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Abstract

The surface albedo of vegetated surfaces can influence the climate through the fraction
of the solar radiation that is reflected back to the atmosphere. In this study, | have measured
the surface albedo of three lichen species Flavocetraria nivalis, Cladonia stellaris, and Cetraria
islandica, and crowberry, Empetrum nigrum, with increasing cover in idealized field
experiments performed in B@, South-Eastern Norway, in April to June 2019. In addition, the
impact of environmental factors that affect the reflection of solar radiation was studied. These
factors include the solar zenith angle, aspect and cloud cover for explaining the variation in the
surface albedo.

The results show that the surface albedo differs between species of different colors.
The surface albedo decreases respectively for the different surfaces of C. stellaris (0.36), F.
nivalis (0.34), 25 % E. nigrum (0.29), 50 % E. nigrum (0.23), 75 % E. nigrum (0.18), 100 % E.
nigrum (0.15) and C. islandica (0.15). The surface albedo can differ within and between growth
forms, and the C. islandica has similar surface albedo as total coverage of E. nigrum. With
decreasing coverage of C. stellaris and increasing coverage of E. nigrum, the reflection of solar
radiation decreases.

The surface albedo is also influenced by environmental factors. Clouds can lower the
incoming solar radiation and show most effect on the albedo. With increasing cloud cover the
influence of zenith angle and aspect can be lowered, where less radiation reaches the ground.
Under cloudless conditions a north-facing slope receives less radiation than a south-facing
slope. With increased cloudiness there is a smaller difference between these slopes.

A change in the surface albedo can influence the energy budget at the ground.
Vegetation in alpine areas are changing. As a response to climate change, shrubs are expanding
at the expense of lichens distribution where warmer climate conditions are more favorable for
shrubs. For more accurate projections for the future climate, the influence of species on the

surface albedo is important to understand.
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1. Introduction

Alpine and arctic environments have been particularly affected by climate warming
since the mid eighteenth century (IPCC, 2013). Fennoscandia is no exception, with a
temperature increase of 0.5 °C per decade (1976 —2014), and with future projections of further
warming (Hanssen-Bauer et al., 2015). Vegetation is responding to the increased temperatures
with upward migration of the treeline (Kullman, 2002; de Wit et al., 2014), expansion of shrubs
(Sturm et al., 2001; Chapin lll et al., 2005; Tape et al., 2006; Cannone et al., 2007), and change
in species composition (Wilson and Nilsson, 2009; Michelsen et al., 2011). Increased vegetation
greening has been detected on the Northern Hemisphere (Xu et al., 2013) and in alpine areas
(Carlson et al., 2017), with an upward shift of plants and an increased species richness on
mountain summits (Klanderud and Birks, 2003; Walther et al., 2005; Odland et al., 2010; Felde
et al., 2012; Steinbauer et al., 2018). In response to climate change, vegetation can continue
changing at different spatial and temporal scales (Pearson et al., 2013; de Wit et al., 2014).
Lichens are, for instance, one growth form that can be negatively affected by changing climatic
conditions.

In Scandinavia, mat-forming lichens are an important component of the alpine
vegetation, contribute to a large part of the biomass (Porada et al., 2016), covering
approximately 8 % of Norway (Bryn et al., 2018). Fruticose lichens are most common in the
continental parts of Fennoscandia (Moen, 1999) and in boreal and arctic ecosystems (Ahti and
Oksanen, 1990). In those areas, lichen biomass is also influenced by reindeer (Rangifer
tarandus) grazing, as lichens are important forage during winter (Den Herder et al., 2003; Ims
Vistnes and Nellemann, 2008; Temmervik et al., 2009; Odland et al., 2014).

In alpine areas, the distribution of lichens are associated with a thin or lacking snow
cover (Bruun et al., 2006; Loffler, 2007; Odland and Munkejord, 2008; Bidussi et al., 2016), and
high lichen cover is negatively correlated with cover of vascular plants in alpine (Bruun et al.,
2006; Odland et al., 2015) and arctic areas (Cornelissen et al., 2001). Environments with low
soil temperatures in combination with other harsh climatic conditions, such as permafrost, can
facilitate lichen abundance and reduce the cover of taller vascular plants (Kershaw, 1978;
Sundstgl and Odland, 2017).

As a result of climate change, lichens can respond negatively in abundance with

increased competition from shrubs. This effect on lichens is found in Scandinavia with increased
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cover in the crowberry (Empetrum nigrum) (Vanneste et al., 2017; Vuorinen et al., 2017;
Maliniemi et al., 2018). The negative effect on lichens is due to the shrubs shading and litter
accumulation (Jonasson, 1992; Press et al., 1998; Cornelissen et al., 2001; Klanderud and Birks,
2003; Jagerbrand et al., 2006; Dawes et al., 2011, Lang et al., 2012). Lichens can also reduce
their coverage in experiments with induced warming while vascular plants increase their
coverage at the expense of lichens (Walker et al., 2006; Klanderud, 2008; Dawes et al., 2011;
Elmendorf et al., 2012). It is likely that these changes will continue.

