiation were
measured beneath two lodgepole pine canopies and in
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one small clearing, all of which had melting snow on the
ground. Sites were established at a southeast-facing slope
(125° azimuth, 26° slope) with discontinuous canopy
cover and non-uniform tree sizes at 1563 m.a.s.l., a level
forest with continuous canopy cover and uniform tree
sizes at 1528 m.a.s.l., and a small level forest gap in a
camp ground south of Marmot Creek; photographs of the
sites are shown in Figure 1. Reference incoming short-
wave and longwave fluxes were measured in a large level
clearing and taken to be representative of above-canopy
radiation. Sub-canopy radiation was measured using an
array of ten Kipp and Zonen CM3 shortwave pyra-
nometers and ten Eppley PIR longwave pyrgeometers
controlled by Campbell Scientific CR10X dataloggers
programmed to store 5-min averages of measurements
made every 10 s. Fairall et al. (1998) estimated the pre-
cision of the PIR measurements to be 1-5% (~5 Wm™2),
and the radiometers are regularly tested in side-by-side
comparisons. Link et al. (2004) and Essery et al. (2007)
discuss confidence levels for statistics calculated from
array measurements in forests. Although the radiome-
ter array was only run for a short period at each site,
longer data records are available from several fixed long-
wave radiometers: one at the level forest site, three at the
southeast-facing forest site and one at a nearby north-
facing forest site. Fifteen-minute averages are recorded
for these radiometers.

Spatial variations in sub-canopy radiation were mea-
sured by placing the longwave and shortwave radiometers
on the ground in pairs at each site. The radiometer pairs
were distributed randomly within circles of 7 m radius
(determined by the cable length) around central logger
positions in the level and southeast-facing forest sites,
but they were placed along a 14-m line running across
the forest gap site from the south to a few metres back
under the canopy on the north of the gap. The radiometers
were inclined to the local slope at the southeast-facing
forest site but were levelled at the other sites, so sub-
canopy radiation in this paper always refers to fluxes
perpendicular to the surface. Three days of data were
obtained at each site, the array being run for 11-13
March 2005 in the southeast-facing forest, 15—17 March
2005 in the level forest and 14—16 March 2006 in the
forest gap. Sub-canopy measurements of air temperature
and humidity were available for the level and southeast-
facing forest sites but not for the forest gap; data from
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Figure 1. Photographs of (a) the southeast-facing forest site, (b) the level forest site and (c) the forest gap site (showing several of the radiometer
pairs)
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the level forest will be used for this site when required.
Above-canopy shortwave and longwave radiation for the
periods of the sub-canopy measurements are shown in
Figure 2; a range of weather conditions was experienced,
but there were no completely clear or completely overcast
days.

The forest canopies were characterized by taking
hemispherical photographs above each radiometer. The
camera was levelled for photographs taken at the level
forest and forest gap sites but set parallel to the slope
at the southeast-facing forest site. A manually selected
brightness threshold was applied to each photograph to
make canopy masks; examples are shown in Figure 3
for one radiometer location in each of the level and
southeast-facing forests and for the radiometer locations
with greatest and least canopy closure in the forest gap
site. Because the camera was tilted to match the slope,
the trunks appear curved in Figure 3(a) and some ground
is included in the hemispherical view.
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LONGWAVE RADIATION MODELLING
Downward longwave radiation at a point beneath a forest
canopy is given by

L} =vLjp+ (1 —v)oT: (1)

where v is the sky view factor for the sub-canopy
point, Lo is the above-canopy longwave radiation, o
is the Stefan-Boltzmann constant and 7 is the canopy
temperature; because different parts of the canopy will
have different temperatures and the canopy emissivity
will not be exactly equal to 1, this is an effective radiative
temperature for the visible parts of the canopy. The sky
view is calculated as

1 /2 2

U= — / deo / dpsinfcosb c(9, ¢) 2)

