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Abstract

Helicopter based simultaneous measurements of broadband surface albedo and the effective leaf area index (LAI.g) were carried
out in subarctic area of Finnish Lapland in spring 2008, 2009 and 2010 under varying illumination and snow cover conditions.
Vertical profile measurements show that the found relationship between albedo and LAI g seems to be rather independent of
the flight altitude and therefore the footprint scale. Actually, flights above 500 m in altitude revealed low variations of the
surface albedo approaching an aerial average at 1 km, meaning that a footprint of 20 km is representative of the landscape.
The albedo was in the area beta distributed and without LAl values below 0.25 the average albedo value of the area would
decrease from 0.49 to 0.44 showing the albedo sensitivity to sparse vegetation. The results agreed with the photon recollision
probability based model PARAS and the MODIS satellite albedo product MCD43A3. However, differences between satellite
based and airborne albedo values were noticed, which could be explained by a difference in footprint size and/or the strong
local heterogeneity as certain flights were operated on specific targets.
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Key Points:

e Surface albedo and effective leaf area index (LAI) can be measured at fine resolution and
landscape scale simultaneously using helicopter

e Surface albedo and effective LAI are coherently retrieved based on a photon recollision
probability based model

e Airborne and satellite-based surface albedo show a good agreement
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Abstract

Helicopter based simultaneous measurements of broadband surface albedo and the effective leaf
area index (LAles) were carried out in subarctic area of Finnish Lapland in spring 2008, 2009 and
2010 under varying illumination and snow cover conditions. Vertical profile measurements show
that the found relationship between albedo and LAl Seems to be rather independent of the flight
altitude and therefore the footprint scale. Actually, flights above 500 m in altitude revealed low
variations of the surface albedo approaching an aerial average at 1 km, meaning that a footprint
of 20 km is representative of the landscape. The albedo was in the area beta distributed and
without LAler values below 0.25 the average albedo value of the area would decrease from 0.49
to 0.44 showing the albedo sensitivity to sparse vegetation. The results agreed with the photon
recollision probability based model PARAS and the MODIS satellite albedo product MCD43A3.
However, differences between satellite based and airborne albedo values were noticed, which
could be explained by a difference in footprint size and/or the strong local heterogeneity as
certain flights were operated on specific targets.

Plain Language Summary

Helicopter based measurements were used to assess how much a forest stand laying over a snow
slab reduces the surface albedo at high latitudes where the sun zenith angle is large and shadow
cast is always important. The effect is amplified in the case of sparse vegetation as there is less
mutual shadowing. Model results and satellite observations are found in good agreement with the
airborne data sets.

1 Introduction

Surface albedo is an Essential Climate Variable (ECV) as it determines the net radiation
(GCQOS, 2016). All changes in snow cover have a marked effect on the surface albedo, because
fresh snow is a particularly highly reflecting target in the visible — with a slow decrease in the
near infrared - compared to most land cover types with the exception of deserts. The boreal
biome is characterized by tree stands laying above a snow layer about half a year today.
Vegetation attributes strongly influence the snow-melting when the sun elevation is rapidly
enhanced during springtime (Betts and Ball, 1997). Actually, leaf area index and snow form a
complex system with close interactions (Verseghy et al., 1993; Manninen and Stenberg, 2009;
Essery, 2013), Manninen and Jaaskeldinen, 2018; Webster and Jonas, 2018; Ja4skeldinen and
Manninen, 2021). In the visible range, surface albedo is quite high — especially with fresh snow —
and shadow cast by crown and trunk drives the landscape changes. In the infrared, radiation
absorption by woody material initiates the processes of snow melt around trunks. Due to climate
change, snow occurrence has reduced by several weeks in many areas in the boreal zone during
the last decades (Brown and Mote, 2009; Derksen and Brown, 2012; Anttila et al, 2018;
Bormann et al., 2018; Manninen et al., 2019).

Satellite based surface albedo products (Lucht et al, 2000; Schaaf et al., 2002; Govaerts et
al., 2008; Anttila et al., 2016; Karlsson et al., 2017; Liu et al., 2013; Carrer et al., 2021) are able
to provide global estimates of the surface albedo, but in regard to the sensitivity to several
environmental factors — wind and air temperature may accelerate the processes — the collection
of in situ measurements is mandatory to enhance our understanding and supports the validation
exercise.. Continuous in situ measurements from ground-based networks offer the suitable
temporal frequency to capture the dynamic of snow melt but they are not representative of the
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processes occurring at landscape scale. On the other hand, satellite-based surface albedo can
offer a regional vision but with pixels of a moderate spatial resolution, thereby generating
problems of representativity (Riiheld et al., 2010; Réman et al., 2010). It comes out that airborne
albedo measurements meet the requirements in offering the appropriate flexibility in terms of
time frequency, spatial resolution, and a large areal coverage.

Previously, airborne measurements have covered diverse sites: both ocean (Gatebe et al.,
2005; Wendisch et al., 2004) and sea ice (Predoehl and Spano, 1965) and a wide variety of land
cover types, both snow-covered (Ryan et al., 2017; Bergstrom et al., 2020) and snow-free
(Gatebe et al., 2003; Webb et al., 2004; Wendisch et al., 2004; Cao et al., 2018). Seasonal
variability of boreal forest albedo was investigated by Solantie (1988). The collected airborne
albedo were used both for conducting modelling studies and for the validation of satellite-based
albedo products.

Airborne measurements of broadband surface albedo covering large areas have mostly
been carried out using airplanes with up- and down-facing pyranometers (Predoehl and Spano,
1965). The flight altitude has varied in the range 300 m (Solantie, 1988) - 2300 m (Predoehl and
Spano, 1965). Spectral airborne albedo measurements have been carried out using airplanes with
wavelength-scanning spectroradiometers (Webb et al., 2000; Webb et al., 2004; Gatebe et al.,
2005). The altitude varied within 200 m (Gatebe et al., 2005), 600 m (Gatebe et al., 2003) and
370 m — 1700 m (Webb et al., 2004), 200 m — 500 m (Wendisch et al., 2004) and 800 m — 8 km
(Roman et al., 2011; Romén et al., 2013).

Recently unmanned aerial vehicles (UAV) have become popular in measuring broadband
surface albedo. First experiments were carried out using ordinary cameras (Ryan et al, 2017; Cao
et al., 2018), but later on a quadcopter UAV has been used to carry the downward looking
pyranometer, the upward looking pyranometer being at a fixed point in the flight area (Levy et
al., 2018). As fixed wing UAVs are typically able to carry more weight than average
quadcopters, they have also been used to carry both the up- and downward looking pyranometers
(Ryan et al., 2017). The possibility to program the flight route of an UAV in advance enables
carrying out very detailed flight plans. Fixed wing UAVSs can in principle operate in a large area
(range about 140 km) and the altitude may be as large as 600 m. On the contrary, the pilot of the
quadcopter UAV has typically to keep eye contact to it and the maximum altitude is in practice
about 100 m (Cao et al., 2018). However, aviation regulations may restrict the flight area and
altitude allowed for the UAV. In addition, in winter conditions the practical limit for the flight
lengths of quadcopters comes typically from the frequent need of battery recharging. The smaller
UAVs can’t carry very heavy loads, which also limits the choice of the instrument to use. On the
other hand, the quadcopters offer a very flexible possibility to study the reflectance
characteristics of targets in three dimensions and will support modelling with data otherwise not
achievable.

Helicopters have been used less frequently as a platform for airborne surface albedo
measurements, probably because of problems related to irradiance measurements, as placing an
upwards looking pyranometer unoccluded above the helicopter is not possible in practice. Hence,
calibration of the global radiation measurements is challenging. Bergstrom et al. (2020) had one
pyranometer below the helicopter registering the reflected radiation and the irradiance was
observed at meteorological stations.
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The advantages of a helicopter as the airborne platform are that 1) it is able to cover a
large area over a short time, 2) the flight altitude is flexible enough to capture different footprint
sizes, 3) vertical profiling is possible, 4) it can carry the expected payload to support the synergy
of spectral data sets, 5) electricity is sufficiently available even in cold weather, 6) flight
planning can be quickly adjusted to varying atmospheric conditions and 7) flight routes do not
have to be linear as for an aircraft and it is possible to hover at a point and rotate 360° to sample
BRDF (Bidirectional Reflectance Distribution Function).