Vegetation is not only affected by climate, and can also influence the climate in many
ways, for instance by its surface albedo. The surface albedo is the ratio between reflected and
incoming shortwave solar radiation at the ground, and is presented as a number between 0 to
1 (Oke, 1987)(Equation 1.1),

Kout Eq. 1.1
K;

where «a is the surface albedo, Kout is the reflected shortwave radiation, and Ki, is the
incoming shortwave radiation from the sun (Oke, 1987). The amount of solar radiation that is
reflected by the ground depends on the actual surface. For instance, Cladonia stellaris
dominated heaths have higher surface albedo and lower soil temperatures compared to
surfaces of growth forms such as bryophytes (Stoy et al., 2012). Solar radiation that reaches
the ground is transformed into thermal energy that warms the Earth’s surface (Oke, 1987). The
albedo of vegetation surfaces can vary substantially, and vegetation change can lead to
increased surface temperature at local and regional levels (Pearson et al., 2013; Fraser et al.,
2014; Duveiller et al., 2018). Lichens have the ability to influence the local climate and have a
cooling effect on the environment. This effect by mat-forming lichens is found at a larger scale
on the Northern Hemisphere (Porada et al., 2016). Further expansion of shrubs and decrease
in light lichens can reduce the surface albedo, give regional warming, and facilitate further
global climate warming (Wookey et al.,, 2009; Myers-Smith et al., 2011). This can have a
negative impact on alpine vegetation and especially the lichens distribution (Fraser etal., 2014).

The reflection of shortwave radiation from vegetated surfaces can differ between
growth forms, such as lichens and shrubs. As an example, lichen-dominated vegetation can
have a surface albedo of 0.19 compared to 0.15 of deciduous shrubs (Williamson et al., 2016).
This is also found in studies on alpine and arctic vegetation where the surface albedo of

vegetation types containing light lichens is higher than for vegetation types with reduced or no



lichen cover (Beringer et al., 2005; Bernier et al., 2011; Temmervik et al., 2012; Cohen et al.,
2013). In these studies, the effect of lichens on the surface albedo depends on the coverage
and height of the shrubs and trampling and grazing on vascular plants and lichens.

Despite the potential decrease of lichen coverage that can result in lower albedo at the
ground, there is a lack of species-specific studies on lichens. The surface albedo within and
between growth forms can differ, as for instance lichens differ in terms of color and structural
building. Some lichens are known for their light colors and high albedo such as Cladonia spp.,
and their surface albedos have been addressed (Cornelissen et al., 2007; Joly et al., 2009;
Odland et al., 2018).

The mat-forming lichens with a light color show a higher reflection of solar radiation
than most other surfaces. Field measurements of the albedo of light lichens have resulted in
values of 0.26 compared to 0.12 for black spruce forest (Petzold and Rencz, 1975). Light lichens
in woodland can have an albedo of 0.29 (Kershaw, 1978). In experiments with radiometers
higher values have been revealed on C. stellaria with 0.31, and 0.20 for lingonberries
(Vaccinium vitis-idaea) (Peltoniemi et al., 2010). Another experiment found a mean surface
albedo of 0.33 for Cladonia spp. (Heim and Lundholm, 2013). These studies show that light
lichens have the ability to reflect more solar radiation than other types of vegetation. Despite
these differences, the lichens ability to affect climate is poorly understood.

The surface albedo in small- and large-scale studies do differ, and the albedos of
vegetation types are lower at larger scales than for target specific measures (Oke, 1987). One
reason why surface albedo is lower at larger scale is due to the heterogeneity in the vegetation.
Surface albedo studies with satellite images can use few vegetation categories and lichens are
included in categories that also contain other growth forms. The precision of the surface albedo
from satellite images depends on the image resolution where lichen tundra can be difficult to
distinguish from for example shrubby tundra (Virtanen and Ek, 2014). In addition, field
measurements can be influenced by the surrounding vegetation and give less accurate albedo
values of the vegetation surface. These drawbacks make it more difficult to determine the
effect of species-specific contribution on the surface albedo.

A generalization of the surface albedo of alpine vegetation is complex to determine. For
instance, the reflection of solar radiation might not differ between vegetation types despite
being visually different (Blok et al., 2011). In addition, Juszak et al. (2014) showed that simulated

increase in Dwarf birch (Betula nana) density and biomass did not change the amount of
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reflection of solar radiation from the shrub surfaces. Other studies have found that a transition
from lichen- to shrub- and forest vegetation can lead to reduced reflection of radiation with
increase of shrub- and tree biomass and density (Thompson et al., 2004; Williamson et al.,
2016).

Still, the surface albedo of lichens has received little attention despite that they are an
important component in the alpine vegetation. Most studies on surface albedo have focused
on vascular plants, and especially on shrubs where lichens are excluded or part of few
vegetation classes in combination with vascular plants (Eugster et al., 2000; Loranty et al., 2011;
Bonfils et al., 2012). In vegetation studies, lichens are often excluded or lumped together with
bryophytes as cryptograms (i.e. Graglia et al., 2001; Cornelissen et al., 2007; Porada et al., 2016;
Vanneste et al., 2017). This makes it difficult to assess the importance of lichens in alpine
landscapes and their contribution to the ground radiation budget.

A change in the vegetations composition can influence the climate at the ground with
increased absorption of radiation. “Shrubification”, the expansion of woody shrubs (Myers-
Smith et al., 2011), is predicted to continue at different scales in alpine (Mod and Luoto, 2016)
and northern areas (Swann et al., 2010; Pearson et al., 2013; de Wit et al., 2014; Rydsaa et al.,
2017). Such a vegetation change can eventually increase the soil temperature and reduce areas
with permafrost that generate a higher root depth and facilitate shrub growth (Wookey et al.,
2009; Lawrence and Swenson, 2011). The shrubification can give new surface albedo dynamics,
and eventually impact the radiation budget at the ground that is defined as (Oke, 1987)
(Equation 1.2),

Q" = (Kin — Kour) + (Lin = Lout) Eq. 1.2
where Q* is the net radiation, Ki, is the incoming shortwave solar radiation, Kot is the reflected
shortwave radiation, Lj, is the incoming longwave radiation from the atmosphere, and Loyt is
the outgoing terrestrial longwave radiation, measured in W/m? (Oke, 1987). The surface albedo
is therefore an essential part of the net shortwave solar radiation and thus the radiation budget
at the ground.