T Jo 0
where c is 0 if the sky is obscured by canopy or ground at
elevation angle 0 and azimuth ¢ and is 1 otherwise. For
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Figure 2. Shortwave radiation (left) and longwave radiation (right) measured above (solid lines) and below (dotted lines) the canopies for the periods
that sub-canopy radiometer arrays were deployed in (a) the southeast-facing forest, (b) the level forest and (c) the forest gap. Dashed lines show
modelled above-canopy longwave radiation
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Figure 3. Examples of hemispherical images for (a) radiometer 10 in the southeast-facing forest, (b) radiometer 5 in the level forest, (c) radiometer
3 in the forest gap and (d) radiometer 7 under a tree at the north end of the forest gap. Skyview factors for these images are 0-26, 0-25, 0-52 and
0-20 respectively

an equiangular hemispherical lens projection, direction where r is the radius of the horizon circle on the image.
(6,¢) maps onto a point (x,y) on the image, measured Sky view can be calculated from digital hemispherical

from the centre, such that images by dividing the image into ny elevation bands
and n, azimuth bands, and discretizing Equation (2) as
2 2412
9:5 ]_w 3) T Qe le '
2 r v= D sint;cosb; c(;. ¢)). 5)
noly 21 =1

and (Y Sky views for each of the radiometer locations are

¢ = tan ( ) () given in Tables I-IV.

Table I. Statistics for the southeast-facing forest site. The columns, from left to right, are radiometer number, sky view, average

enhancement of longwave radiation by the canopy, bias and root mean square (rms) errors and r> obtained using measured

above-canopy longwave radiation (L}o), bias and rms errors and r* obtained using modelled above-canopy longwave radiation
(Lym), and rms errors and r? for multiple linear regression (mlr)

Radiometer v L¢ — L¢0 Lu) L¢m mlr
bias rms r? bias rms r? rms r?

1 0-49 25-29 —1.04 8-03 0-88 2-45 17-19 0-48 6-35 0-92
2 0-48 23-47 1-15 7-31 0-90 4.58 16-92 0-50 6-11 0-93
3 0-18 41-39 —2-86 8-80 0-89 —1.53 10-41 0-84 5-78 0-95
4 0-39 27-01 1-92 7-16 0-90 470 14-69 0-60 6-08 0-92
5 0-32 33.03 —0-87 7-08 0-90 1-42 12-33 0-69 5-16 0-94
6 0-29 35.04 —1-34 8-19 0-87 0-71 12-10 0-72 5-68 0-94
7 0-31 35-33 —2.72 7-79 0-89 —0-50 11-98 0-70 5-50 0-94
8 0-27 38-86 —4-14 8-98 0-88 —2.24 11-64 0-75 5-82 0-94
9 0-24 40-02 —4.24 9-24 0-88 —2-50 11-48 0-78 5-78 0-94
10 0-26 38.76 —3.63 8-87 0-87 —-1-79 11-53 0-75 5-84 0-93
Mean 0-32 33.82 —1.78 7-34 0-90 0-53 12-30 0-69 5-22 0-94
Copyright © 2008 John Wiley & Sons, Ltd. Hydrol. Process. 22, 2788-2800 (2008)
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Table II. As Table I, but for the level forest

Radiometer v L, —Ly Ly Lim mlr
bias rms r? bias rms r? rms r?
1 0-24 48-96 —8:10 9-97 0-84 —4-19 8-95 0-68 2-70 0-96
2 0-25 4720 —6-98 8-89 0-85 —2.87 8-65 0-64 2.97 0-95
3 0-26 46-40 —6-51 8.67 0-84 —2:30 8:51 0-65 3-09 0-95
4 0-25 4841 —7.76 9-94 0-81 —3.78 9-16 0-63 3-09 0-95
5 0-25 46-97 —6-50 8.67 0-84 —2.46 8-65 0-63 2.92 0-95
6 0-25 4591 —5-56 817 0-83 —1-49 8.82 0-61 2.95 0-96
7 0-27 46-65 —7-43 9-42 0-84 —3-03 9-29 0-60 2-86 0-96
8 0-28 46-14 —7-29 9-39 0-83 —2.77 9-53 0-59 3-10 0-95
9 0-26 4571 —5.97 8.27 0-84 —-1.72 9-19 0-58 3-13 0-95
10 0-29 45-14 —6-99 9-00 0-84 —2:26 879 0-62 3-06 0-95
Mean 0-26 46-75 —691 8.93 0-84 —2.69 8.82 0-63 273 0-96
Table III. As Table I, but for the forest gap
Radiometer v Ly — Ly Ly Ly mlr
bias rms r? bias rms r? rms r?

1 0-37 44.93 242 5-81 0-93 0-19 11-08 0-70 4.99 0-93
2 0-50 34.11 3.59 6-32 0-94 0-58 14.57 0-46 4.90 0-94
3 0-52 34.51 1-59 5-46 0-94 —1.54 15-11 0-44 4.67 0-95
4 0-50 33.10 456 7-56 0-93 1-56 15-90 0-44 5-09 0-94
5 0-47 37-62 222 6-08 0-94 —0-61 1434 0-53 4.82 0-94
6 0-42 41.97 1.93 6-26 0-93 —0-58 13-23 0-63 4.79 0-95
7 0-20 65-81 —5-28 991 0-87 —6-45 11-12 0-90 6-18 0-92
8 0-35 49-51 —0-55 7-40 0-90 —2-65 12-54 0-74 5-89 092
9 0-20 65-19 —4-76 9-02 0-89 —5-95 10-42 0-93 5-60 0-93
10 0-24 66-27 -9.21 11-82 0-89 —10-67 13-55 0-93 5-18 0-94
Mean 0-38 47-30 —0-35 570 0-93 —2-61 11.72 0-73 4.59 0-95

Table IV. Statistics for sub-canopy longwave radiation predicted by multiple linear regression for the five long-term radiometers.
Results are given separately for the calibration period (11-20 March 2005) and the evaluation period (21 March—19 July 2005)

Aspect v Calibration Evaluation Daily rms
L, —Ly rms r? L,—Ly bias rms r?

Southeast 0-28 36-02 3-11 0-98 54.46 —0-63 4-96 0-98 3.26

Southeast 0-49 22-99 819 0-85 29-86 -0-77 9-68 0-92 4.96

Southeast 0-31 31-60 3-66 0-97 49.53 —1.01 5-56 0-98 3.59

Level 0-28 32-08 4.77 0-95 44-86 —343 6-76 0-98 5-08

North 0-19 37-75 2-56 0-99 53.70 —2.06 3.76 0-99 293

Three simple parametrizations of Equation (1) are
tested in the next section, each with different data require-
ments. The first model uses measurements of above-
canopy longwave radiation and sub-canopy air tempera-
ture with sky view obtained from hemispherical images.
The effective canopy temperature is simply assumed to be
equal to the air temperature, T,. Expanding Equation (1)
to first order in the difference between canopy and air
temperatures, errors in sub-canopy longwave radiation
due to this assumption are related to temperature dif-
ferences by

AL, ~ 4(1 —0)oT3 (T, — T,). (6)

Errors might be expected to be largest on clear days

and close to sunlit trunks due to shortwave heating.

Copyright © 2008 John Wiley & Sons, Ltd.

Canopy temperatures can fall below air temperatures
on clear nights due to longwave radiative cooling, but
thermal inertia might keep trunk temperatures above
air temperatures overnight. Measurements of canopy
temperatures for some of the same sites used here are
discussed by Pomeroy et al. (2007).

Longwave radiation is absorbed and emitted from the
atmosphere depending on temperature and humidity pro-
files, with much of the incoming radiation at the sur-
face emanating from the lower layers of the atmosphere.
When measurements of neither incoming longwave radi-
ation nor atmospheric profiles have been available, many
studies of snowmelt modelling (e.g. Yang et al., 1997;
Slater et al., 2001; Bowling et al., 2003) have mod-
elled longwave radiation as a function of near-surface air

Hydrol. Process. 22, 27882800 (2008)
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temperature and humidity. A second sub-canopy long-
wave radiation model is tested here with measurements
of Lo replaced by modelled values using the method of
Iziomon et al. (2003), as implemented in the MicroMet
model of Liston and Elder (2006). This uses measured
air temperature and humidity to calculate an effective
atmospheric emissivity, including the influence of mod-
elled cloud cover, to give L g = e0oT,*. The atmospheric
emissivity is modelled by

g0 = k(1 +Zf2) {I—Xexp <—Y6)] )

T,
where « is a calibration parameter (Liston and Elder,
2006), X, Y and Z are height-dependent parameters
(Iziomon et al., 2003), e (Pa) is vapour pressure and f
is the fraction of cloud cover, parametrized as

RH70 — 100)

41-6 ®)

fe=0-832exp (
for relative humidity RH7gp (%) at 700 mb height,
obtained by applying fixed lapse rates to the near-surface
air temperature and dew point (Liston and Elder, 2006).
Canopy temperatures are rarely measured, and the
appropriate canopy temperature for Equation (1) is some
weighted average of temperatures for sunlit and shaded
trunks, branches and foliage (Pomeroy et al., 2007). It
might be expected, however, that the largest differences
between canopy and air temperatures will occur when
canopy elements are heated by shortwave radiation on
sunny days, and better simulations might be achieved
if measurements of above-canopy incoming shortwave
radiation S are available. This possibility is tested by
fitting a third model

L, =co +CLL¢()+CTO'T2 + ¢80 )

to measurements from each pyrgeometer by multiple
linear regression, where c( is a constant and cp, ¢y and
cs are weightings for longwave radiation, air temperature
and shortwave radiation. If canopy radiative temperatures
were exactly equal to air temperatures, the expected
coefficients would be ¢y =0, ¢, =v, cr=1—v and
¢s = 0. If it is non-zero, ¢y can be interpreted as the
efficiency with which shortwave radiation is absorbed
by the canopy and converted to downwards longwave
radiation.

RESULTS

Spatial averages of measured sub-canopy longwave and
shortwave radiation are compared with above-canopy
radiation in Figure 2. Shortwave radiation is reduced
beneath the canopies, particularly for the dense canopy
at the level forest site. Although most of the radiometers
at the forest gap site were not beneath a canopy, the
shortwave radiation is still reduced because the gap is
shaded by trees to the south. Above-canopy shortwave
radiation is lower on cloudier days, but larger fractions

Copyright © 2008 John Wiley & Sons, Ltd.
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are transmitted to the forest floors. Longwave radiation is
increased beneath the canopies, but differences between
above-canopy and sub-canopy longwave radiation are
lower during cloudy periods because the emissivity of the
sky visible through canopy gaps is increased and heating
of the canopy by shortwave radiation is reduced.

Array measurements with short averaging periods
show high spatial variability in sub-canopy radiation,
particularly for the strong bimodal distribution of short-
wave radiation in sunflecks and shadows on clear days.
For processes such as cumulative snowmelt that integrate
the surface energy balance over time, it is important to
consider how static the patterns of sub-canopy radiation
are (Essery et al., 2007). Figure 4 shows spatial stan-
dard deviations calculated from array data with varying
time averaging periods from 5 min to 3 days. Standard
deviations of shortwave radiation decrease strongly as
the averaging period increases, but standard deviations
of longwave radiation remain nearly constant; patterns

(@ 30 . . .
ki +
£ Ty
~ 20_ + + -
5 o,
3 +
% 10 .
o C OO0 00O OO0 O
2
U) 1 1 1
0.01 0.1 1 10 100
Averaging time (hours)
() 10 T . .
c}’z‘\ L |
£ 8r + .
E + ]
g °f + ]
-‘(é 41 + a
E - -
° Ll R I
g I CO 000000 0o o
O 1 1 1
0.01 0.1 1 10 100
Averaging time (hours)
(© 30 T " .
&
£
<~ 20} + + -
1< +
S Ty
= 000 00 e ¢ O
o +
% 10 E
<
el
ey
n
O 1 1 1
0.01 0.1 1 10 100

Averaging time (hours)

Figure 4. Spatial standard deviations of shortwave (+) and longwave (0)
radiation for varying averaging periods in (a) the southeast-facing forest,
(b) the level forest and (c) the forest gap
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of light and shade move across the surface as the sun
moves during the day, and patterns of canopy heating
change, but patterns of sub-canopy longwave enhance-
ment due to restricted sky view and increased emissivity
under canopies remain fixed. For the forest gap site, the
standard deviation of longwave radiation actually exceeds
that for shortwave radiation for averaging periods longer
than a day.

Time series of averages and standard deviations of sub-
canopy longwave radiation calculated from Equation (1)
with air temperature as a proxy for canopy tempera-
ture are compared with measurements for each site in
Figure 5, and statistics for individual radiometers are
given in Tables I-1III. Averages of measured and mod-
elled longwave radiation are within 9 Wm~2 of each
other and root mean square (rms) errors are less than
10 Wm™2 for all radiometers except for one (radiometer
10) under the canopy at the north of the forest gap site;
correlation of measured and modelled time series gives
r? better than 0-8 for all points. A time lag is apparent
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between the increase in measured and modelled long-
wave radiation for the sunnier days at the level site (days
74 and 76) and the southeast-facing site (day 70), possi-
bly because direct warming of the canopy by shortwave
radiation leads to an immediate increase in longwave
radiation emission, but the air is gradually warmed by
transfer of sensible heat from the canopy. At the level site,
the average radiation is underestimated by 6—-8 Wm™2 for
all radiometers; this could be due to an underestimate
of canopy temperatures due to persistent air tempera-
ture inversions under the canopy or an overestimate of
sky views. Standard deviations of longwave radiation are
generally underestimated on the sunnier days at all sites.

Modelled above-canopy longwave radiation is com-
pared with measurements for each site in Figure 2. The
model does not capture all the variations in radiation
but gives average values quite well; average errors are
7, 16 and —6 Wm~2, and rms errors are 30, 34 and
27 Wm~™2 for the periods that the array was operated in
the southeast facing forest, the level forest and the forest
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Figure 5. Spatial averages (left) and standard deviations (right) across the radiometer arrays for (a) the southeast-facing forest, (b) the level forest and
(c) the forest gap. Thin lines are from measurements and thick lines are from the model using measured sky view, air temperature and above-canopy
longwave radiation
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gap, respectively. Sub-canopy longwave radiation calcu-
lated using modelled above-canopy radiation is shown
in Figure 6, and statistics for individual radiometers are
again given in Tables I-III. A general overestimation
of above-canopy radiation reduces the negative bias in
sub-canopy radiation at the level site, but rms errors and
correlation are generally not as good across the sites as for
the model using above-canopy radiation measurements
Bias errors for the multiple linear regression model
are zero by construction, so Tables I-III only shows rms
errors and correlation for this method; these are better
than for the other methods, as can also be seen from
the comparisons with measured averages and standard
deviations in Figure 7, but the evaluation is not indepen-
dent of the measurements. The rms errors are close to
the estimated uncertainty in the longwave radiation mea-
surements. Regression coefficients are shown in Figure 8
(a)—(c). Weightings increase for longwave radiation and
decrease for air temperature with increasing sky view,
lying close to ¢y = v and ¢t = 1 — v. The shortwave
weighting is small but positive for all radiometers and
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generally decreases with increasing sky view, suggesting
that this term accounts for daytime heating of the canopy
above the air temperature, but there is a lot of scatter.
A unique relationship would not be expected between
shortwave weighting and sky view, as radiative heat-
ing of the canopy will depend on how canopy elements
are distributed in the hemispherical view; decreasing sky
view could both increase the amount of canopy in view
and decrease the penetration of shortwave radiation for
heating the visible parts of the canopy. Figure 8§ (d)
shows fractions of temporal variance in sub-canopy long-
wave radiation explained by each of the input variables.
Air temperature explains a greater fraction of variance
than above-canopy shortwave radiation, and both show a
decrease with increasing sky view, whereas the fraction
of variance explained by above-canopy longwave radia-
tion increases and would, of course, exactly match the
variance for a completely open site.

The regression model gives better results than the
other methods presented above, but this is of limited
value as the evaluation data was used in fitting the
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Figure 6. As Figure 5, but for the model using measured sky view and air temperature and modelled above-canopy longwave radiation
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Figure 7. As Figure 5, but for the linear regression model using measured air temperature, above-canopy longwave radiation and above-canopy
shortwave radiation

regression coefficients. This method would be of practical
use, however, if sub-canopy radiometer data from a
short calibration period can be used to predict radiation
for other periods with different conditions; a single
radiometer, moved between several locations, could then
provide coefficients for spatial modelling of sub-canopy
radiation. To test this possibility, Equation (9) was fitted
to time series from each of the long-term radiometers for
the 10-day period 11-20 March 2005. The model was
then run on for 120 days up to 19 July 2005 without
calibration. Scatter plots of measured and modelled
longwave radiation for each radiometer are shown in
Figure 9 (a)—(e), and statistics for the calibration and
evaluation periods are shown in Table IV. The rms errors
in both calibration and evaluation are largest for the
most open of the radiometer locations. Although the
performance is not as good for the evaluation period as
for the calibration period, the rms errors remain better
than 10 Wm™2 for 15-min averages, and close to or
better than 5 Wm~™2 for daily averages. Figure 9 (f)
compares calibration and evaluation rms errors obtained
for each radiometer using any 10-day period in the

Copyright © 2008 John Wiley & Sons, Ltd.

dataset for calibration; it appears that sites and calibration
periods giving larger evaluation errors can be identified
as they tend to also give larger calibration errors. Results
obtained using Equation (1) with measured longwave
radiation are almost as good as the regression model
results for the evaluation periods, with rms errors ranging
from 4-8 to 10-1 Wm™2.

Leaf area index (LAI) is a more commonly used
measure of canopy density than sky view and can be
measured by remote sensing (Chen and Cihlar, 1996;
Riafio et al., 2004), so a relationship between the two
would be useful for large-scale modelling of sub-canopy
longwave radiation, along with models for variations in
air temperature and above-canopy longwave radiation if
applied to regions with significant topography (Liston and
Elder, 2006). LAI can also be measured by methods based
on inversions of Beer’s law,

G©) ]

T = exp [——QLAI

10
sin @ (10)

where G is a foliage orientation distribution function
(Nilson, 1971; Weiss et al., 2004), 2 is a clumping factor
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Figure 8. Linear regression coefficients for (a) above-canopy longwave radiation, (b) air temperature and (c) above-canopy shortwave radiation for

radiometers at the southeast-facing forest (+), level forest (¢) and forest gap (A) sites. The lines in (a) and (b) are ¢, = v and ¢y = 1 — v. (d) shows

the fraction of variance explained by above-canopy longwave radiation (+), air temperature (¢) and above-canopy shortwave radiation (A) for each
sub-canopy radiometer

n
and .

T de c(0, ¢) an

B 2w 0
is calculated from hemispherical photographs or trans-
mission measurements. For the case of horizontal canopy
elements, as deduced by Pomeroy and Dion (1996) from
shortwave radiation measurements under a pine canopy,
G = sin 8. Substitution in Equation (2) then gives a sim-
ple relationship of the form

v = exp(—QLAI). (12)

Based on a literature review, Verseghy et al. (1993)
used this equation for modelling sub-canopy long-
wave radiation in the Canadian Land Surface Scheme
(CLASS), with = 0-5 for needle-leaf trees, and Bartlett
et al. (2006) tested the sensitivity of CLASS sub-canopy
snow simulations to variations in v. Pomeroy et al. (2002)

obtained a different empirical relationship
v =0-45 — 0-29In(LAI) (13)

Copyright © 2008 John Wiley & Sons, Ltd.

from optical measurements in eight forest stands, but
this is close to Equation (12) with Q = 0-74. Leaf area
indices and sky views for each of the radiometer locations
and the data of Pomeroy et al. (2002) are plotted on
Figure 10. Most of the points lie close to Equation (12),
but those for the radiometers in the forest gap do not;
the assumptions behind the relationship between radiation
transmission and LAI in Equation (10) do not apply in
such locations. Because the gap is small enough that the
sky view is restricted by trees around the edge of the gap,
optical calculations of LAI give values greater than zero
even for points that are not under the canopy.

CONCLUSIONS

Longwave radiation at sites with varying canopy cover
has been predicted using three models with different
data requirements: an uncalibrated model using mea-
surements of sub-canopy sky view, air temperature and
above-canopy longwave radiation; the same model with
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Figure 9. Sub-canopy longwave radiation measured by the five long-term radiometers and modelled by the regression model with a 10-day calibration
period. Grey points in (a)—(e) show 15-min averages and black crosses show daily averages. (f) shows evaluation and calibration errors for each
possible 10-day calibration period for radiometers 1 (+), 2 (9), 3 (A), 4 (O0) and 5 (x), as listed in Table IV

modelled rather than measured above-canopy longwave
radiation; and a model using measured air tempera-
ture, above-canopy longwave radiation and above-canopy
shortwave radiation calibrated by multiple linear regres-
sion against measured sub-canopy longwave radiation.
None of the models requires direct measurements of
canopy temperatures.

Compared with radiometer array measurements of sub-
canopy longwave radiation over 3-day periods at three
different sites, the uncalibrated model with measured
above-canopy radiation gives rms errors of less than
10 Wm™? in spatial averages for each site and for all
but one of the individual radiometer locations. Spatial

Copyright © 2008 John Wiley & Sons, Ltd.

standard deviations are generally underestimated, and
errors for radiometers in a forest gap increase towards
the north edge of the gap, where errors due to underes-
timation of canopy heating by shortwave radiation are
expected to be greatest. The modelled above-canopy
longwave radiation has less temporal variability than
observed, and rms errors for predicted sub-canopy long-
wave radiation are larger when it is used in place of
measurements, but there is little or no degradation in the
simulation of sub-canopy longwave radiation averaged
over the 3-day periods. The regression model gives the
lowest rms errors and highest correlation with measured
sub-canopy longwave radiation because its coefficients
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Figure 10. Leaf area index and sky view for each of the radiometers at the

southeast-facing forest site (+) and the level forest site (x). Filled circles

show results for radiometers that were under the canopy at the forest gap

site and open circles are for radiometers in the gap. Triangles show data

from Pomeroy et al. (2002) and the line is given by Equation (11) with
Q=074

are fitted by minimization of rms errors. Weightings
for above-canopy shortwave radiation are positive for
all radiometer locations, suggesting that the model cal-
ibration is compensating for underestimates in canopy
temperature due to solar heating. Although the regres-
sion model requires sub-canopy radiation measurements
for calibration, it was found that the model could be run
for longer periods with little degradation in results after
a 10-day calibration period. Sites and calibration peri-
ods for which the calibration errors are larger generally
appear to give larger evaluation errors, so the accuracy
of the model can be estimated a priori.

Hemispherical photographs provide a useful means of
estimating sky view at field sites, but estimates of sky
view can also be made using leaf area index, which
can be mapped over larger areas using standard remote
sensing techniques. It should be noted that the techniques
shown here are strictly empirical, but such techniques
may prove useful in helping to define scaling functions
for more physically based techniques of estimating sub-
canopy longwave and are instructive as to the primary
driving factors.
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