This study presents surface albedo data measured during the SNORTEX (SNOw
Reflectance Transition EXperiment) campaign from helicopter measurements acquired during
2008 — 2010 in Northern Finland (Manninen and Roujean, 2014, Manninen et al., 2012) using
two pairs of pyranometers for observing both the irradiance and the reflected radiation. The test
area belongs to northern boreal vegetation zone and subarctic climate zone. The data contains
snow cover situations corresponding to pre-melt conditions and various phases of the melting
season. The leaf area index (LAI) was measured simultaneously to radiation measurements from
the helicopter (Manninen et al., 2009; Manninen et al., 2011). The goal of the whole study was to
observe the variation of surface albedo of a forested area in diverse phases of the snow cover
evolution. Of special interest was the relationship between the surface albedo and the effective
leaf area index LAle. Additional value comes from comparison with modelling and satellite
products.

2 Data and Methods

2.1 Helicopter instrumentation

Two pyranometers on either side of the helicopter were used for the global radiation
measurements and another two for reflected radiation measurements. The upwards and
downwards looking sensors were attached back to back by the helicopter landing gear. Black
plates between the pyranometers and the helicopter fuselage to prevent direct reflections from
the fuselage (Figure 1). Super ellipsoid descriptions of the helicopter fuselage and rotors were
used to analyze possible direct solar radiation reflections to the pyranometers. Mirror reflection
from the helicopter fuselage to the pyranometers was not possible for the solar zenith angle
values during the campaign. The pyranometers integrated and automatically stored the observed
radiation within 10 s in 2008 and 2009. In 2010 the radiation value was integrated within 10 s
and stored with an interval of 2 s. A time stamp and the latitude and longitude co-ordinates
provided by GPS were attached to every measured quartet of radiance values and stored to the
laptop, which also showed the measured values on the screen in real time. In 2009 also the
altitude co-ordinate provided by GPS was integrated in the system.

For airborne LAI measurements a Canon pocket camera A640 with a 0.7 x wide angle
conversion lens WC-D58N was attached to the helicopter landing gear so that it was looking
orthogonally downwards. The angle from the image center was about 41° at the corners of the
rectangular images and 35° and 28° at the middle of the image edges (Manninen et al., 2009;
Manninen et al., 2011). The images were taken by the Karhukamera system every three seconds
and the 3-D GPS coordinates with time stamps were registered for each image frame. The
images were stored in standard jpg format directly to a laptop used for operating the camera.
During the flight the latest image was repeatedly sent to the screen of the laptop to enable choice
of optimal route and altitude. Hence, two independent GPS-coordinate sets (pyranometer and
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camera systems) were available for the flights to guarantee accurate temporal combination of the
pyranometer and LAI data sets. A pressure gauge and a thermometer were integrated in 2009 and
2010 to the pyranometer system to achieve better altitude accuracy at low altitudes.

Figure 1. Pyranometer (P), UV sensor (UV) and camera (C) attachment to the helicopter. The
other pairs of pyranometers and UV sensors are attached to the opposite landing gear
symmetrically. The thermometer and the humidity sensor at attached at the back of the opposite
landing gear below the fuselage.

In addition there were two pairs of UV sensors and a Pt100 thermometer and a humidity
sensor (humicap) attached to the helicopter, the UV sensors being between the pyranometers and
the black plates (Figure 1). In all flights except the cloudy days, March 13, 2009 and April 24,
2009, there was also the shortwave multi-directional instrument OSIRIS (airPOLDER) beneath
the back part of the fuselage (Manninen et al., 2012). See section 2.2 for a full listing of
measurement flights undertaken with the helicopter.

2.2 Flights during the SNORTEX campaign

The studied area represents subarctic boreal forest (Figure 2) and the flights were carried
out within an area with corner co-ordinates (67.258°N, 26.2253°E) and (67.9263°N, 27.3897°E),
all co-ordinates are in WGS84 system. In order to capture the albedo variation from pre-melt
conditions to melting snow conditions and after melt snow-free conditions, the flights in 2009
were carried out in March, April, and May. Both cloudy and cloud-free conditions (Figure 3,
Figure S1 in Supplementary material) were available before and after the snow melt started.
Some of the horizontal flight routes were planned so that the helicopter was measuring in four
wind directions above a site of interest (mainly for the OSIRIS instrument), some routes
provided a grid over the intensive test area of ground measurements of 2009 and 2010
(Manninen and Roujean, 2014). Some longer transects were also flown. Since winters are not all
similar, flights were carried out in three years (2008, 2009 and 2010) to cover the natural
variation of the snow-covered area albedo.
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Figure 2. Example photos of the study area showing varying forest density in April 24, 2009.
The flight altitude was about 880 m.
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Figure 3. The global and diffuse radiation observed at the sounding station (solid curves) and the
global radiation observed at the Sodankyla Heikinheimo mast (dashed curves) on the flight days
March 13, 2009 and April 22, 2009. The times of the flights are shown in light gray bars.

The vertical flights were planned partly to test the airborne LAI retrieval quality and
partly to study, how the altitude variation impacts the albedo variation, i.e. how the albedo varies
with spatial resolution. Namely, when using pointwise in situ albedo measurements, the areal
representativity of the ground based measurements is always an issue.
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Table 1. The pyranometer flights carried out in the SNORTEX campaign in 2008 — 2009.

Date Flight time Sky Flight altitude | Flight pattern Comments
[UTC hour] conditions above
during the ground
flights [m]
April 2, 10.7 — 12.0 | Clear/cloudy 20— 280 Vertical
2008 profiles
April 3, 10.3—12.4 Clear 830 Horizontal
2008 line and wind
rose
April 7, 13.7—14.9 Clear 50 — 800 Horizontal
2008 line and
Crosses
Aprill10, | 13.2—14.7 Clear ~120 Horizontal No LAI or altitude data
2008 line and
Crosses
March 13, | 8.5—10.6 Cloudy 20— 320 Vertical
2009 profiles
March 17, | 11.1 —14.2 Clear 280 Crosses over
2009 test sites
March 18, 8.9—9.0 | Clear/cloudy 50 — 450 Crosses over | No LAles data
2009 test sites
April 22, 7.7—9.0 Clear 280 Crosses over
2009 test sites
10.0—11.3 Clear 880 Grid over test | Camera co-ordinates
area partly missing
April 24, 75—838 Clear/ 250, 120 Crosses over | Missing camera co-
2009 cloudy test sites ordinates
10.4 —10.7 Cloudy / 880 Grid over test
clear area
11.2—11.9 Cloudy / 880 Grid over test
clear area
May 4, 13.2—14.3 Clear -> 200 Crosses over
2009 cloudy test sites
May 5, 6.3—8.0 Cloudy -> 170 Long transect | Partly large difference in
2009 clear illumination conditions
at the sounding station
March 18, | 11.4 — 12.2 | Clear/cloudy | 600 Horizontal Co-ordinate matching of
2010 North-South | camera and pyranometer
flight not possible due to GPS
lines over failure.
lake and aapa
mire
March 19, | 11.3 — 15.0 | Clear/cloudy | 20 — 300 Vertical
2010 profiles

On some days more than one flight was planned, but occasionally a flight had to be
interrupted because the helicopter was needed to rescue service. Sometimes also the flight was
interrupted due to instrument failure. The flight route patterns are shown in Appendix A. The
flights carried out in May 4 and May 5, 2009 were dedicated to partial snow measurements, since

most of the snow cover had already melted during that area.
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2.3 Airborne albedo data and its calibration

As the helicopter is far from being an ideal platform, besides the normal radiometric
instrument calibration the measurement configuration has to be calibrated as well. All four
pyranometers were radiometrically calibrated before the campaigns using the standard procedure
of Finnish Meteorological Institute (FMI).