The proportion of incoming and reflected shortwave radiation are influenced by
environmental factors. These factors are compound, and some of the most influential are time
of the year and day, the solar zenith angle, topography and aspect, clouds and other
atmospheric components such as aerosols (Oke, 1987; Ramanathan et al., 1989; Oliphant et

al., 2003). In addition, for the surface albedo the radiative properties and structure of the
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surface is also important (Oke, 1987). These factors can all explain variations in the albedo for
a surface.

The changes in incident solar radiation is dependent on the season, and especially at
higher latitudes there are great differences in incoming solar radiation between summer and
winter. During the growing season, the amount of incoming solar radiation increases at the
higher latitudes (Oke, 1987; Ohmura, 1982; Sturm et al., 2005). Diurnally the surface albedo
varies due to incident solar radiation, where morning and evening albedos are higher than
midday (Oke, 1987). On cloudless days, the surface albedo decreases with decreasing zenith
angle (Pirazzini, 2004). The diurnal variation in albedo on the radiation budget is small, because
the highest albedos occur at times with low radiation input (Oke, 1987).

The alpine landscape is characterized by large variation in topography, and therefore
the surface albedo will have large variations between slopes and aspect in the terrain. The
orientation of a surface influences the amount of incident radiation it receives. The incident
sunlight therefore varies spatially depending on the topography and the angle of incoming
radiation (Oke, 1987).

In summer at high latitudes, north-facing slopes receive solar radiation in the morning
and evening, and south-facing slopes receives directly solar radiation when the position of the
sun is higher (Oke, 1987; Bennie et al., 2008). The topographical variations thus lead to
differences in the energy budget at local levels and the highly changing microclimates in alpine
areas (Oke, 1987; Bennie et al.,, 2008; Opedal et al.,, 2015). This can be reflected in the
distribution of snow cover and vegetation (Oke, 1987; Cherubini et al., 2017). For instance,
south-facing slopes can have a higher treeline that receives more radiation than north-facing
slopes (Odland, 1996).

The fraction of incoming solar radiation that reaches a surface can be heavily influenced
by clouds (Ramanathan et al., 1989). Solar radiation that passes through the atmosphere
encounters atmospheric components such as clouds, water vapor, salt crystals, dust particles
and different gasses (Moene & Dam, 2013). The absorption of shortwave radiation in the
atmosphere depends thus on the atmospheric components, where clouds are the most
effective reflector and scatter of solar radiation (Oke, 1987; Kim and Ramanathan, 2008).

To get a better understanding of lichens and shrubs surface albedo, a species-specific

study is essential for more accurate projections for the surface albedo of alpine vegetation. In
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addition, it is important to consider how environmental factors can affect the albedo of lichen
surfaces. In this project, | have performed a set of idealized experiments with the aim to:
1) Measure the surface albedo of three lichen species Flavocetraria nivalis, C. stellaris,
and Cetraria islandica, and one evergreen low growing shrub, E. nigrum.

2) Study the impact of the solar zenith angle, aspect, and cloud cover on the surface

albedo.

11



2. Methods

2.1 Study species

In this study, | measured the surface albedo of three lichens species, C. stellaris, F. nivalis
and C. islandica, including increasing cover of the evergreen and woody shrub E. nigrum. All
three study species are mat-forming and common in alpine vegetation of Fennoscandia.
However, their distribution differs, and are important components in different vegetation
types.

F. nivalis is common in the Northern Hemisphere, in arctic and alpine areas (Ahti &
Oksanen, 1990; Walker, 2006), and is also found in Antarctica (Bjerke, 2004). In alpine areas it
grows on exposed ridges with Alectoria ochroleuca where snow cover is shallow or absent and
has a decrease in coverage with increasing snow cover (Loffler, 2007; Bidussi et al., 2016). Other
species with a wider range of different snow cover also grow with F. nivalis, such as dwarf birch
(B. nana) (Ahti & Oksanen, 1990). It can also grow in communities with C. stellaris on upper
slopes or ridges (Oksanen et al., 1995; Loffler, 2007). It is characterized as a light-colored lichen
species with thick and curly branches.

C. stellaris is common in alpine and arctic areas and is dominant in the northern boreal
forest (Ahti and Oksanen, 1990; Kershaw, 1978; Walker et al., 2005). It is an important reindeer
forage during winter along with other species (Cladonia spp.) (Gaare et al., 2005; Joly et al,
2009). It dominates on the upper slope of ridges with more snow cover than F. nivalis with
about 10-30 cm depth of snow (Loffler, 2007). C. stellaris is abundant in old stages of boreal
forest, however it can also be among the first colonizers (Ahti and Oksanen, 1990; Kershaw,
1978). It can also grow in dwarf birch (B. nana) and E. nigrum vegetation (Oksanen, 1995). The
lichen is a light-colored species with thin branches and cloud-like shape.

C. islandica grows in alpine, arctic and boreal forest (Ahti & Oksanen, 1990), and is also
found in central Europe (Hauck, 2009). It can grow in moist habitats and can be dominant in
snow beds (Odland et al., 2014), but can also be abundant in drier environments (Ahti &
Oksanen, 1990). C. islandica can be common in communities with an get early snow cover, and
is less wind resistant than C. stellaris (Ahti & Oksanen, 1990). It is associated with higher soil
temperatures than the lichens growing on exposed ridges (Sundstgl et al., 2018). It can also

grow in communities with dwarf birch (B. nana), E. nigrum and C. stellaris (Oksanen et al.,
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1995). C. islandica is a dark brown lichen species with thick branches, with a lighter color on
the underside.

The evergreen shrub E. nigrum is common in the same environments as the three
lichens species. It is associated with thin snow cover and can be dominant in the alpine
landscape (Tybirk et al., 2000; Odland and Munkejord, 2008). It is also considered as a keystone
species in northern ecosystems (Vaisanen et al., 2013; Bienau et al., 2015). It has dark green

needlelike leaves, and brown branches.

2.2 Experimental design

The surface albedo was measured on a flat lawn on the campus of the University of
Southeast-Norway in Bg (59°24’47”N, 9°04’10”E), in Telemark county, from April to June 2019.
The three lichen species were sampled in two alpine areas, Imingfjell and Battjgnndalen.
Sampling was done in August and September 2018, and March 2019. E. nigrum was sampled
between May — June 2019 in B@ municipality one day before each measurement to maintain
freshness.

The lichen species were sampled in small cushions, as homogenous and compact as
possible. The individual lichen species were inserted into perforated boxes to prevent rotting.
Then, other lichen specimens and organic matter was removed. In natural environments, other
species of lichens, bryophytes and vascular plants grow in between the mat-forming lichen
species.

As mentioned before, several environmental factors can influence the amount of solar
radiation (solar zenith angle, clouds, aspect, etc.), and these factors were considered for each
of the measurements. The measurements started and ended on a horizontal surface each day,
and the cloud cover was observed and classified for each measurement of the surface albedo.
The measurements were paired, where two species were measured at the same time (Table

1).

Zenith angle
The solar zenith angle influences the surface albedo by the amount of incoming solar
radiation that hits a surface. It is the angle between the direction to the sun and the normal to

the surface (Coakley, 2003). Measurements in this experiment were done at specific zenith
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angles and specific aspects throughout the study period. All aspect categories besides
horizontal surface at noon (HSN) have constant zenith angle, where HSN has a decreasing
zenith angle through the whole study period (Figure A5; Table 1; Table A5).

In the Northern Hemisphere, the seasonal variation in zenith angle is considerable. At
the latitude of Bg in Telemark (i.e. 59°N), the sun angle during winter is too low and the
proportion of shortwave solar radiation that reaches a surface is heavily reduced. Therefore,
this experiment was run when the zenith angle was below 60° in April during daylight when
the amount of solar radiation is higher. The zenith angle was controlled by using a scheme with
specific zenith angles through the whole study period. The zenith angles were decided before
running the experiment. Measurements started and ended at the same zenith angle each day,
with increase in time between intervals from the start to the end of the study period to match
the specific zenith angles. Therefore, the different surface albedo measurements using the

specific zenith angles from day to day measurements are directly comparable.

Aspect

In this study, the aspect was categorized in three ways; horizontal surface for all species,
and 10° north- and south-facing for F. nivalis and C. stellaris (Table 1). In the Northern
Hemisphere, south facing and horizontal surfaces show symmetrical energy receipt on midday
(Oke, 1987). A north-facing surface will be influenced by shading and receive less solar radiation
than a south-facing surface.

The F. nivalis was measured during the whole study period and was paired with one of
the other species. The study started with additionally measuring C. stellaris, then C. islandica,
then increasing cover of E. nigrum from 25 %, 50 %, 75 %, and finally 100 % coverage. The first
pair of surfaces had seven different interval of surface albedo measurements for one day. The
next pairs of surfaces had three intervals with only horizontal surfaces. The different aspect
categories also match specific zenith angles. The sampling regime with aspect categories is

presented in Table 1 and Table AS.

Cloud cover
Cloud cover observations were categorized for each paired measurement of the surface

albedo (Table A5). The cloud cover was estimated by observations, and each interval got one
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individual cloud cover category. The cloud cover was categorized using a meteorological scale
from O to 8 in okta units, where O represent no cloud cover, and 8 represent full cloud cover.
The cloud cover was observed by one person, to reduce bias on the cloud cover observations.

Clouds can be very effective in reflecting and scattering solar radiation (Oke, 1987). This
can change over short time periods and can be seen as fluctuations in measurements of
shortwave radiation due to absorption and reflection by clouds (Oke, 1987). On a clear day,
surface albedo measurements are therefore displaying a smooth curve. The fluctuations in
cloud cover is not accounted for in the observations as the cloud cover is registered only one
time during one surface albedo interval. The influence of clouds has also been measured by
calculation of cloud factor for each surface albedo interval (see data analysis).

The cloud cover observations did not measure all atmospheric particles causing scatter
or reflection of radiation, such as the cloud factor. Also, cloud cover categories can be less
precise as cloud cover is only observed once during each measurement. The cloud cover can
change rapidly, and this is not considered in the cloud cover observations. In addition, observed
clouds might not shade for the incoming sunlight and thus do not reduce the amount of

incoming radiation.

Radiometer

A CNR 4 net radiometer (Kipp & Zonen, Delft, the Netherlands) measured the incoming
and reflected shortwave solar radiation, between 300 to 2800 nm, for each surface. Two
radiometers were used in this experiment. The radiometer consists of a pyranometer pair, one
facing upwards, the other facing downwards. The output units is expressed in Watts per square
meter (W/m?). The up- and downward facing pyranometers measure the energy that is
received from the whole hemisphere with a 150° field view (Kipp & Zonen, 2014). The
measurement radius of the radiometer is approximately 75 cm when the radiometer is placed
at a height of 20 cm. When the radiometer is lower than 150 cm the instrument can shade the
surface. The radiometer should be installed horizontal over the surface (Kipp & Zonen, 2014).

The incoming- and reflected shortwave radiation hitting the pyranometers was logged.
The datalogger logs data every five seconds and gives an average for every one minute. One
interval in the experiment was set to 30 minutes. The surface albedo was calculated as an

average of 30 minutes for surface albedo analysis.
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The surface albedo should be a number between 0 and 1 and checking this can be a
tool for quality assurance of the measurements (Kipp & Zonen, 2014). It is also important to
check the curve of the shortwave radiation from the pyranometers. Under perfect conditions,
measurements from the pyranometers of solar radiation will have a cosine response curve
(Kipp & Zonen, 2014).

It was not recommended by the manufacturer to do measurements when the solar
zenith angle was higher than 80°, the sun angle is too low and the proportion of radiation that
reaches a surface will be heavily reduced, and causes unreliable results (Kipp & Zonen, 2014).
Errors of surface albedo measurements can also occur when there is precipitation. Therefore,
in this experiment, measurements started with a solar zenith angle below 60° and without

precipitation.

Experimental setup

The species in this study are represented by seven individual surfaces; three lichens and
four different covers of E. nigrum combined with C. stellaris. One species was covering one
experimental surface. Two experimental surfaces, or species, were measured at the same time
through the whole study period. During the whole study period the surface albedo was
measured for F. nivalis paired with one of the other six surfaces; starting with 1) C. stellaris, 2)
C. islandica, 3) 25 % cover of E. nigrum, 4) 50 % cover of E. nigrum, 5) 75 % cover of E. nigrum,
and finally 6) 100 % E. nigrum (Table 1). Most measurements were therefore conducted for F.
nivalis compared to all the other species (Table 1). The lichens were stored dry, cold and dark,
to prevent damage or color change due to mold and sunlight.

The three different lichen species were each covering one individual surface, consisting
of a circular flat wooden board with a diameter of 1.75 m. The edge of the board was fitted
with vertical mesh of 10 cm to keep the lichens in place. To cover the surface of 1.8 m? the
amount of lichen was dependent on the lichen species, and approximately 1.8-2.0 m? was
needed for tightly packing one surface depending on the species. The lichens were packed as
tight as possible to create a cover of approximately 100 %, and to prevent reflection of solar
radiation from the underlying board surface. One surface was representing one lichen species,
resembling their natural appearance. The lichen surfaces were watered to prevent open cracks

on the surfaces. Wind and sun dry up the lichens during a whole day of measurements.
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After running the surface albedo measurements on C. stellaris and C. islandica,
measurements on E. nigrum started with increasing cover on top of C. stellaris. The round C.
stellaris surface was divided into parts of 25 %, 50 %, 75 % and 100 % cover of E. nigrum (see
picture for E. nigrum coverage). The E. nigrum branches were placed maintain a horizonal
surface on top of the C. stellaris, starting with the lowest percentage cover of 25 %, and
increasing the coverage after conducted enough surface albedo measurements at each cover.

The surfaces were placed away from disturbing elements, such as trees and buildings
that could shade or reflect sunlight on to the experimental surfaces. The two paired surfaces
were placed side by side at the same individual location every day.

The surfaces were leveled with a clinometer that measures the angle of a slope, to have
either horizontal, 10° north- or south-facing surface to measure surface albedo at different
aspects. One day of measurements on C. stellaris and F. nivalis were done at horizontal surface
in the morning, north-facing surface at morning, south-facing surface at morning, horizontal
surface at noon, north-facing surface at afternoon, south-facing surface at afternoon, and
finally horizontal surface at afternoon. Only the first pair of surfaces, C. stellaris versus F. nivalis,
was measured with north- and south-facing aspect. The C. islandica and all the covers of E.
nigrum, were measured three times during one day with a horizontal surface (Table 1; Table
AS5).

Above each surface, a radiometer was placed following the manual from Kipp & Zonen
(2014). The radiometer was placed 20 cm above each surface on a pole going through the
board. The pole was positioned on the northern side of the board, and the radiometer was
attached on a 65 cm arm facing south from the pole. This placement prevents shading from the
pole and the arm from the radiometer on the surfaces.

The 20 cm height of the radiometer was resulting in a circular measurement surface of
1.5 m? from the pyranometers. To prevent disturbance on the surface albedo measurements a
buffer zone of 15 cm was added on the edge of the board outside. The vegetation surrounding
the experimental surfaces changed during the study period, starting with brown and low
vegetation in April, and with taller green vegetation in June. Shading from the surrounding
vegetation could decrease the incoming sunlight. However, by adding the buffer zone (15 cm)
and by adjusting the height of the radiometer (20 cm), the potential error was accounted for.

Hence, the measurement surface of the radiometer did only cover the lichen surface.
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The pyranometers on the radiometer were in the center of the experimental surface.
The pole stand was attached with bar stools to prevent it displacing due to wind during
measurement intervals. The radiometer was leveled to stand perpendicular over the lichen
surface. Height and displacement were adjusted between each interval. In addition, for each
interval a picture was taken to document set-up and the cloud cover.

Each radiometer had its own compatible data logger, LOGBOX SE, Kipp & Zonen, Delft,
the Netherlands. The radiometers with its data logger were switched between the two
experimental surfaces to prevent bias of the radiometers. Incoming longwave radiation from
both radiometers was plotted after each day of measurements. The data of the two
radiometers did not show a difference in incoming longwave radiation and showed no
difference between the radiometers. Also, surface albedo was plotted to check for eventual
changes in surface albedo measurements.

Each surface albedo measurement had 30 minutes intervals with matching zenith angle
through the study period, except for the noon measurements that had decreasing zenith angle
from start to end of the measurement period. All days of measurements started and ended

with the same zenith angle and aspect (Table 1; Table A5).

2.3 Data analysis

In the statistical analysis, only surface albedo measurements were included with solar
zenith angle of more than 60°, and without precipitation. In total, there were 300 individual
measurements.

For the statistical analysis, the aspect categories were merged and divided into four
categories; 1) horizontal surface at morning and afternoon (HSMA), 2) horizontal surface at
noon, 3) north-facing surfaces (NO) and 4) south-facing surface (SO).

The nine cloud cover categories were merged into three groups (group 1:0/1/2, group
2:3/4/5, group 3: 6/7/8). These groups were used to calculate mean, standard deviation (SD)
and minimum and maximum range for different subsets for the species.

Mean values were used for surface albedo and cloud factor (see below) for all surfaces,
and mean, standard deviation (SD), and minimum and maximum range values were calculated.
Different subsets for C. stellaris and F. nivalis were divided by the different aspect categories

and for cloud cover categories.
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The surface albedo was calculated from measurements of the pyranometers on the
radiometer (Kipp & Zonen, 2014) (Equation 2.1),
a Eg.2.1

_ (E lower pyranometer)
~ (E upper pyranometer)

where Eis the ratio between voltage and a calibration constant for each of the lower and upper
pyranometers (Kipp & Zonen, 2014). The ratio between the pyranometers also reflects the
Equation 1.1 for the theoretical surface albedo, where the lower pyranometer represents the
reflected shortwave radiation, and the upper pyranometer represents the incoming shortwave
radiation. This gives a proportion of reflected radiation between 0 and 1. The structure and
angle control the amount of penetration, radiation trapping, and shading within a vegetation
surface (Oke 1987). For a generalization of the albedo for a surface it is therefore important
that the surface is homogenous (Oke, 1987).

In the statistical analysis, an average of the 30 minutes intervals was used, with one
interval being represented by one individual surface albedo value.

To analyze the influence of clouds, a cloud factor was calculated for each of the surface
albedo intervals. Clouds can reduce the amount of incoming solar radiation that reaches a
surface (Oke, 1987). The solar radiation that passes through the atmosphere encounters
atmospheric components that have their own radiative properties when hit by the incoming
shortwave solar radiation (Oke, 1987). About 50 % of the solar radiation does not reach the
Earth — atmosphere system or is reflected by the atmosphere. Almost one half of the solar
radiation is absorbed by the surface and transformed into thermal energy that warms the
Earth’s surface (Oke, 1987). In general, the atmosphere is not a good absorber of shortwave
radiation and the absorption depends on the amount of clouds, atmospheric gasses and other
aerosols (Oke, 1987; Li, 1998).

The incoming shortwave radiation varied seasonally and diurnally and is therefore
included in the cloud factor calculation. The cloud factor was the proportion between incoming
shortwave radiation (Kis, measured) measured at the surface and potential incoming shortwave
radiation (Kin, potentiof) from the top of the atmosphere. Zero represents no influence of
atmospheric properties, and one represents the influence of the atmospheric properties

(Moene & van Dam, 2013).
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To estimate the influence of clouds, the calculation of the potential incoming radiation
(Equation 2.3) was used to calculate the cloud factor. Since the atmosphere can consist of
different components that affect the amount of solar radiation that reaches a surface, the ratio
between measured (Kin, measured) and potential (Kin, potentiar) incoming shortwave radiation was
included. The cloud factor is calculated from Equation 2.2, see below,

K;j Eq.2.2
Cloud factor = 1 — —wmeasured q

Kin,potential
The last part of the cloud factor Equation 2.2 is calculated from the solar radiation at
the top of the atmosphere. This is given by the equation for potential incoming shortwave
radiation (Kin, potentiat) (Moene & van Dam, 2013) (Equation 2.3),
— 2
—( dsun Eqg. 2.3
Kin,potential = I < cos(8z)

dsun

where lpis the solar constant that equals 1365 W/m? (flux density of solar radiation at the mean
distance from Sun to Earth), dsun (with line over) is the mean distance between the Sun and the
Earth over a year, dsun is the actual distance from the Sun to the Earth depending on the date,
Ozisthe solar zenith angle at the time of measurement (the angle between the solarirradiation
and the normal to the Earth’s surface depending on the location, date and time). The zenith
angle was calculated from solar elevation angle (angle between solar radiation and horizontal)
from the sampling scheme that is a complementary angle of the solar zenith angle.

From the Equation 2.3, the ratio can be calculated by Equation 2.4,
<—dsun >2 Eq.2.4
dsun

M] Eq.2.5
365

where ngay is the day of the year, starting from January the first.

can be calculated by Equation 2.5,

1+ 0.033 cos [211 *

The solar radiation at the ground is partly determined by the factors from the top of the
atmosphere through the atmosphere down to the ground. Most of the variations in the solar
radiation at the ground are due to clouds. Other components in the atmosphere are the
content of water vapor that leads to variation in absorption in the atmosphere, and aerosols
that can reflect, absorb and scatter radiation. In addition to diurnally variations, the variation

in solar radiation can have latitudinal and seasonal variation depending on the location on the
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Earth (Moene & van Dam, 2013). Therefore, the zenith angle is an important part of the cloud

factor calculation.

Statistical analysis

The influence of the environmental variables influencing the surface albedo was
analyzed with a generalized linear mixed model (GLMM) using the glmer function in the R
package Ime4 (Bates et al., 2015). Measurements on the surfaces were paired and repeated
for the same surface. To account for this pseudoreplication, ID (of the surface) was nested in
Date (of measurements) as a random variable.

All environmental factors were included in the model. However, to avoid collinearity,
only the cloud factor was used to predict the influence of clouds. The Pearson correlation test
was used to look for collinearity among variables. This was revealed for cloud cover and cloud
factor as they both are ways of measuring the influence of clouds on the surface albedo.

To assess under-dispersion, the R package Dharma (Hartig, 2019) was used to run a
dispersion test, as is reported in the appendix (Table A3). A binomial distribution was first
considered; however, it did not account for the under-dispersion. A quasibinomial distribution
in a generalized linear model (GLM) was then tested, as it did account for the under-dispersion
by adding one extra parameter in the distribution. The quasibinomial distribution is a less good
way to account for little variance in the data. In addition, a GLM does not account for the
pseudoreplication. Another solution was to use beta regression and adding a random
component.

Lastly, to account for under-dispersion in the data, a Gamma distribution was used in a
GLMM, with log specification (family 0 “Gamma” (link="log”)) to run the model. The zenith
angle was scaled to be on a proportional scale as the surface albedo and cloud factor. All seven
species where included in the model, as well as the four aspect categories.

The mod.sel function in the R package MuMIn was used to find the most suited
explanatory variables to best predict the surface albedo (Barton, 2019). All possible
combinations of the explanatory variables where explored and where ranked according to the
Akaike information criterion controlling for small sample sizes (AlCc). The retaining models was
ranked and one model with delta AlCc < 2 was the supported model (lowest AICs) as the top
model that was equally supported by the data (Burnham and Anderson, 2004). Then a 95 %

confidence interval (Cl) was calculated for the prediction variables. Only predictor variables

21



with 95 % Cl spanning zero were considered uninformative (Arnold, 2010). Figures were plotted
by using the R package ggplot2 (Wickham, 2016). All data analysis was performed using R
version 3.6.0 (R Core Team, 2019).
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3. Results

3.1 Difference in surface albedo between species

The surface albedo measurements show that all the surfaces were absorbing more
shortwave radiation than they reflected (Figure 1). The mean surface albedo values differed in
the reflection between species when all environmental variables were included. All
measurements of the surface albedos were influenced by different cloud covers and changing
zenith angle at noon. In addition, the two light-colored species C. stellaris and F. nivalis had the
highest surface albedos. They were the only species where albedo was measured with north-
and south-facing aspects. For the darker surfaces of E. nigrum covers and C. islandica, the
surface albedo, but also sample size were lower (Figure 1; Table 1).

The amount of reflection of solar radiation decreased respectively from C. stellaris (0.36
+0.02), F. nivalis (0.34 £ 0.02), 25 % E. nigrum cover (0.29 + 0.02), 50 % E. nigrum cover (0.23
+ 0.01), 75 % E. nigrum cover (0.18 + 0.02), to 100% E. nigrum cover (0.15 * 0.01) and C.
islandica (0.15 + 0.01) (Figure 1; Figure Al; Table 2).

C. stellaris achieved the highest mean (0.36 + 0.02, range: 0.31 — 0.39) surface albedo,
comparedto F. nivalis (0.34 £ 0.02, range: 0.29—0.38). Both species had similar range in surface
albedo values. The C. stellaris also had the highest individual surface albedo of 0.39. For F.
nivalis the highest individual surface albedo was 0.38 (Table 2).

The E. nigrum surfaces had decreasing albedo with increasing cover of E. nigrum, with
highest albedos for zero E. nigrum cover, and lowest for total coverage. For 25 % cover of E.
nigrum the mean surface albedo was 0.29 (+ 0.02, range: 0.27 — 0.31), and this was similar to
the lowest measured surface albedo values for F. nivalis. When E. nigrum was covering half of
the surface, the mean albedo further decreased to 0.23 (+ 0.01, range: 0.21 — 0.25). This was
lower than any surface albedo measurements with 25 % E. nigrum cover. The 75 % E. nigrum
cover had a mean surface albedo of 0.18 (+ 0.02, range: 0.15 — 0.20). The total coverage of E.
nigrum had a mean surface albedo of 0.15 (+ 0.01, range: 0.14 — 0.17), and values were
overlapping with the surface albedo measurements for 75 % E. nigrum cover (Figure 1; Table
2).

C. islandica is a darker lichen species than C. stellaris and F. nivalis and it had the lowest

individual surface albedo measurement of all the surfaces. The C. islandica had a mean surface
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albedo of 0.15 (+ 0.01, range: 0.13 — 0.17) and had similar mean and range as total coverage of
E. nigrum (Table 2; Figure 1; Figure Al).

The GLMM shows that F. nivalis had a slightly lower surface albedo compared to C.
stellaris. For the other species with increasing darkness in the surface, the surface albedo

decreased as expected (Table A3).

3.2 Zenith angle

Only the surface albedo measurements done at noon had a decreasing zenith angle
(Figure A5). All the other aspect categories were measured with a constant zenith angle.

The mean surface albedo for C. stellaris were 0.34 (+ 0.01) and for F. nivalis it was 0.33
(£0.01) at noon. For both species, these albedos are lower than for the overall mean surface
albedo values, and all aspects except north-facing slopes (Table 2).

The GLMM showed that the zenith angle had a small influence on the surface albedo
on noon measurements when all species were included (Table A3). This relationship can be
seen for F. nivalis and C. stellaris (Figure 2). C. stellaris and all the other darker surfaces had a
smaller sample size, which could have resulted in a less accurate influence of zenith angle on
the surface albedo. However, the effect of zenith angle on C. stellaris measurements showed
that the surface albedo was increasing with increasing zenith angle, even with the lower sample
size (Figure 2).

The effect of the zenith angle could have been influenced by other environmental
factors. The surface albedo measurements of all species measured with increasing zenith angle
and horizontal surface at noon, also had changing cloud cover included in the GLMM (Table A3;
Figure A3). Cloudiness can lower the influence zenith angle have on the surface albedo and
might have influenced the surface albedo measurements at noon. However, there was still an

effect of zenith angle (Table A3).

3.3 Aspect

The GLMM showed that aspect influenced the surface albedo when all species were
included (Table A3; Figure 3). The influence of aspect categories with constant zenith angle was
higher than for a horizontal surface at noon. However, the north- and south-facing slopes did

not have a significant effect on the surface albedo (Table A3).
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C. stellaris and F. nivalis with constant zenith angle had the highest surface albedos at
horizontal surfaces in the morning and afternoon, and the lowest surface albedo at north-facing
slopes (Table 2). For both the light-colored species, the horizontal surface at noon and north-
facing surface were similar in terms of having the lowest mean surface albedo values at these
aspects. South-facing surface had similar surface albedo measurements as horizontal surfaces
in the morning and afternoon (Table 2; Figure 3).

C. stellaris and F. nivalis had the lowest mean surface albedos at noon and north-facing
slope, with respectively 0.34 for noon and 0.34 north-facing for C. stellaris, and 0.32 for noon
and 0.33 north-facing for F. nivalis (Table 2). The north-facing slope measurements had the
lowest variation in surface albedo measurements for F. nivalis. The highest surface albedo
measurements were at horizontal surface in morning and afternoon, and south-facing surface
for both light colored species. C. stellaris measured a mean 0.36 at horizontal surface at
morning and afternoon, and 0.37 at south-facing slope (Table 2). F. nivalis measured 0.35 at

horizontal morning and afternoon and 0.36 at south-facing slope the albedo (Table 2).

3.4 Cloud factor

The GLMM showed that cloud factor influenced the surface albedo (Table A3; Figure 4
— 5). This effect was higher than for the other environmental factors (Table A3). All surface
albedo measurements were influenced by changing cloud cover, which can impact the
influence the other environmental factors have on the surface albedo. However, most
measurements were done at lower cloud factor values and were therefore clustered to the left
in Figure 4. The lower sampling of higher cloud factor values also reflected this. Despite this,
high surface albedos where observed with high cloud factor values.

Variation in the cloud factor values was higher than variation in the surface albedo
measurements for all species (Table 2—3; Figure A4). The low variation in the surface albedo
could therefore result in under-dispersion.

For C. stellaris and F. nivalis the surface albedo decreased with increasing cloud factor
(Figure 5). For C. stellaris the cloud factor ranged from 0.20 to 0.95 (mean + SD = 0.36 + 0.18)
(Table 3). For F. nivalis the cloud factor ranged from 0.16 to 0.94 (mean + SD =0.36 + 0.17), and

also had a larger sample size than for C. stellaris (Table 3). F. nivalis had more measurements
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done later in the study period, when more clouds were present. Therefore, the cloud factor
was slightly lower for F. nivalis than for C. stellaris.

C. stellaris had the lowest cloud factor value of 0.20 with surface albedo of 0.37 at
south-facing surface, and cloud cover of 3 (Table 2—3). The highest cloud factor value was 0.95,
with surface albedo of 0.33 at horizontal surface with constant zenith angle, and cloud cover of
3. F. nivalis had the lowest cloud factor value of 0.16, had surface albedo of 0.32 at horizontal
surface at noon, and cloud cover of 3 (Table 2—3). The highest cloud factor value was 0.94, with
surface albedo of 0.31 at horizontal surface with constant zenith angle, and cloud cover of 3
(Table 2-3).

The surface albedo did not differ much with the changing cloud factor for the darker
species. The darker species had a smaller sample size (6 — 12 measurements; Table 1) and did
not cover the scale of cloud factor as the light-colored lichen species. The different surfaces
had a different range in the cloud factor (Table 3). Since the sample size was low, these few
samples could have influential values and therefore not show influence of clouds on the surface
albedo as for the light-colored species.

The highest cloud factor values were also represented with the two highest cloud cover
categories (Figure A3). The surface albedo can be high despite being high cloud cover
observations and high cloud factor values (Figure 4; Figure A3).

Even though cloud factor and cloud cover observations were correlated, they did not
fully match the same pattern for influence of clouds on the surface albedo (Figure 4; Figure A3).
For instance, low cloud factor and high surface albedo had observations of high cloud cover.
Thus, the cloud factor and cloud cover did not correspond, and cloud factor represent another
range than cloud cover observations. This showed that cloud factor represented another range

than cloud cover observations.

3.5 Cloud cover

The surface albedo decreased with increasing cloud cover (Table A2; Figure 6). