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Abstract Longwave radiation is often the dominant source of energy for snowmelt in forests.
Measurements at forest sites of varying density in Sweden and Finland show that downwelling longwave
radiation is enhanced under forest canopies, even for sparse canopies and particularly for clear skies. Canopy
density must be estimated accurately to predict this enhancement. Linear regression with above-canopy
longwave radiation and air temperature as predictors of sub-canopy radiation gives good predictions of
sub-canopy longwave radiation with weightings for transmission through canopy gaps that are close to
measured sky view fractions. Air temperature serves here as a proxy for effective canopy radiative temperature.
Adding above-canopy shortwave radiation as a predictor gives little improvement in the predictions,
suggesting that daytime heating of trunks above the air temperature (“hot trees”) has limited influence on
longwave radiation under these continuous canopies. The influence of canopy temperatures falling below the
above-canopy air temperature (“cold trees”) on calm, clear nights, however, is apparent. Decoupling of canopy
and above-canopy air temperatures in an energy balance model of the type used in large-scale land surface
modeling allows this cooling.

Plain Language Summary Longwave radiation is a component of the total energy budget between
the atmosphere and the land surface. It is often the most important source of energy for snowmelt in forests.
The amount of longwave radiation received by snow depends on the temperature and thermal emissivity of
the forest canopy and sky. Forest canopies usually have higher emissivities than the sky and forests enhance
longwave radiation, so accurate estimation of forest canopy density is critical for simulation of longwave
radiation to the snow surface. Air temperature works well as a proxy for forest canopy temperature in boreal
forests in Sweden and Finland. However, whether the air temperature used as a proxy is measured above or
below a forest canopy can be important. Usually, above canopy air temperature works well as a proxy, but
on calm, clear nights, forest canopy temperatures fall much lower than above canopy air temperatures. These
periods of low canopy temperature require decoupling from above canopy air temperature by a model to
simulate longwave radiation more accurately to snow.

1. Introduction

Boreal forests strongly mediate winter and spring energy fluxes between the atmosphere and the snow-covered
land surface. The overlapping area of snow and boreal forest annually covers up to ~8.9 million km? of the
Northern Hemisphere (Rutter et al., 2009). Forest canopy structure varies widely across boreal forests, ranging
from sparse canopies in forest-shrub and forest-grassland ecotones at altitudinal and latitudinal tree lines, to forest
gaps in discontinuous canopy cover, through to continuous canopy cover in dense boreal forest. With increas-
ing canopy cover, energy fluxes at the snow-covered land surface become increasingly dominated by longwave
emittance, which is largely controlled by the temperature of canopy elements (trunks, branches, needles) facing
the snow surface. Where canopy radiative temperatures are greater than those of the snow surface, especially
during melt periods when maximum snow surface temperatures are limited to 0°C, positive net longwave fluxes
into snow dominate the energy balance (Hotovy & Jenicek, 2020; Webster et al., 2016), increasing melt rates
(Lundquist et al., 2013) and land surface warming. When canopy temperatures are cooler than the snow surface,
negative net longwave fluxes may delay surface warming. Hence, longwave radiation to sub-canopy snow in
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boreal forests has considerable implications for the timing of water availability, ecological functioning, and forest
micrometeorology.

Simulation of sub-canopy longwave radiation requires accurate parameterization of forest canopy temperature
to combine the usually cooler downwelling atmospheric component of total longwave radiation with that of
the warmer forest canopy. Such two-component partitioning allows effective model parameterization of the
atmosphere and forest canopy through measurement of sky-view fraction (Essery et al., 2008; Sicart et al., 2006;
Webster et al., 2016). This is beneficial as uncertainty in measured sky-view fraction can be well constrained
experimentally at a point using hemispherical photography (Jonas et al., 2020) and related to canopy parameters
more commonly used in Earth System Models to describe forest biomass, for example, effective leaf area index
(Musselman et al., 2012). However, a range of additional canopy parameters are often used in models, for exam-
ple, plant area index, stem area index, canopy height, and multiple in situ methods are used to quantify canopy
structure, for example, destructive sampling, allometric relationships using diameter of trunks at chest height,
photogrammetry, laser scanning, and so on. Consequently, model evaluation requires both constrained experi-
mental uncertainty in point measurements and an appreciation of uncertainties linking measured canopy metrics
to modelled canopy parameters.

Where sky-view fraction is a well-constrained parameter in a two-component model, remaining model uncertain-
ties occur when estimating temperatures of down-facing canopy elements. Temperature measurements of indi-
vidual canopy elements using contact thermocouples and infrared sensors, which often show strong solar heating
in discontinuous forest canopies (Musselman & Pomeroy, 2017; Pomeroy et al., 2009; Rowlands et al., 2002;
Webster et al., 2016, 2017), provide valuable insights into emitting temperatures of down-facing canopy elements.
However, making broad, spatially distributed temperature measurements of all down-facing canopy elements
using up-facing infrared imagers remains challenging, as mixed pixels combining sky and trees prevent tempera-
ture measurements solely of the canopy.

Without independent measurements of down-facing canopy temperatures, an assumption is sometimes made
that the canopy is in equilibrium with air temperatures (Essery et al., 2008; Lawler & Link, 2011). In the verti-
cal air temperature profile (below, within or above forest canopy), above canopy air temperatures are simu-
lated prognostic variables in Earth System Models or driving data in offline snow-physics models. Similarities
between above canopy air temperatures and calculated emitting canopy temperatures have previously been shown
(Pomeroy et al., 2009; Sicart et al., 2004), while Webster et al. (2016) also demonstrated that above-canopy
air temperatures provided the best proxy for canopy temperatures despite below-canopy air temperatures being
consistently cooler. Cooler below-canopy air temperatures occur as near-surface lapse rates often strongly diverge
from lapse rates of the free atmosphere; shallow air temperature inversions are common when radiative energy
loss from the snow surface causes cold air to pool (Lundquist et al., 2008). This divergence may be enhanced
through decoupling of near-surface and above-canopy air by frictional resistance of relatively dense, poorly venti-
lated forest canopies which reduces vertical turbulent mixing of air (Link & Marks, 1999). How frequent are
cold air pooling and decoupling of air above and below the canopy, and how influential they are on down-facing
emitting canopy temperatures, are uncertain.

The influences of boreal forests and snow cover on land surface energy balance have been of long-standing
interest for numerical weather prediction and climate modelling (e.g., Thomas & Rowntree, 1992; Viterbo &
Betts, 1999). Land surface models for such applications rely on simple characterizations of forest structure (typi-
cally forest fraction, canopy height and leaf area index averaged over large model grid boxes) but have high
meteorological input data requirements (including shortwave and longwave radiation fluxes, air temperature and
humidity, precipitation and wind speed on sub-daily timesteps). Whether provided by atmospheric models or
measurements, above-canopy meteorological variables are required. In models that calculate separate energy
and mass balances for forest canopies and underlying ground, surface, and canopy temperatures are prognostic
variables.

To improve simulations of boreal late-winter energy exchanges between the atmosphere and the land surface, in
this study we ask what impact does uncertainty in (a) canopy parameterization, and (b) emitting temperature of
the down-facing canopy have on the simulation of sub-canopy longwave radiation? Consequently, we (a) evaluate
how well a simple model of sub-canopy longwave emission works across a range of coniferous and deciduous
boreal forest plots at two Fennoscandian study sites, (b) assess the model sensitivity to uncertainty in canopy
cover, solar heating of the canopy and height of air temperature measurements, and (c) consider the impact on
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Table 1

Locations, Dates and Times of Data Collection; Qualitative Descriptions and Ranges of Sky View Fractions Calculated at the Positions of the LW Sensors for Each

Site

Location

Site

Start

End

Description

SVF range

Abisko 2011

Sodankyld 2012

Open

C
R1
R2
R3
R4

Open

R1
R2
R3
R4

7 March, 14:55
8 March, 15:05
10 March, 14:15
16 March, 14:30
22 March, 13:45
30 March, 14:45
8 March, 12:30
8 March, 11:30
8 March, 13:45
16 March, 08:40
23 March, 15:55
31 March, 12:35

5 April, 08:20
5 April, 08:55
16 March, 12:00
22 March, 10:20
30 March, 11:55
5 April, 10:50
25 April, 15:55
25 April, 09:10
15 March, 11:20
22 March, 10:35
31 March, 08:55
16 April, 04:35

Open meadow area

Medium density, mixed trees

Low density, small thin trees, windward forest edge
Low-medium density, mixed-size trees, leeward forest edge
High density, tall thin trees

Medium-high density, large polycormic trees

Top of meteorological tower

High density, tall pine trees

Low density, small pine trees

High density, medium pine trees

Medium density, mainly spruce but with some birch and pine

Low density, large pine, birch and spruce trees

0.52-0.90
0.73-0.97
0.63-0.96
0.43-0.60
0.43-0.75
0.36-0.42
0.51-0.89
0.45-0.48
0.28-0.57
0.29-0.56

model performance of temperature inversions in stable atmospheric conditions decoupling canopy temperatures
and above-canopy air temperatures. The ability of a land surface model to predict sub-canopy longwave radiation
when driven with above-canopy meteorology is discussed.

2. Study Sites

Measurements were made at two study sites in northern Sweden (March—April 2011) and Finland (March—April
2012). The Abisko study site (68.32°N, 18.83°E) was located approximately 3 km south of Abisko village. The
Sodankyla study site (67.36°N, 26.63°E) was located at the Arctic Research Center of the Finnish Meteorolog-
ical Institute (FMI). Solar elevation at solar noon ranged between 18.0 and 27.7° at Abisko and 18.8-31.5° at
Sodankylé during the study periods. At each site, five 20 X 20 m plots (see Table 1 for plot locations, descriptions
and measurement durations) were chosen to represent a breadth of canopy structural characteristics (e.g., height,
density) and range of sky view fractions. At each site, continuous sub-canopy longwave measurements were made
at plot C for the entire study period, while a separate roving array of sensors was moved between plots R1 and R4
(see Figure 1 in Reid et al. (2014) for summer aerial photos of sites and locations of plots).

At Abisko, the five plots were located across a 250 m extent in discontinuous forest close to treeline, dominated
by polycormic downy birch (Betula pubescens Ehrh.). At Sodankyld, the five plots were located across a 1 km
extent within a partially managed forest. Scots pine (Pinus sylvestris L.) dominated plots C and R1, plot R3 was
dominated by spruce (Picea abies (L.) Karsten), and plot R4 had a mix of Scots pine, spruce and silver birch
(Betula pendula Roth). See Appendix A for all measurements.

3. Methods
3.1. Meteorology

Air temperatures at 0.5 m above the snow surface were measured in each plot in Abisko and Sodankyld. At Sodan-
kyld, air temperatures were measured at additional heights on a tower located 200 m south east of R1: within
the canopy at 3 m and above the canopy at 18 m; the average tree height around the tower was 12 m (Kangas
et al., 2016). Above-canopy radiation measurements (longwave, total incoming shortwave, and diffuse shortwave
fraction) were made from a tower above the trees at Sodankyld and at the highest point in the open meadow site
at Abisko, which best approximated above-canopy conditions in lieu of a tower being available. An overview of
all instrumentation specifications can be found in Table 2.

Beneath the forest canopy, four longwave sensors within each plot (four in plot C and four in the roving array
moved between plots R1-R4) were placed on small plywood platforms on top of the snowpack and were manually
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Measurement frequency
5 s samples averaged to 5 min
5 s samples averaged to 5 min

Accuracy (sensitivity/fov)
+10% (5-20 pV Wm~2%/180°)
+10% (5-15 pV Wm~2%/150°)

5 s samples averaged to 5 min

Total: +12%Diffuse: +15%

BF3 sunshine sensor

Delta-T devices

Total and diffuse SW radiation (0.4-0.7 pm)

60 s samples averaged to 5 min

+0.3°C

WXT 520

Vaisala

Air temperature (0.5 m above snow surface)

Hourly averages

+0.3°C

PT100

Pentronic

Air temperature (18 m above ground)

5 s samples averaged to 5 min

+1°C

+2°C or 2% (fov: 24° x 18°)

Type-T thermocouples (Copper/Constantan)

RS Components

FLIR

Tree surface temperature - direct

Occasional samples

B620

Thermal Imagery (7.5-13 pm)

leveled each day. The four sensors were located to capture sky view fractions representative of the full range
measured at 10 positions in each plot (Table 1) and trunk-heating characteristics. This range was captured
by locating two sensors within 0.5 m north and south of a tree trunk, and the other two sensors in relatively
open and closed sections of the canopy.

Before deployment at Sodankyl4, the longwave sensors were compared side by side for 8 hours with a good
view of the sky from the frozen Kitinen River. The range between sensors was +3.2 W m~2 or +1.5%.
During each measurement campaign, plots were visited once or twice per day to manually clean and level
the longwave sensors. Measurements at both sites then underwent rigorous quality control to discard data
where sensors had been occluded by snow or frost, had tilted to unacceptable levels or where values were
unrealistic; see appendix B in Reid et al. (2014) for further details.

3.2. Forest Canopy Temperature and Sky View Fraction

Pairs of type T contact thermocouples, consisting of copper and constantan conductors, were embedded
within the tree trunk bark through small incisions, approximately one or 2 mm from the surface. Sixty-four
thermocouple pairs were inserted into single trees at Abisko C, Sodankyld C, and Sodankyld R4. Thermo-
couples were used in pairs at each position on the tree trunk to identify and remove faulty measurements.
Mean values of thermocouple pairs were subsequently calculated for each 5-min timestep at each trunk
position (11 March to 5 April 2011 in Abisko, 10 March to 12 April 2012 in Sodankyli), between 5 and
150 cm above the snow surface in north- and south-facing directions.

A FLIR B620 thermal camera was used to take images (640 X 480 resolution, camera positioned ~2 m
away from tree) of a west-facing pine tree trunk in Sodankyld R4. Snapshot measurements were made
periodically throughout the Sodankyld R4 measurement period to assess spatial variability of tree trunk
temperatures at sub-centimeter resolution.

Sky view fraction was characterized by hemispherical photographs taken 30 cm above the snow surface
during overcast conditions using a Nikon Coolpix 4300 digital camera with a Nikon FC-E8 fisheye
converter lens. Reid et al. (2014) provides further detail of the techniques to create sky view fraction from
raw hemispherical images, accounting for canopy and sky thresholding, and processing considerations
following Essery et al. (2008). Additionally, in the Abisko birch forest, light colored bark created reflective
trunk sections and leafless canopies caused free-flying branch elements; a branch-joining algorithm was
employed to correct errors (Reid & Essery, 2013).

The range of sky view fractions in each 20 X 20 m plot were characterized at 10 locations distributed on a
regular grid, plus the sky view fractions at the positions of the four longwave sensors. At Abisko, sky view
fractions ranged between 0.43 and 0.97, while at Sodankyld sky view fractions ranged between 0.28 and
0.89, but clustered between 0.28 and 0.57. High sky view fractions at Abisko reflected the broadleaved
deciduous (leaf-off) and sparse nature of the canopy, while lower sky view fraction at Sodankyli reflected
the largely coniferous needleleaved (evergreen) canopy.

3.3. Models

The next section presents results from empirical and physical models of sub-canopy downwelling long-
wave radiation. The simplest model just uses above-canopy longwave radiation, air temperature and sky
view fraction as inputs. Improvements in the performance of this model by calibrating sky view frac-
tion or including above-canopy shortwave radiation as a predictor are evaluated, and the impacts of using
either sub-canopy or above-canopy air temperatures are investigated. FSM2, a multi-physics snow model
(Essery, 2015) coupled with a forest canopy model (see Appendix A in Mazzotti, Essery, Moeser, &
Jonas, 2020), is taken as an example of a physical land surface model. Here, FSM2 is tested at Sodankyl4,
where its application is enabled by the high level of permanent instrumentation operated by FMI and the
collation of a complete driving dataset for such models by Essery et al. (2016). The configuration of FSM2
used is of typical complexity for current land surface models and represents the canopy as a single model
layer, uses Beer's Law for radiative transfer through the canopy, has a canopy heat capacity proportional to
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Figure 1. (a) Above-canopy downwelling total shortwave, diffuse shortwave and longwave radiation fluxes measured at Abisko in March-April 2011. Black body
radiation is calculated from air temperatures measured in the open meadow. Gray bands indicate cloudier periods with apparent atmospheric emissivity greater than 0.9.
(b) Average (black lines) and range (dark gray bands) of differences in tree trunk temperatures (South—North) measured using contact thermocouples.

vegetation area index and adjusts turbulent fluxes between the canopy and the atmosphere according to atmos-
pheric stability.

4. Results

Figure 1a for Abisko and Figure 2a for Sodankyld show above-canopy downwelling fluxes of longwave and short-
wave radiation, along with the potential longwave radiation estimated as blackbody radiation at the above-canopy
air temperature. An apparent atmospheric emissivity can be defined as

_ Lw,
€4 =
oT}

ey

where LW, (W m~2) is downwelling longwave radiation from the atmosphere, ¢ is the Stefan-Boltzmann constant
(5.67 x 108 W m~2 K~*) and T, (K) is air temperature. LW, and &, increase when the sky is cloudy. Values of €,
calculated from measurements in the meadow at Abisko and above the canopy at Sodankyld range between 0.6

(a)

—— Total SW
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1 — W,

1 R Black body

2573 303 1/4 5/4
(b)
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Figure 2. As Figure 1, but for Sodankyld in March—April 2012.
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Spot 1 2.0
Spot 2 .3
Spot 3 5.5

Box 1

f
Difference
P =S 0.4

$FLIR

17/04/12 22:32

Figure 3. Infrared thermal photographs of west-facing pine bark on 17 April 2012 at: (a) 16:04 showing effect of direct solar heating on the south (right hand) side of
the trunk (air temperature at 0.5 m was 1.6°C) and (b) 22:32, 1 hr and 20 min after sunset, showing retention of warmer air within crevices (air temperature at 0.5 m was
—1.7°C). Note different color scales on right hand side (°C), rectangular boxes are delineated using corners, positions of spot temperatures are shown by cross-hairs, and
black ovals highlight cracks in bark which are relatively cool during day and warm at night.

and 1, and gray bands in Figures 1 and 2 mark periods with £, > 0.9. These correspond well with cloudy daytime
periods when the measured incoming shortwave radiation was mostly diffuse but also allow identification of
cloudy conditions at night (see Appendix Figure A1l for above and below canopy longwave measurements from
all individual sensors).

Forest materials have high thermal emissivity (Lundquist et al., 2018), and multiple scattering of longwave radi-
ation beneath the canopy increases the apparent emissivity toward 1 (akin to cavity radiation). Assuming &, = 1
simplifies calculations by removing multiple reflections. Sub-canopy downwelling longwave radiation (LW;)
then simply comprises longwave radiation emitted from the canopy and the fraction of LW, from the atmosphere
that passes through canopy gaps. Different parts of the canopy can have widely differing temperatures, but an
effective canopy temperature T, can be defined as the temperature satisfying

LW, =1 — f)oTd + foLW,, ()

where f, is the hemispheric sky view fraction from under the canopy.

Canopy temperature differences are illustrated by measured tree trunk temperatures. Mean hourly temperature
differences between south and north faces of tree trunks at Abisko (Figure 1b) and Sodankyla (Figure 2b) showed
increased south-facing warming in response to solar heating, often varying diurnally between 0 and 5°C and often
exceeding 5°C on cloud-free days. For a pine tree in Sodankyld R4, Figure 3 illustrates that while the diurnal
heating of south facing trunks was a robust pattern, temperatures could be highly spatially variable. During the
day, while spot measurements were 5.2°C warmer on the south-facing side of the trunk, high spatial variability
in trunk surface temperature was evident; warming was highest on plates of the protruding outer bark surface,
with cooler areas in vertical cracks (ovals in Figure 3 highlight cracks). At night, spot measurements showed that
the south-facing temperature difference reduced to 0.2°C, and the warmest areas of bark were the vertical cracks
relative to the cooler outer surface. Throughout the diurnal cycle, cooling was evident where the bark surface was
adjacent to the cold snow surface.

While patterns of trunk surface temperatures beneath the forest canopy were spatially and temporally complex,
mean differences between thermocouple temperatures of tree trunks and near-surface (0.5 m) sub-canopy air
temperatures showed trunks were 0.7-1.2°C warmer than air temperatures in coniferous and mixed plots in
Sodankyléd and 1.5°C warmer than air temperatures in deciduous birch in Abisko. This disconnect between trunk
and sub-canopy air temperatures was evident for example, clear sky days in the C plots at both locations (Figure 4),
with trunk temperatures showing effects of sun flecks during the day and heat storage at night. Within-canopy air
temperatures, measured at Sodankyld only, were closer to the trunk temperatures and revealed strong inversions
near the snow surface at night. Effective canopy radiative temperatures (obtained by inverting Equation 2 using
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Figure 4. Air temperatures, trunk temperatures and apparent canopy radiative temperatures obtained by inverting Equation 2 for clear-sky days 29 March 2011 at

Abisko and 6 April 2012 at Sodankyla.

measured LW, LW, and f,) more closely followed sub-canopy air temperatures. Hence, we hypothesize that
the shaded and ventilated underside of a canopy would be close to equilibrium with sub-canopy air temperature.

This is supported by high correlations between sub-canopy longwave radiation and sub-canopy air tempera-
ture (Figure 5), especially for dense canopies (f, < 0.5). Correlation of longwave radiation above and below
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Figure 5. Correlation of sub-canopy (0.5 m) air temperature, above-canopy
longwave radiation and above-canopy shortwave radiation with sub-canopy
longwave radiation measured by each radiometer at Abisko and Sodankyla.
Correlation of above-canopy (18 m) air temperature and sub-canopy longwave
radiation can be calculated at Sodankyld only.

the canopy should clearly approach 1 as f, tends toward 1, but correlations
with sub-canopy air temperature and shortwave radiation do not approach
zero. Downwelling radiation from the atmosphere depends on humidity and
cloud cover in addition to air temperature (indeed, air temperature, humidity
and cloud cover measurements are often used to predict downwelling long-
wave radiation when direct measurements are not available). There can be a
negative correlation between downwelling longwave and shortwave radiation
for f, = 1 because of increased longwave radiation and decreased shortwave
radiation in overcast conditions. Positive correlations of sub-canopy long-
wave radiation with above-canopy shortwave radiation are seen in Figure 5
for denser canopies, but they are consistently smaller than correlations with
sub-canopy air temperature.

Because the apparent atmospheric emissivity will be less than one except in
overcast conditions, the presence of a canopy generally increases longwave
radiation at the surface, even when the canopy temperature does not exceed
the above canopy air temperature. Defining a canopy longwave enhancement

factor
_ LW,
=T 3)
Equations 1, 2 and the assumption T, = T, give
e =1+ (7' = 1)(1 = fo). )

Figure 6 compares this function with measurements of e, averaged over the
four radiometers in each plot at Abisko and Sodankyld. The measurements
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Figure 6. Sub-canopy longwave enhancement factors calculated from
averages over the four radiometers in each plot at Abisko (circles) and
Sodankyli (triangles), binned according to apparent atmospheric emissivity.
Lines are given by Equation 4 with fitted or specified sky view fractions.

have been binned into ranges of ¢, determined from measurements of LW,
and above-canopy T,. Equation 4 can be fitted to the measurements for each
plot by adjusting f,. The ;' dependency suggests that longwave enhance-
ment occurs even for sparse canopies under clear skies.

High correlations of sub-canopy longwave radiation with sub-canopy air
temperature for dense canopies and with above-canopy longwave radiation
for sparse canopies suggest that Equation 2 with T, = T, can give good
estimates of sub-canopy longwave radiation for all homogeneous canopy
densities, provided that sky view fractions are measured accurately. High
correlation and low biases (less than +9 W m~2) are evident between average
sub-canopy longwave radiation measurements and estimates from Equation 2
with the assumption T, = T, (Figure 7). There is a clear tendency for under-
estimation of sub-canopy longwave radiation enhancement for the Sodankyld
measurements, but not for Abisko, and only a few predictions are outside the
sensor calibration uncertainty.

Errors in measured sky view fractions are a possible source of error in predic-
tions with Equation 2. Hemispherical photographs were taken under variable
sky conditions and binarized using manually chosen brightness thresholds,
so the measured sky view fractions are quite uncertain. Biases in Equation 2
can be removed by replacing the measured sky view fractions with

fo= (aT;‘ _ Lm>(aT: _ LWL,)_1 ®)

for each radiometer, where bars denote averages over the measurement peri-
ods. This fitting shows no clear bias in f, for Abisko, but it consistently
decreases f, for the denser canopies at Sodankyld (Figure 8a). Remov-

ing biases also decreases root mean square errors in sub-canopy longwave radiation predictions (Figure 8b).
Bias removal does not give an independent method of predicting sub-canopy longwave radiation, because the
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Figure 7. Sub-canopy (a) longwave radiation and (b) longwave enhancement measured by each radiometer at Abisko and Sodankylé and predicted by Equation 2
with sub-canopy air temperature, averaged over the measurement periods. Dashed lines show the +1.5% spread found by comparison of the radiometers, combined in

quadrature for LW enhancement ratios.
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measurements were used in Equation 5, but it gives an indication of the irreducible error in using Equation 2 to

make predictions.

Essery et al. (2008) found that predictions of sub-canopy longwave radiation for a forest on a southeast-facing

slope and in a forest gap could be improved by including measured above-canopy shortwave radiation SW, as

a predictor. For the level and continuous forest stands studied at Abisko and
Sodankyld, replacing Equation 2 with

6

and fitting the coefficients f, and f; to sub-canopy longwave radiation meas-
urements using multiple linear regression gives only small reductions in
errors (Figure 8b) compared with using above-canopy longwave radiation

Evaluation of results requires measurements over a period with varying sky
conditions to give a large range in sub-canopy LW radiation. The R radiome-
ters were only in fixed positions for a few days at a time, but the C radiometers
were in position long enough for the measurements to be split into calibration
and evaluation periods. After quality control, 450 hr of data remain for the
four C radiometers at Abisko and 800 hr at Sodankyld. Equation 5 was used to
fit a sky view fraction to half of the data for each radiometer and the fitted sky
view fraction was then used in Equation 2 with the calibration data to find the
calibrated rms error and with the evaluation data to find the cross-calibrated
error. Each period was used for both calibration and evaluation in turn for the
four radiometers and two sites, giving the 16 points in Figure 9. Transfer of
fitted sky view fractions to evaluation periods increases rms errors by less

10
® Absiko LW, = oT; + fo(LWa — oT}) + f,SW,
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—~ 81 °
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Figure 9. Comparison of errors in sub-canopy LW radiation fitted to
measurements and using sky view fractions fitted to independent calibration

periods for C radiometers at Abisko and Sodankyla.

than 1 W m~2 at Abisko, well within the measurement uncertainty. Calibrated
and cross-calibrated errors are almost identical at Sodankyla.

There can be strong vertical air temperature gradients near the ground, driven
by shortwave radiative heating of the surface during the day and longwave
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Figure 10. Air temperatures measured at 3 and 18 m heights within and above the forest canopy at Sodankyld during the 2012 study period. The green line is
within-canopy air temperature simulated by FSM2. Gray bands show periods of cloud cover diagnosed by comparing blackbody radiation at the above-canopy air
temperature and actual incoming longwave radiation above the canopy. Pink bands show periods with 18 m wind speed exceeding 4 m s~! (“gentle breeze: leaves and
small twigs in constant motion” on the Beaufort scale).

radiative cooling at night. Air temperatures above and below forest canopies are further modified by exchanges
of heat with the forest biomass. Measured air temperatures above and within the canopy at Sodankyla (Figure 10)
often diverged at night during the study period (above-canopy air temperatures were unavailable at Abisko).
Air temperatures below the canopy never exceeded those above by much because convection mixes the air effi-
ciently in unstable situations, but air temperatures below the canopy commonly fell several degrees lower than
those above on clear and calm nights (g, < 0.9 and wind speed less than 4 m s~!). Variations from day-to-day
are strongly influenced by advection of air masses, for example, the passage of a warm sector on 16-17 March in
Figure 10, but more frequent and stronger inversions are expected in the late-winter months, whereas superadi-
abatic lapse rates (<—0.0098°C m~!) are more common in summer. This is confirmed by seasonal temperature
gradient statistics in Figure 11 calculated from 10 years of hourly measurements at Sodankylé. Diurnal tempera-
ture ranges were greater nearer to the ground and tended to increase as the apparent emissivity of the atmosphere
decreased (Figure 12), allowing more shortwave heating and longwave cooling.

Assuming that the majority of downward longwave radiation beneath the canopy is emitted by biomass in
the lower canopy that is in contact with the below-canopy air, it should be more strongly influenced by the
sub-canopy air temperature. Measured sub-canopy longwave radiation at Sodankyld had stronger correlations
with below-canopy than above-canopy air temperatures (Figure 13a), particularly due to differences in minima at
night (Figure 10). Consequently, lower root mean squared errors were obtained (Figure 13b) using below-canopy
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Figure 11. Monthly median (dots), interquartile range (crosses) and 5-95 percentile range (bars) for hourly average air
temperature gradients between 3 and 18 m heights measured at Sodankyld from 2011 to 2020. The dashed line shows the dry
adiabatic lapse rate.

RUTTER ET AL. 10 of 17

95USD |17 SLOLUWOD AIERID 3|ged!jdde ay) Ag pausenob ae sapie YO s J0 S3jni 1oy Areiqi auljuO A9|IM UO (SUOIPLIOD-PUR-SWLBY WD A8 | 1M Atelq 1 BU1 UO//SANY) SUORIPUOD pue SWB L 3U1 S *[€20e/L0/TE] uo Ariqiauliuo Ao|im 89 L A 086.£0Ar2202/620T OT/10p/wod Ao Arelq 1 putjuo'sgndnBe/sdiy wouy papeojumod ‘v ‘€202 ‘96686912



Journal of Geophysical Research: Atmospheres

10.1029/2022JD037980

AT |

ra\%“ 1V

ADVANCING EARTH

AND SPACE SCIENCES

20
vV 18m
A 3m
O 154 &
& Ve T
o . g ~A,..
£ 1 "
© 10 1 N
N v
8 . -,...
< '-.‘.'n
c ‘N,
3 v
a8 5-
0 T T
0.7 0.8 0.9 1.0

Apparent atmospheric emissivity

Figure 12. Average diurnal air temperature ranges within and above the
canopy at Sodankyld in March, binned according to apparent atmospheric

emissivity. Dotted lines were fitted by linear regression.

air temperatures in Equation 2 after removing biases by fitting sky view
fractions using Equation 5. However, while below-canopy air temperature
measurements are easy to make during field experiments, they are not widely
available otherwise; the World Meteorological Organization standard is that
near-surface air temperature measurements should be made in open locations
and not shaded by trees.

Above-canopy air temperatures are only available at sites like Sodankyld with
instrumented masts, but they are required as inputs to land surface energy
balance models for forest simulations (Rutter et al., 2009). In addition to
empirical model errors, Figure 13b also shows errors in sub-canopy long-
wave radiation for FSM2 driven with above-canopy meteorology and sky
view fractions from Equation 5 but no further calibration. The FSM2 errors
are consistently smaller than errors for Equation 2 with above-canopy air
temperature, and even smaller than errors for Equation 2 with below-canopy
air temperature for a few of the Sodankyld radiometers. In common with
other land surface models, FSM2 decreases coupling between canopy and
above-canopy temperatures in stable conditions, and is therefore better able
to represent low below-canopy longwave radiation on clear, calm nights.
Within-canopy air temperature is a state variable in FSM2 and can be
compared with measurements at Sodankyld. Figure 10 shows that the simu-
lated within-canopy air temperature can fall below the driving above-canopy
air temperature in stable conditions but does not fall as low as the measured
within-canopy temperature. A model sensitivity study in Appendix B shows
that within-canopy air temperature is strongly dependent on wind speed and
decoupling in very stable conditions.

We have used several models to predict sub-canopy longwave radiation; Table 3 summarizes the average rms
errors for these models at Abisko and Sodankyld. Equation 2 with measured sky view fraction and measured
sub-canopy air temperature gave errors less than 9 W m~2 for both sites. Adjusting the sky view fraction for
each radiometer to remove biases decreased rms errors. A multiple regression driven with measured sub-canopy
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Figure 13. (a) Correlation of sub-canopy longwave radiation measured by each radiometer at Sodankyléd with air temperatures measured below and above the

canopy. (b) Errors in sub-canopy longwave radiation predicted with sub-canopy air temperatures and fitted sky view fractions compared with errors obtained using

above-canopy air temperatures in either Equation 2 or FSM2.
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Table 3

air temperatures and above-canopy SW radiation gave a further but smaller

Average rms Errors for Sub-Canopy LW Radiation at Abisko and Sodankyléi reduction in errors. The additional meteorological measurements provided
Predicted With Equation 2, Equation 6 or FSM2, Driven With Sub-Canopy by FMI at Sodankyld allowed us to test predictions using air temperatures

or Above-Canopy Air Temperatures, and With No Fitting, Fitted f, or Fitted  measured above the canopy and with a forest canopy model. The error for

foand f;

Equation 2 driven with above-canopy air temperature was larger than with

Model

T, height

Fitting Abisko Sodankyld sub-canopy temperature, even after fitting the sky view fraction to remove

Equation 2
Equation 2
Equation 6
Equation 2
FSM2

0.5 m
0.5m
0.5m
18 m
18 m

fo

68Wm=2 84wWm-  biases. The canopy model in FSM2 driven with a meteorological dataset

SOWm=2  50Wm-2 including above canopy air temperature decreased this error.

For f 54Wm2 49Wm>

fo
So

= 70Wm= 5, Discussion and Conclusions

— 5.8 Wm™ T .
o Sub-canopy longwave radiation is often a dominant component of boreal

late-winter energy exchanges. In this study, we have shown that uncertainty

in canopy density is a primary control on uncertainty in simulations of
sub-canopy longwave radiation, while uncertainty in emitting temperature of the downward-facing canopy is
secondary. Warming of canopy elements (trunks, branches, needles etc.) by solar radiation resulting in increased
emissions of longwave radiation, colloquially referred to as “hot trees”, has been the focus of recent model eval-
uations (Musselman & Pomeroy, 2017; Pomeroy et al., 2009; Schwartz et al., 2021; Webster et al., 2016, 2017).
However, here we report the interacting influences of forest density and decoupling of canopy temperature from
above-canopy air temperatures (De Frenne et al., 2021) on night-time overestimation of longwave emissions
(“cold trees”), which has been subject to less scrutiny. We also observed strong near-surface inversions that
decouple the snow surface from the atmosphere on clear, calm nights (Foken, 2022).

The high performance of a simple two-component longwave emission model (Equation 2), away from forest gaps
and edges, reinforced the effectiveness of hemispherical sky view fraction as a measure of forest canopy struc-
ture to calculate longwave enhancement (Mazzotti et al., 2019; Todt et al., 2018). Irreducible errors remaining
after removing biases using Equation 5 provided a useful guide for the overall level of uncertainty that could
be expected using this modeling technique. The dominance of sky view is strengthened away from forest edges
where sunlit tree trunks become less influential as the proportion of the sky obscured decreases rapidly with
distance from a trunk (see Appendix C). However, any model requirement to use f,, or an effective leaf area index
(Musselman et al., 2012) derived directly from hemispherical photographs can limit their potential for application
on large scales. The capacity to create synthetic hemispherical images characterizing f, from terrestrial lidar
(Hancock et al., 2014) or airborne lidar (Moeser et al., 2014; Morsdorf et al., 2006) begins to address this limita-
tion. In particular, Webster et al. (2020) showed that the use of airborne lidar in conjunction with a canopy height
model performed well in evergreen needleleaf forests relative to in situ hemispherical images (f, RMSE <0.1),
which is promising for future kilometer-scale catchment applications. However, metrics related to bulk canopy
density, for example, canopy closure or leaf area index, are usually used in land surface models, and model
skill in simulation of energy exchange weakens in variable canopy cover (Moeser et al., 2020). Consequently,
a key challenge in constraining model uncertainty remains the adequate translation of canopy parameterization
for the purposes of radiative transmission and emittance in hyper-resolution (~2 m) models using f, (Broxton
et al., 2015; Mazzotti, Essery, Moeser, & Jonas, 2020; Mazzotti, Essery, Webster, et al., 2020) to Earth System
Models working at degree resolutions which use bulk canopy parameterizations. This challenge was identified
as a poorly constrained source of uncertainty in the SnowMIP2 intercomparison of forest snow process models
(Rutter et al., 2009), and remains persistent. However, the development of effective bulk canopy parameteri-
zations for radiative transmission and emittance (e.g., Malle et al., 2021) is now starting to provide first-order
empirical solutions in lieu of more explicit solutions using canopy gap fraction.

Improved representations of canopy structure need to be accompanied by better measurements and simulation of
canopy temperatures to improve simulation of sub-canopy longwave radiation further. Further improvement is
challenging as measurements of downward-facing canopy element temperatures through spatially limited contact
measurements or temporally limited spatial imaging currently provide an incomplete understanding of warming
and cooling beneath the canopy top in heterogeneous forests. In addition, the extent of lower canopy warming and
cooling is difficult to approximate from down-looking above-canopy thermal imaging due to down-facing canopy
elements being self-obscured or only visible at very limited view angles. Despite these limitations, measuring
vertical profiles of temperatures through forest canopies is increasingly possible using structure from motion
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techniques combining optical and thermal imagery from uncrewed aerial vehicles (Webster et al., 2018). Such
measurements may in future be used to capture low sub-canopy longwave emittance due to decoupling of canopy
temperatures in stable conditions, which the two-component longwave model struggles to replicate adequately
with above-canopy air temperatures.

Forest canopy schemes in land surface models need to simulate atmospheric decoupling between above-canopy
air and canopy temperatures reliably during stable atmospheric conditions. Decoupling causes temperature inver-
sions which are common over snow, are often intensified at night, and are further enhanced through aerody-
namic resistance to vertical air movement by forest canopy elements. The atmospheric stability correction in
FSM2 decreases the emitting canopy temperatures, thereby improving simulations of longwave radiation to snow
during these stable atmospheric periods. This is an important addition to recent model developments, which
have largely concentrated on decreasing model cold bias at night through decreasing the diurnal amplitude of
simulated canopy temperature. The decrease in diurnal amplitude increases emitting canopy temperatures at
night through explicit consideration of leaves and trunks in a two-layer canopy model (Gouttevin et al., 2015) or
an empirical correction to a single-layer “big leaf”” approach (Todt et al., 2019). While reduction of model errors
through reducing the diurnal amplitude of emitting canopy temperatures is a pragmatic approach for global scale
models, at high resolution, for example, 2 m hyper-resolution (Mazzotti, Essery, Webster, et al., 2020), our results
show that accurate representation of night-time downward-facing canopy emitting temperatures requires care-
ful process representation of turbulent energy exchanges affecting sub-canopy and within-canopy air temperate
regimes.
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Appendix A
Figure Al.
Abisko 2011 continuity plot
350

a —— above canopy

e —— below canopy

= 300

%

3

T 250

S A

8

B 200

2

Gl

C radiometers

70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89
Day of Year

Abisko 2011 roving plots

90 91 92 93 94 95

350 T
1 1
€ : :
; 300 H ]
x
=
© 250
X
= i
B 200 ]
S i
R1 radiometers ! R2 radiometers R3 radiometers R4 radiometers
150 T T T T T T T T T T T T T T T T T T T T T T T T
70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95
Day of Year
350 Sodankyla 2012 continuity plot
E N v -
PRI AN A AT r WY
= \ \ i | v
mm - ! A ’ | ; " WA |
= 250 v \ 1 \
= ¥
kS ‘ \
B 200
=
- C radiometers
150 + : r r T r T . r r " : r r r r T . r r T v r . r r r . r T : r r
70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Day of Year
Sodankyla 2012 roving plots
350 T
N¢ : | |
£ A ] 22" 1 s
300 - j \ ! ' [
z VIRL if ) i - . ";JV N \ A A IR [
5 . 8 A L \ 5
3 i 1\ ‘ " ‘ AT % [ / ‘
Z 250 ,w ”i" "}y \' E | { ‘ w 4\ ﬁyﬁ \ ‘ { A l‘\ ' \/ A
=1 21 g | Uy \
% A ' '/ } i : | \\ \, \ \\ N
£ 200 i i i | ‘
= ! 1 H
= i i i
1 1 1

R1 radiometers R2 radiometers R3 radiometers R4 radiometers

150 +

70 71 72 73 74 75 76 77 78 79 80 81 82 83 8 8 8 87 8 89 90 91 92 93 94 95
Day of Year

96 97 98 99 100 101 102 103

Figure A1. Above and below canopy incoming longwave radiation (black—four individual sub-canopy sensors, blue—above single canopy sensor), gray shading

indicating when g, > 0.9. Dashed lines in roving plots indicate transition of sensors between plots.

Appendix B

To put it in context, FSM2 represents canopy process with a similar level of complexity to the widely used
Community Land Model; Lawrence et al., 2020). Sensible heat fluxes are parametrized as

pc
H,= r—”(T.y —Toe) (B1)
from the ground surface at temperature 7 to the within-canopy air space at temperature T,
pc,
Hc = _p(’Tc - Tac‘) (BZ)
from the canopy at temperature 7. to the within-canopy air space, and
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ra

H (Toe = To) (B3)

from the within-canopy air space to the above-canopy air at temperature T,. Here, p and c, are the density and heat
capacity of air, and r,, r., and r, are aerodynamic resistances that depend on wind speed, canopy height and leaf
area index. FSM2 has options to include or neglect an increase in r, for stable atmospheric conditions (T, < T,).

For this sensitivity study, the surface and canopy energy balances are simplified by assuming a dry and
non-transpiring canopy (so no latent heat flux) at night (so no shortwave radiation) with low temperatures (so no
snowmelt) and in steady state (so no heat storage terms). Balances between net longwave radiation and sensible
heat fluxes are then

H.=(1— f,)(LW, - 20T} + oT}) (B4)

for the canopy and
H, = foLW,+ (1 = f,)oT} — 6T} (BS)

for the surface. Together with the constraint H = H, + H,, Equations B4 and B5 can be solved iteratively to find
Tac’ TL- and TS-

Figure B1 shows within-canopy, canopy and surface temperatures relative to above-canopy air temperature as
functions of wind speed for a stable nighttime case with T, = —3°C and LW, =271 W m~2 (¢, = 0.9). At very
low wind speeds, the turbulent fluxes decay and the temperatures approach the apparent blackbody temperature
of the sky (7°C lower than the above-canopy air temperature in this case). Temperatures decrease faster with
decreasing wind speed if a stability adjustment is used. At higher wind speeds, the well-ventilated canopy and
canopy air space temperatures approach the above-canopy air temperature but the ground remains colder.

Temperature depression (°C)

|
~

0 1 2 3 4
Wind speed (m s71)

Figure B1. Within-canopy air space, canopy and ground surface temperatures relative to above-canopy air temperature as
functions of wind speed. Solid lines were calculated with and dashed lines without adjustment for atmospheric stability.
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Appendix C

The fraction of the sky obscured by a trunk of height A and radius r is

sin”! [(1 + d/r)_l]
_ ol
v A +d/h) b

which decreases rapidly with distance d from the trunk. This corrects an error in equation A6 of Woo and
Giesbrecht (2000).
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