The configuration calibration contains the following steps: 1) azimuthal calibration, 2)
first albedo magnitude calibration and 3) flight altitude correction, 4) final albedo magnitude
calibration. The azimuth effect has to be checked, because the illumination conditions of the
upwards looking pyranometers are different, when the helicopter is flying towards the sun (or the
opposite direction) or perpendicularly to the principal plane (the plane where the target and the
Sun are aligned). The effect of the atmospheric attenuation on the global and reflected radiation
depends on the flight altitude and must be corrected for. That process requires knowledge about
the surface albedo. Hence, we derive first an estimate of the surface albedo assuming no
atmospheric effect (Section 2.3.2) and use it as input for the atmospheric correction of the global
and reflected radiation (Section 2.3.3). After that correction the final surface albedo estimate is
calculated anew using the atmospherically corrected global and reflected radiation values
(Section 2.3.4).

2.3.1 Azimuthal calibration

The azimuthal dependence of the global and reflected radiation was measured in cloudy
and clear-sky conditions above forest at the immediate vicinity (67.3625°N, 26.6415°E) of the
Sodankyléa Heikinheimo mast (67.361866°N, 26.637728°E) of the Arctic Space Centre of
Finnish Meteorological Institute, where the surface albedo is operationally measured at 45 m
height at 10 min interval. The helicopter hovered at that height in eight azimuth directions
starting from direct view to the sun. The whole circle took about 5 minutes. This data was used
to check the azimuth dependence of the measured radiation data. In addition, it was used to
derive the shading correction coefficient for the reflected radiation.

First the time dependence coefficient kg of the global radiation g measured at the mast
was determined

— (Ig—lgo) (1)

g <lg>

where Igo refers to the value of Iq at the beginning of the time window and <> denotes the
average. Since the time window was so short, it was sufficient to use linear approximation of the
time dependence of I. Either the variation was extremely small (ky < 0.4%) or the R? value for
the linear relationship of Iq was high, the variation range being 0.984 — 0.99997. Then the
variation of the airborne global radiation values of the left and right pyranometers (lgier and
lgright) multiplied by (1-kg) was analyzed vs. the azimuth angle of the helicopter direction. A clear
sinusoidal dependence was observed for both pyranometers (Table 2) both in clear-sky and
cloudy conditions, but understandably the variation range was markedly larger in clear-sky
conditions due to shadowing of the fuselage. The right and left pyranometer global radiation had
a phase difference of 180°, as expected, so that all the time either of the two upwards looking
pyranometers avoided shading of the fuselage. The variation of the reflected radiation did not
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show as systematic time dependence (as it was really small), hence no temporal correction was
made to it in the azimuthal analysis.

The following combination of Igiett and lgright Was rather insensitive to the azimuth angle
and was used as the basis of deriving the calibrated airborne global irradiance

(Igtert+1gright)
Iye = < max(Igiere Igrigne) + % > : )

Essentially Iqc represents an estimate of the sum of the direct radiation and the diffuse
radiation, but it must still be calibrated, as some of the diffuse radiation is occluded. For the
completely cloudy day of March 13, 2009 the global radiation observed by the left and right
pyranometers was practically identical (Figure 4), since the amount of direct radiation was then
negligible.

120 T T T T T T T T T T T T T T T T T T T T T T T
lgright=0-995 Igjert

100 R?=0.997 R

o«
(=]
— T T T

[=7]
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0 20 40 60 80 100 120

Global radiation, left {mez)

Figure 4. The global radiation measured by the right pyranometer vs. that of the left pyranometer
for the flight carried out in March 13, 2009 (Table 1) before calibration and removal of tilted
data.

The reflected radiation observed by the left and right pyranometer was very similar for all
flights, except when the helicopter was markedly tilting at turning points. Hence, there is no need
to calibrate the right and left downwards looking pyranometers separately, and the reflected
radiation Ir to be calibrated was chosen to be

Irc — (Irleft""zlrright). (3)
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Figure 5. The reflected radiation measured by the right pyranometer vs. that of the left
pyranometer for all data from all flights (Table 1) before calibration and removal of tilted data.

The variation of the airborne global and reflected radiation of the left and right
pyranometers with the azimuth direction is characterized in (Table 2).

The uncalibrated albedo ogc was now derived to be

Irc
age = . (4)

The variation of agc as a function of the azimuth angle was very small for clear and
cloudy conditions, but understandably slightly larger for the mixed case of March 19, 2010
(Table 2) due to varying cloudiness during the azimuthal circle. In addition, some of the
variation of the albedo was due to the uneven helicopter motion between stabilized azimuth
direction positions. Since the azimuth dependence is related to the measurement geometry, it is
reasonable to assume that the azimuth effect on the albedo is of the same order for all flights in
the same conditions.

In perfectly clear-sky conditions when the helicopter is perpendicularly to the sun the
airborne pyranometer of the sunny side measures the direct radiation and a fraction of diffuse
radiation, while the pyranometer on the opposite side of the helicopter measures just the same
fraction of the diffuse irradiance. Comparing the ratio »’ of the shaded and sunny side
pyranometer irradiances, Ishade and lsunny respectively, to the ratio of the diffuse irradiance to the
global irradiance measured at the sounding station, r, one can derive the correct global radiation
for the airborne measurements I to be

I, =40 )

a = (q—y) ‘sunny

10
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Table 2. Azimuth dependence of the airborne radiation measured at the Sodankyla Heikinheimo
mast. The 80% variation range normalized with the mean value and the coefficient of
determination for the sinusoidal dependence of the global radiation on the azimuth angle for the
left and right airborne pyranometers. The ratio of the standard deviation and the mean of the
averaged airborne global and reflected radiation and mean and standard deviation of albedo,

Oyol <lgc>, ore/<lrc>, <age> and ougc respectively, measured at 45 m level beside the Sodankyla
Heikinheimo mast at the Arctic Space Centre of Finnish Meteorological Institute, where the
surface albedo is operationally measured above a forest. The azimuth directions of the helicopter
were 0°, 45°, 90°, 135°, 180°, 225°, 270°, 315° and 360° between the sun and the helicopter
fuselage.

Date Sky Solar lairrs | Sinusoidal characteristics 9gc Orc Albedo

zenith Iys Igleft(l_kg) Igright(l_kg) <lge > | <L >

angle 80% |RZ |80% |R? [%] [%] <ag> | ome

range/ range/
mean mean

April Clear 63.4° 0.31 122 0.971 | 115 0.980 | 11.7 9.4 0.185 | 0.009
2,
2008
March | Cloudy 70.1° 0.94 18 0.999 | 5.1 0.998 | 3.8 5.3 0.224 | 0.007
13,
2009
April Perfectly | 60.1° 0.14 143 0.926 | 158 0.827 7.3 1.9 0.166 | 0.015
22, clear
2009
April Cloudy/ 60.1° 0.73 71 0.975 | 62 0936 | 7.8 111 0.183 | 0.010
24, clear
2009
March | Clear/ 80.3° 0.50 92 0.979 | 127 0.978 | 13.7 9.7 0.166 | 0.030
19, cloudy
2010

For April 22 the calibration factor (1-r’)/(1-r) was 1.037. The empirical ratio <lg>/< lgc>
was 1.039 for the same calibration time window. So, a good accuracy can be obtained carrying
out an empirical calibration of the global radiation using lg.. This was the approach taken
(presented in the following Section), because measurements were carried out also in other
direction vs. the sun than perpendicular. Since lgc was relatively independent of the azimuth
direction, the calibration should be reliable in all directions. It is noticeable that the airborne
global irradiance was underestimated only by 4%, but the reason is that the sky was perfectly
clear at that time and the solar zenith angle was not larger than 60.1°. In more cloudy sky and/or
larger solar zenith angle the fraction of diffuse irradiance would be larger and consequently also
the underestimation of the global irradiance would be larger. Therefore, it is essential to calibrate
the airborne global irradiance using simultaneously measured empirical values.

2.3.2 First radiation magnitude calibration

The next step of the calibration was to correct the magnitudes of the global and reflected
radiation. This is carried out by comparing the airborne measurements to global (lg) and reflected
(Ir) radiation measurements operationally carried out at the mast with 10 min interval and to
global irradiance (lgs) measurements operationally carried out with 1 minute interval at the

11
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Tahteld sounding station (67.36664°N, 26.628253° E). In the clearest sky conditions the
agreement between the global radiation values at the mast and at the sounding station were very
similar (Table 3) in spite of the 667 m distance between the mast and the sounding station. Also,
the airborne global irradiance lgc had a good correlation with them. When the flight altitude
varied markedly, the R? values between Iqc and lgs were taken separately for two or three patches
and their mean value is shown in the table. Besides the weather conditions, also the distance
between the helicopter and the sounding station and possible tilting of the helicopter (at turning
points) could reduce the R? value. The correlation between Igiert and lgright Was high (Appendix B,
Table B1), when the sky was cloudy, because then there was mainly diffuse radiation. At clear
sky conditions their correlation could be high only, if the helicopter was flying towards the sun
(or vice versa).

Table 3. The relationship between the global irradiance measured at the Sodankyl& Heikinheimo
mast (lg) and at the sounding station (Igs) for the flight times. The R? values for the linear
relationship between the airborne irradiance lgc and Igs are given as well. Notice that the R?
values were derived for a linear regression without allowing a constant.

Date lg vs. lgs lgc VS. lgs
|<l,> —<I,>| | R R?
<l >
[%]
April 2, 2008 4.0 | 0.967 0.887
April 3, 2008 2.9 | 0.9998 0.968
April 7, 2008 2.7 1 0.9997 0.961
April110, 2008 04| 0.983 0.927
March 13, 2009 5.6 | 0.989 0.963
March 17, 2009 3.7 | 0.9997 0.872
March 18, 2009 0.2 | 0.999 0.964
April 22, 2009 0.5 | 0.9999 0.993
April 24, 2009 3.3 | 0.980 0.957
May 4, 2009 49| 0.972 0.896
May 5, 2009 11.2 | 0.932 0.929
March 18, 2010 25| 0.995 0.933
March 19, 2010 43| 0.985 0.946

The reflected radiation measured by the left and right pyranometers was practically
identical unless the helicopter was tilted sideways. The fuselage of the helicopter did not shade
the downwards looking pyranometers, but the skids of the helicopter and the black plates
between the sensors and the fuselage occluded their view to some extent. As the configuration
was the same for all flights, it was sufficient to determine the calibration coefficient c, of the
reflected radiation only once using the data of the best day, April 22, which was perfectly clear at
the time window of the calibration. So, cr was calculated from

. = <>
" ((Irleft+1rright)/2)

(6)

where < I, > was the temporal mean of the reflected radiation observed at the mast during
the time (UTC 7:42:15 — 7:47:35) the helicopter was hovering in its vicinity at the same altitude
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and <(lneft + lriert)/2> was the mean of the reflected radiation of the left and right downwards
looking pyranometers of the helicopter, recorded at the same time window as <I>. As the
altitude of the pyranometers at the mast is 45 m above ground, they get 90% of the reflected
radiation from an area having a radius of 450 m. Hence, in direct illumination conditions it does
not matter much that the helicopter was hovering at a point about 140 m from the mast.
However, for diffuse radiation (March 13, 2009) the reflected radiation observed at the mast was
dominated by the snow-covered clearing right beneath the mast, hence causing somewhat larger
albedo value than would be that of the forest. The global radiation lgc was calibrated vs. the
global radiation measured at the sounding station with an interval of 1 min, because at the mast it
was recorded only as 10 min averages. The correction factor cm was defined as the ratio of the
median values of lgc and lgs

Igs
Cm = Ij:c )

where ~ denotes the median. The first estimate for the true airborne global radiation Iga is then

Iya = cmlye 8
where " denotes an estimated value. Some flights had two or three distinct relatively constant
flight altitudes. Then the value for cm was derived separately for the patches of constant altitude.
The cm value of the lowest altitude was used for the rest of the data.

So far, the calibration of the airborne global radiation could be of high quality only, if the
flight altitude were so small that atmospheric effect on it does not have to be taken into account.
However, taking the atmosphere into account requires some knowledge of the surface albedo.
Hence, we used the calibration derived so far to retrieve as input for the atmospheric calibration
the temporary surface albedo estimates that are derived as follows

R 1 N S 2
& = Cr( rleft rrlght)/ ] (9)

Cmlgc

2.3.3 Flight altitude correction

The next step of the calibration was to take into account the effect of the flight altitude
(Boers et al., 1998). The diffuse and global irradiance measured at the sounding station were
used to retrieve the direct (but attenuated) solar radiation S, which is the difference of the global
and diffuse irradiance. Then the optical thickness 7 of the atmosphere (at the surface) was
derived from the equation (Sekera and Kahle, 1966; Kahle, 1968)

S = T[Foy.oe_r/uo y (10)
where nFo is the incident flux and o is the cosine of the solar zenith angle 6o. The variation of
the airborne global and reflected radiation with flight altitude were taken into account by
assuming that the optical thickness is linearly related to the flight altitude and the height of the
tropopause was taken to be 8.5 km (which is a realistic value for the polar areas in winter (Geerts
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and Linacre, 1997). The linearity assumption is reasonable, as the flight altitude was relatively
low (50 m ... 1 km). The global and reflected radiation values were transformed from the flight
altitude values to surface values by the relationship of the upward Hq and downward Gq radiation
dependence on the altitude and optical thickness of the atmosphere (Kahle, 1968)

_ Yi(to)+vr (o)
Gq = T[FO‘UO[ 2(1-A45) ] (11)
Hy, = mFoito [1— (1— 4) %} (12)

where A is the ground reflectivity and the functions y, » and s are defined by Chandrasekhar
(Kahle, 1968). They are calculated using the table compiled by Natraj and Hovenier (2012). The
correction factors for ca related to removal of the effect of the flight altitude is obtained from

Yia(ko)+Yra(to)

Ca — 2(1-A5q) (13)

Y1(ko)+yr(uo)
2(1-A5)

where the values for 1, % and § are calculated at the surface and for ya, %#a and s, at the flight
altitude, which was available for each point from the pressure gauge. Here we used A = @,. The
airborne global lga and reflected Ira radiation corrected for the altitude are now

Ija = Calye (14)

Ira = (Irleft + Irright)/z + (1 - Ca)lgc (15)

Since ca < 1, the reflected radiation is larger, the global radiation smaller and the surface
albedo larger than the ones measured at higher altitudes. However, at this stage the measured
radiation components are corrected only for the altitude and the configuration of the shading
effect correction presented in the previous section must still be carried out.

2.3.4 Final radiation magnitude calibration

The global radiation was now corrected for the configuration effects by requiring the
median of the airborne altitude corrected global radiation to match the median of simultaneous
global radiation measurements at the sounding station like in Eq. 7 so that the completely
calibrated airborne global radiation Ig is

Igs

c; = I% : (16)
ga

Ipe = cilyq . (17)
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The completely calibrated airborne reflected radiation Iy is obtained from
Ly = cplig (18)

using the value cr = 1.1697 derived for the clearest day, April 22, for all flights, because it is only
due to the geometry of the measurement configuration. The airborne calibrated albedo « is
finally

a = (19)

Values for the calibration parameters cm and <c.> and c; are given in Table 4 for all
flights. In addition, the ratio of the mean calibrated albedo and the mean uncalibrated albedo are
shown for each flight. Mostly the calibration coefficients are essentially of the same order in
similar sky conditions. However, in May 5, 2009 the first patch had a distinctly different
calibration coefficient cm due to varying cloudiness. The timing of the cloud disappearance
differed at the helicopter and the mast, which showed then in more distinct discrepancy of the
airborne and sounding station global radiation level. For the same reason on that day also the
global radiation measured at the mast deviated markedly from that of the sounding station (Table
3). Hence, the first part of the data of May 5, 2009 was discarded, because the calibration of the
global radiation would not have been reliable.

Table 4. Calibration coefficients for the global radiation derived for various flights. When there
were several constant altitudes, the coefficient cm was derived separately for each of them.

Date Sky conditions Cm <C> | Gt <a>
during the < ag >
azimuthal calibration

April 2, 2008 Clear (mostly) 1.15 | 0.993 1.16 1.04

April 3, 2008 Clear 1.09 | 0.974 1.12 1.13

April 7, 2008 Clear 1.20,1.11 | 0.989 1.13 1.06

April110, 2008 | Clear 1.12 | 0.996 1.13 1.04

March 13, 2009 | Cloudy 1.31 | 0.992 1.32 0.90

March 17, 2009 | Perfectly clear 1.05 | 0.991 1.07 1.12

March 18, 2009 | Clear/cloudy 1.11 | 0.993 1.12 1.06

April 22,2009 | Perfectly clear 1.09,1.08 | 0.982 1.12 1.11

April 24,2009 | Clear -> cloudy 1.10,1.35,1.36 | 0.961 1.39 0.98

May 4, 2009 Clear -> cloudy 0.91 | 0.988 1.12 1.15

May 5, 2009 Cloudy -> clear (2.02,) 0.96 | 0.992 | (2.04,) 0.97 0.77

March 18, 2010 | Clear/cloudy 0.92 | 0.989 0.93 0.86

March 19, 2010 | Clear/cloudy 1.01 | 0.998 1.07 1.10
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Table 5. The relationship between the airborne calibrated albedo and that measured at the
Sodankyl&d Heikinheimo mast. The LAl value previously measured at ground closest to the mast
was 0.41 (Manninen and Riiheld, 2009) and the airborne LAlef varied slightly at the calibration
points.

Date Latitude | Longitude | Sky Lyirrs | Solar | Albedo at mast | Airborne albedo | Airborne LAles

Ig_s zenith | Mean | Median | Mean | Median | Mean | Standard
angle deviation

April 2, 67.3617° | 26.6367° Clear 0.31| 63.2° | 0.185 0.184 | 0.206 0.204 | 1.17 0.11

2008

March 67.3624° | 26.6413° Perfectly 0.94 | 70.1° | 0.261 0.263 | 0.198 0.199 | 1.18 0.06

13, 2009 Cloudy

April 22, | 67.3622° | 26.6409° Perfectly 0.14 | 60.1° | 0.184 0.184 | 0.179 0.174 | 1.32 0.11

2009 Clear

April 24, | - - Cloudy 0.73 | 60.1° | 0.182 0.183 | 0.195 0.167 | 1.11 0.05

2009

March 67.3621° | 26.6401° Clear 0.50 | 80.0° | 0.211 0.211 | 0.221 0.224 | 0.72 0.09

19, 2010 [cloudy

2.4 Airborne LAI data

The wide-optics camera data was used for LAI estimation essentially similarly as fish-eye
photos, the white snow serving as the background. The airborne LAI estimates were validated
with ground based measurements (Manninen et al., 2009; Manninen et al., 2012). The images
were thresholded automatically (Nobis and Hunziker 2005; Ridler and Calvard 1978) to separate
forest canopy pixels from the background snow. The resultant binary images were used to
compute canopy gap fractions for off-nadir angle ranges 0-10°, .., 10-40°. The gap fractions
were used to compute LAles for each image using the well-known formula proposed by Miller
(1967). The results were compared with hemispherical fisheye images obtained in situ that were
analyzed in a similar manner. A simple linear regression fit between the estimates (LAlground =
1.03 LAlet - 0.04) had an R? of 0.96 (Manninen et al. 2012).

2.5 Operational radiation measurements

The global and diffuse radiation is operationally measured at Sodankyla at the FMI
sounding station (67.36664°N, 26.628253°E) with a one minute interval using a Kipp & Zonen
CM11 Pyranometer and a tracker. In addition, the global and reflected radiation is measured with
a 10 minute interval at the Sodankyl& Heikinheimo mast (67.361866°N, 26.637728°E) in a Scots
pine dominated mature forest at an altitude of 45 m above the ground and well above the tree
tops using a Kipp & Zonen CM11 Pyranometer.

2.6 Satellite data

The satellite based albedo values used in this study are the MODIS based MCD43A3
white sky and black sky albedo products (Schaaf et al. 2002). They are daily products that are
based on 16 days of local solar noon data, temporally weighted to the ninth day. The data is in
500m resolution. The products include quality flags. Only data with the highest quality
classification was used in this study. For March 13" and April 24" (cloudy days) the analysis is
based on the WSA _shortwave product (white sky albedo), and for the rest of the days the
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BSA_shortwave (black-sky-albedo) data was used. However, for the solar zenith angles of the
campaign the black-sky and white-sky albedo values are very similar.

2.7 Albedo modelling

Albedo modeling is performed using the vegetation dependent PARAS albedo model
(Rautiainen and Stenberg, 2005; Smolander and Stenberg, 2005; Stenberg et al., 2016). The basis
of the PARAS model albedo calculation is the photon recollision probability p. That is a
probability of an event in which a photon, after being scattered from a leaf in a canopy, interacts
with that same canopy again. When p and leaf single scattering albedo (w.) are known, the total
amount of radiation scattered by the canopy is possible to estimate at any wavelength. The
PARAS albedo model was extended by Manninen and Stenberg (2009) by adding multiple
scattering between canopy and ground to include effect of highly reflective background (i.e.
snow). Extended PARAS model has been used to model boreal forest albedo (Manninen and
Stenberg, 2009; Manninen and Jaéskeldinen, 2018; Jaaskeldinen and Manninen, 2021). Detailed
model formulas are presented in Appendix C.

The model was first compared with the vertical profile data of March 13, 2009, which
was a completely cloudy day. The model was used to simulate the albedo in visible and near
infrared bands. The broadband albedo was derived using the conversion formula by Liang
(2000). The broadband albedo of the forest floor was taken to be the mean of the values for
which LAl was 0, excluding one aapa mire related darker value. The corresponding spectral
albedo of visible and near infrared bands were obtained on the basis of the reflectance ratio of
those bands of the snow spectra measured in March 13, 2009 (Manninen et al., 2021). The leaf
single scattering albedo for the visible and near infrared bands, wreq = 0.068 and anir = 0.697,
were taken to be 15% smaller than the smallest values measured by Hovi et al. (2017) for the
season May — October to take into account the seasonal difference. As the modelling result
looked convincing, those single scattering albedo values were used for all modelling
calculations.

The forest floor albedo for other days were derived similarly as for March 13, 2009. The
spectral albedo ratio of March 13 was used for all pre-melt snow conditions (2008, March 2009
and 2010). For April 2009 the measured spectra of April 22, 2009 (Manninen et al., 2021) were
used for deriving the forest floor spectral albedos from broadband albedo.

The model was used for normalizing the albedo values to match the solar zenith angle of
60° in order to make the albedo values of diverse days directly comparable and to be able to
derive the total albedo distribution for analyzing the effect of LAles on it. It should be noted that
this could be done only for days, for which airborne LAl data was available.

2.8 Analysis of airborne data

The pyranometer and camera measurements were co-registered with their independent
time codes checking the match by comparison of their independent co-ordinate information. In
2008 only the camera GPS provided the altitude, which was then used for the vertical profiles,
interpolating missing values linearly. In 2009 and 2010 the pressure gauge of the pyranometer
system provided gap free vertical co-ordinates, which were used for the vertical profiles. The
flight altitude was compared to the above sea level height of the helicopter station, which was
185 m. However, there are some hills in the flight area, so that the flight altitude is not exactly
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everywhere the same amount above the ground. The vertical profiles were equally high every
place and started from close to the tree top level (Figure S2 in Supplementary material). For
vertical profiles 10% difference was allowed for the left and right reflected radiation value to
have more data per profile. For other flights only a 5% difference was allowed.

The relationship between LAl and albedo was first analyzed for each vertical profile of
three individual days (April 2, 2008, March 13, 2009, and March 19, 2010). The results were
compared to the PARAS modelling (Section 2.7) results. Then the PARAS model was used to
normalize the albedo data to correspond to the solar zenith angle of 60° in order to be able to
compare the diverse flight data with each other and to derive the albedo distribution for the
region. This could be carried out only for data for which simultaneous LAl values were
available.

Finally, the airborne data was then co-registered with MODIS data by grouping the
airborne parameter values according to which pixel their horizontal co-ordinates were located.
For cloudy days (March 13, 2009 and April 24, 2009) airborne data was compared to the white-
sky shortwave albedo product of MODIS, for the rest the black-sky shortwave albedo product
was used. As the MODIS product is normalized to local midday, the airborne data had to be
normalized to that. Since the scenery was very heterogeneous, it was not possible to use the
PARAS model or a normalization scheme derived for a certain target (Yang et al., 2008;
Manninen et al., 2020). Using the whole data mass per day a statistical relationship was derived
by linear regression between the solar zenith angle and the albedo. Both the hyperbolic cosine of
the normalized azimuth (Manninen et al., 2020) and the cosine of the solar zenith angle using the
functional form by Yang et al. (2008) were tested as predictors and the correction was the same
for both alternatives. This relationship was then used to normalize the airborne albedo values to
local noon. The comparison between the airborne and MODIS data was carried out using the
airborne data normalized this way.

3 Results

3.1 Variation of albedo with LAI

The simultaneously measured airborne albedo and LAles values of the three days of vertical
profiles (April 2, 2008, March 13, 2009 and March 19, 2010) were compared to each other and
modelling results (Figure 6). The individual outliers correspond to cases, where the area seen by
the camera differs markedly from its near surroundings, which affect the albedo value. Since
March 13, 2009 was a completely cloudy day, there is no need to pay attention to the solar zenith
angle varying from profile to another. Contrarily, in April 2, 2008 and March 19, 2010, the day
was clear, and the solar zenith angle varied in the range 62.6° — 64.5° and 75.6° — 82.6°,
respectively. Because the sun elevation was so low, the albedo of the point in question could not
be accurately normalized to a fixed solar zenith angle value using only information related to
point itself, because the albedo would depend also on possible shading form the nearby region.
Hence, the data shown in Figure 7 and Figure 8 are not normalized and for 2008 and 2010 some
of the scatter of the points comes from varying solar zenith angle and shadows. Also, the varying
fraction of diffuse irradiance caused some scatter with respect to the mean modelled curve. The
outliers of the clear day of 2010 are clearly caused by heterogeneous surroundings. In Figure 9
left the LAles is measured at a lower altitude from the forest at the image center, but the open
area in its immediate vicinity increases the albedo value. In Figure 9 right the opposite effect
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takes place, the surrounding forest decreases the albedo, but LAle measured at a lower altitude
has the value of the open area in the center.

1.0~
Kommattivaara A Sammakkoaapa Kursala, korpi
Sattanen v Ruonivaara Tahtela, Plot 214
° Kiimalaki o Rahkavaara A Tahtela, seka
E Makkaratievat m Tulkkila v Tahtela, Plot 201
< Tennidvaara Kaikkonen e Tahteld, manty
Pahtavaarankuusikko 4 UP1 m Tahteld, Plot 153
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0.0 0.5 1.0 1.5

Figure 6. Variation of the airborne albedo with the airborne LAles of the vertical profiles
measured in March 13, 2009. The profile height was about 200 m. The black curve shows the

PARAS model result.

April 2, 2008
1.0 T . : T T T T : ; .
, o Plot 190 A Plot 201
085 ] Plot 161 v Plot214
! Plot 195 o Plot 203
L 06N ]
T Lo 4 Plot 159 = Plot 186
= L ® -
< oafe® Yot L 1 v Plot153
L e $:- .
. ﬂ'infh Vogo o o o Plot 172-176-177
i [ ] A T ..
02r A AT T 1 o Plot177
f Plot 176
0'%.0 T 05 1.0 15
LAlgsr

Figure 7. Variation of the airborne albedo with the airborne LAles of the vertical profiles
measured in April 2008. The vertical profile height was about 250 m. The solar zenith angle
varied in the range 62.6° — 64.5° and the fraction of diffuse irradiance in the range 0.21 — 0.80.
The profile height was about 200 m. The dashed curve shows the PARAS model result for the
mean fraction of diffuse radiation and the mean cosine of the solar zenith angle values. The
forest floor broadband albedo was taken to be the mean of albedo values measured for LAles = 0.
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March 19, 2010
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Figure 8. Variation of the airborne albedo with the airborne LAleff of the vertical profiles
measured in March 19, 2010. The solar zenith angle varied in the range 75.6° — 82.6° and the
fraction of diffuse irradiance in the range 0.27 —0.63. The profile height was about 80 m. The
dashed curve shows the PARAS model result for the mean fraction of diffuse radiation and the
mean cosine of the solar zenith angle values. The forest floor broadband albedo was taken to be
the mean of albedo values measured for LAles = 0.

. TR b

mples of the Reterogenem; effect on the afbedo, circled points of Figure 8 left (Plot
160) and right (Plot 153). The left image is related to higher albedo than expected on the basis of
LAles and the right image to the opposite situation.

The relationships between the airborne albedo and LAles was studied also for all data, not
only the vertical profiles (Figure 10). All albedo values are now normalized to correspond to the
solar zenith angle of 60° using the PARAS model and the single scattering albedo values derived
from the model fit to the data of March 13, 2009.Then the spread of albedo values corresponding
to the same LAl was markedly larger than for the vertical profiles, because the albedo of the
snow cover beneath the canopy varied as well. To some extent the large variation may also be
caused by heterogeneity of the scenery, as the camera did not observe the whole area affecting
the reflected radiation value. It was also evident that the level of the surface albedo decreased
during the melting season so that at the end to if (April 24, 2009) the albedo was markedly lower
and consequently less strongly dependent on LAles.
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Figure 10. The airborne albedo vs. airborne LAles for all data of flights in 2008, 2009 and 2010.
The albedo has been normalized to correspond to the solar zenith angle of 60°.

The whole albedo/LAles data set was also used to derive the relative albedo distribution, again
using albedo values normalized to the solar zenith angle of 60° (Figure 11). The distributions are
skewed to high values and beta distribution starting from the lowest value matches the shape
well. Beta distributions parameters were derived for the whole data and data for which LAl
exceeded 0.25 and 0.5. The mean values of the distributions are given in Table 6. This manifests
the effect of vegetation above snow layer on albedo. If the LAl values smaller than 0.25 would
be missing (25% of all data), the albedo would decrease from 0.49 to 0.44. Further increasing the
minimum LAlef to 0.5 would drop the mean albedo to 0.4. Examples of forests with these two
limit values are shown in Supplementary material (Figure S3). From the point of view of albedo,
it is not only the amount of forested area that matters, but changing an open area to vegetated has
a major effect. Here the effect is demonstrated with forests, but the same principle is valid for
shrubs and other vegetation above the snow cover. The effect of the change in LAle on albedo
decreases with increasing LAle.
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Figure 11. The relative distribution of all airborne albedo values of 2008, 2009 and 2010
normalized to the solar zenith angle value 60° and for which airborne LAl values were
available. The yellow-gray shades are related to LAles. The area below the red, blue, and green
curves consist of albedo values for which LAlest = 0, LAlett = 0.25 and LAles > 0.5, respectively.

Table 6. The beta distribution parameters for the albedo and the distribution means for the whole
data set and subsets with LAles exceeding 0.25 and 0.5. The cumulative fractions of points with
LAlest smaller than the minimum in question are provided too.

Minimum | Cumulative fraction of values | Beta distribution parameters | Distribution
LAles smaller than minimum LAleg | o B mean albedo
0 0% 2.04 3.99 0.49

0.25 25% 2.11 5.14 0.44

0.5 53% 1.63 4.99 0.40

3.2 Variation of albedo with altitude / spatial resolution

The dynamic range of airborne albedo naturally decreased with increasing flight altitude
due to the heterogeneity of the scenery. Very large uniform forested areas just don’t exist in the
region. On the other hand, also large open areas are rare. Already at 500 m altitude the variation
range of the albedo was only about half of the range achieved at very low altitudes. The albedo
would approach a constant value at about 1 km altitude. Since, the pyranometer response is
dominated by an area with a radius about 10 times the measurement altitude, this would mean
that a footprint of about 20 km would represent the areal average albedo. Some individual albedo
values were very high, close to unity. They may be related to uneven movement of the
helicopter, but it is also possible to get sun glints from large open areas with snow cover as
shown before (Manninen et al., 2019).
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Figure 12. Albedo data from all flights vs. the flight altitude. The darkness of the point is related
to the number of retrievals.

3.3 Comparison of measured albedo and satellite based albedo

The airborne albedo values were compared to the MODIS albedo product using the
white-sky albedo values for the cloudy days (March 13, 2009 and April 24, 2009) and black-sky
albedo values for the rest. Only the highest quality MODIS pixels were used. The reflected
radiation measured by the pyranometers comes dominantly from an area with a radius 10 times
the measurement altitude. Therefore, the comparison is made separately for different altitudes.
The airborne albedo values were directly linked with the overlapping MODIS pixels. The results
are shown in Figure 13 and Figures S4-S6 in the Supplementary material for the flights of years
2008, 2009 and 2010, respectively. For low flight altitudes the airborne measured area
represented by one albedo value could be markedly smaller than that of the MODIS pixel. Even
when the spatial resolution of the airborne and MODIS albedo retrievals were about similar there
could be a mismatch in the albedo values due to the airborne co-ordinate being not quite at the
center of the MODIS pixel. Hence, in addition to direct comparison of albedo values, also daily
albedo distributions were compared (Figure 14 and Figures S7-S9 in the Supplementary
material).

In general, the airborne and MODIS albedo values have good agreement, but clearly
there is a wide variation range of airborne values corresponding to one MODIS pixel. In low
altitude flights the airborne albedo distribution is typically wider than the MODIS albedo
distribution, which is related to the larger dynamic variation of albedo in higher spatial
resolution. In some cases, the distributions differ, because during those flights the airborne
measurements have been focused for certain targets, so that the sampling does not cover the
whole MODIS pixel. The vertical profiles were flown above forests, hence in those days the
airborne distributions have more dark values (April 2, 2008; March 13, 2009 and March 19,
2010). In March 18, 2010, the focus was on bright targets, such as aapa mire and lake ice snow
cover. The darker distribution of the MODIS albedo product of April 24, 2009 as compared to
that of April 22, 2009 may be a result of more open water and bare soil due to the progress of
melting during the 16 days from which the MODIS product is compiled. In April 24, 2009 there
was not yet open water, hence the airborne albedo is brighter than that of the MODIS product.

23



698
699

700

701

702
703

704
705
706

707

708
709
710
711
712
713
714

manuscript submitted to replace this text with name of AGU journal

The slightly brighter airborne distributions of May 4 and May 5, 2009 are due to their focus
being on fractional snow cover, which was not a dominating feature at that time.

April 3, 2008 March 13, 2009
| e o ]

Airborne albedo
Airborne albedo

I L I I I I I I I I I L
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
MODIS albedo MODIS albedo
March 17, 2009 April 22, 2009

081 . . ’ 4 08}

06 06

Airborne albedo
Airborne albedo

04r 04r

02 02

00 0.0

Figure 13. The airborne albedo values measured in April 3, 2008, March 13, March 17, and April
22, 2009 vs. the MODIS albedo value (MCD43A3, Albedo WSA shortwave for March 13 and
Albedo_BSA _shortwave for the rest). The mean airborne value within a MODIS pixel is shown

as a point and the variation range as a vertical line.

The large variation range of individual airborne albedo values corresponding to a MODIS
pixel is to a large extent related to variation of LAl measured from the helicopter
simultaneously with the albedo (Figure 15). As the camera objective is wide optics, but not a
fish-eye lens, the airborne LAl presents the central part of the area affecting the reflected
radiation value observed by the downwards looking pyranometers. If the surrounding area is
completely different, then the LAl does not correspond to the measured value well, which can
be seen in individual points of Figure 15.
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4 Discussion

The presence of high vegetation at snow covered areas affects the scenery albedo in
different ways. Besides altering the snow microstructure and surface roughness, it casts shadows
on the snow surface and increases the multiple scattering of solar radiation (Manninen &
Stenberg 2009, Manninen & Jaaskeldinen 2018; Jaaskeldainen and Manninen, 2021). The large
effect of vegetation protruding above the snow surface on surface albedo comes from the
substantial spectral difference between the albedo of snow and the albedo of plant stands.
Therefore, the vegetation and snow scenery albedo evolves rapidly, depending closely on both
vegetation architecture and snow coverage and properties as a function of solar geometry. Small
changes in either of these can potentially have a significant effect on the albedo.

With a dense vegetation canopy the snow surface is already largely covered by
vegetation, and thus the increase in LAI or vegetation coverage does not significantly affect the
albedo. With a sparse vegetation canopy and dominating open snow cover, increasing LAI
means increasing coverage and shadowing of the snow, and through that, lower wintertime
albedo. Even relatively small shrubs can have a significant effect in such case. For example,
Sturm et al. (2005) found that if shrubs protrude above the snow and cover 10% of the surface,
the albedo will decrease by 30%. With climate change also the treeline of subarctic forests has
shown to move to higher altitudes (Sutinen et al., 2012), which will inevitably decrease the
wintertime albedo of hilly terrain. Also, in other forested parts of Finland the albedo has been
shown to have decreased since 1980’s by 0.02 - 0.03 per decade due to increased stem volume
(Manninen et al., 2019). In the measured data of this study 25% had smaller LAlet than 0.25, thus
being targets of high risk of marked albedo change.

Several studies show changes in the vegetation of the Arctic (Piao et al. 2011, Berner et
al. 2020, Buitenwerf 2015). In many places the sub-Arctic plant productivity has increased. The
tundra areas have witnessed a significant increase in shrub coverage and size (Forbes et al.
2010). Shrub abundance also enhances the melt in the spring causing earlier snow melt, which
also decreases the albedo of the sub-Arctic and increases the absorption of solar energy to the
ground. This has a potentially significant effect on the surface albedo of the sub-Arctic areas,
were tundras are traditionally open areas and forest vegetation in the northern areas of the boreal
forest zone is sparse. In the sub-Arctic the snow covers the ground until May, during which time
there is already considerable amount of sunlight. Consequently, any changes in albedo will
inevitably also affect the energy balance.

5 Conclusions

Helicopter can be used successfully to measure simultaneously airborne albedo and LAles. The
relationship of airborne albedo and LAl does not show a marked flight altitude dependence and
it agrees well with the PARAS model, which can be used for normalizing albedo to other solar
zenith angle values. The airborne albedo variation range decreases essentially, when the
measurement altitude increases up to 500 m and reduces at about 1 km altitude to an aerial
average. The albedo of forested area with snow covered floor decreases with increasing LAle,
the change being markedly larger for smallest LAles values. The mean albedo of the area as
presented by the measurements of this study would decrease from 0.49 to 0.44, if the points with
LAlest smaller than 0.25 (25% of all points) were removed.
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The airborne albedo distributions agreed in general with those of the MODIS albedo product
MCD43A3. The differences between pixelwise values were explained by differences in spatial
resolution and representativity related to airborne measurements being focused on only certain
targets, such as forest and partial snow cover.
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989  Appendix A: The flight routes during the SNORTEX campaign
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994  Figure Al. The flight routes of April 2, April 3, April 7, and April 10 in 2008. The lower left and
995  upper right corner co-ordinates are (67.25°N, 26.22°E) and (67.95°N, 27.39°E), respectively.

996  The crossroads of Sodankyl& center are near the starting point of all flights. The background map
997  is provided by Wolfram Research.
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998  Figure A2. The flight routes of March 13, March 17, March 18, April 22, April 24, May 4, and

999  May 5 in 2009. The lower left and upper right corner co-ordinates are (67.25°N, 26.22°E) and
1000  (67.95°N, 27.39°E) for March 13; and (67.29°N, 26.55°E) and (67.5°N, 27.25°E) for the rest.
1001 The background map is provided by Wolfram Research.
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Figure A3. The flight routes of April 2, April 3, April 7, and April 10 in 2008. The size of the
point is related to the albedo value. The lower left and upper right corner co-ordinates are
(67.25°N, 26.55°E) and (67.5°N, 27.0°E). The background map is provided by Wolfram
Research.
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1010  Appendix B: Comparison of left and right pyranometer observations

1011

1012  Table B1. The coefficient of determination for linear relationships between the left and right
1013 global and reflected radiation measured from the helicopter for all data. Notice that the R? values
1014  were derived for a linear regression without allowing an offset.

1015

Date Sky conditions R?

during the

azimuthal Airborne Airborne

calibration Global Reflected

Right vs. left | Right vs. left
April 2, 2008 Clear 0.013 0.976
April 3, 2008 Clear 0.152 0.978
April 7, 2008 Clear 0.496 0.979
April110, 2008 | Clear 0.268 0.986
March 13, 2009 | Cloudy 0.944 0.989
March 17, 2009 | Perfectly clear 0.278 0.980
March 18, 2009 | Clear/cloudy 0.258 0.729
April 22,2009 | Perfectly clear 0.402 0.989
April 24,2009 | Clear -> cloudy 0.004 0.990
May 4, 2009 Clear -> cloudy 0.006 0.995
May 5, 2009 Cloudy -> clear 0.148 0.994
March 18, 2010 | Clear/cloudy 0.200 0.984
March 19, 2010 | Clear/cloudy 0.005 0.798
1016
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Appendix C: Albedo model formulas of the PARAS model

In the extended PARAS albedo model (Manninen and Stenberg, 2009), the black-sky spectral
forest albedo (ap;4cx) 1S @ sum of four components:

Aplack = At + A5 + Agp T A (Cl)

where a;, is the pure forest floor scattering part, a, is the pure canopy scattering, ag.denotes the
multiple scattering between forest floor and canopy with the last hit from the floor, and ag; is the
multiple scattering between forest floor and canopy with the last hit from the canopy. To achieve
more compact version of the a;;,.x, the multiple scattering components a,; and a;are
reformulated:

Aprack = Age + As + g + g (C2)
where

ay = kapti + (1 — kaytyt; (C3)
a; = Q(1—to) Sk (C4)
g = {ap(1 = Qp)lkto(1 = to) + (1 — K)to(1 — )]} - S22t (C5)

Qg5 = {ab[(l — Q)1 —to) + Qpapto(k(1 —to) + (1 — K)(1 — )]

. ti(1 — w, + Qpwy, — Qppw;) + (1 — Qp)(wy, — pr)} W —pwy
1-pw,—Qpap(1—t)(w, —pwy) 1-pw,

(C6)

Now a;, consists of the portion of multiple scattering where radiation escapes upwards from
canopy scattering after being first scattered from the forest floor, and a{,contains the rest of the
multiple scattering (including radiation scattering several times between canopy and forest floor).

The uncollided canopy transmittance in direct (t,) and diffuse (t,) radiation conditions are:

to = exp (- 5L (C7)
and
t; = exp(=G - LALys)(1 = G - LAls;) — (G - LAlyp) Ei(=G - LAl ) (C8)

where @ is the solar zenith angle, G is the radiation extinction coefficient of a uniform leaf
canopy, LAl is the effective leaf area index, and Ei is the exponential integral.

37



1058
1059

1060

1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081

1082

1083
1084

1085

1086

1087
1088
1089
1090
1091

1092
1093
1094
1095
1096
1097

manuscript submitted to replace this text with name of AGU journal

The formula for photon recollision probability p is from Stenberg (2007):

. 1-t,
LAIeff/ﬁ

=1 (C9)

where £is the clumping index, which equals unity for broadleaved canopy and is smaller than
unity for coniferous canopy. For broadleaved forests = 1 and for coniferous forests f=0.67
(Stenberg et al., 2003). The leaf single scattering albedo w,, the forest floor albedo «;, the
fraction of incoming radiation scattered upwards by the canopy Q, and the portion of radiation
reflected by the forest floor and then scattered downwards by the canopy Q,, are all wavelength
dependent parameters. Forest floor albedo is a combination of a purely Lambertian surface and a
completely forward/backward scattering surface. A parameter k is used to indicate the weight of
the forward/backward scattering part.

The white-sky spectral forest albedo (a,,,ite) IS modeled similarly as the black-sky albedo. Only
difference is that the calculations are done by integrating over solar zenith angle. The four
component sum is:

Owhite = Qaiffee T Qaifps + Qgirpse + Aqiffss (C10)
where

Agirpee = kapty + (1 = k)aytf (C11)
Agifrs = Q(1 — t1) '%’ff (C12)
Cirpse = {0 (1= Qu)lk(ty — £5) + (1 = k)ty (1 — £)]} - = (C13)
and

aéiiffss = {O‘b[(l - -t + Qbab(k(t1 —t)+ (1 -kt (1— t1))]

. ti(1-w, +Qpw, — Qppw;) + (1 — Qp)(wy, — P‘DL)} W, — pwy,
1—-pw, —Qpap(1—t;)(w, —pwy) 1-pw,

(C14)

and where
t, = exp(=2G - LAlz;) - (1= 2G - LAl zs) — (26 - LAl zf) Ei(=2G - LAlzp) (C15)

In this study we used spherical G =0.5 (assuming spherical leaf orientation distribution), and the
forest floor surface was assumed to cause only diffuse scattering (k = 1), since the solar zenith
angle was so small. It was also assumed that the scattering does not depend on the direction from
which the photon enters the canopy, i.e. Q = Qb, since the shape of the canopy is not described.
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Figures S1 to S9

Introduction

This supplementary information shows Figures omitted from the actual manuscript, in
which only examples were included. The Figures S1 show irradiance curves for other
flight days than those shown in the manuscript. Figure 2 shows the variation of
topography revealed by the starting altitudes of vertical profiles. Figure 3 shows
examples of scenery related to low LAl values. Figures S4 — S6 show comparison
between the airborne albedo data and MODIS albedo product for other days than shown
in the manuscript. Figures S6 — S9 show the albedo distributions of the airborne data and
the MODIS product for other days/altitudes than those shown in the manuscript.
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Figure S1. The global and diffuse radiation observed at the sounding station (solid
curves) and the global radiation observed at the Sodankyla Heikinheimo mast (dashed
curves) on the flight days in 2008 — 2010 not shown in the actual manuscript. The times
of the flights are shown in light gray bars.
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Figure S2. Variation of the flight altitude in March 13, 2009, when the flight plan
concentrated on vertical profiles. The peaks starting from the same level above ground
reveal the variation of the topography.



Figure S3. Examples of forests for which LAleff = 0.25 (top) and LAleff = 0.5 (bottom).
March 13, 2009.
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Figure S5. The airborne albedo values measured in March 18, April 24, May 4, and May 5
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within a MODIS pixel is shown as a point and the variation range as a vertical line.
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Figure S8. The relative distributions of airborne albedo values measured in March 13,
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the MODIS albedo values of corresponding pixels (MCD43A3, Albedo_WSA_shortwave
for March 13 and April 24, Albedo_BSA_shortwave for the rest).

10



March 18, 2010
——————

1.07\ T T T T T T
— MODIS
08l — Airborne 600 m ]
>
2
Q
;To.s—
‘v
2
®04r
()
[
0.2
Y B IR === S
0.0 0.2 0.4 0.6 0.8

Midday normalized albedo
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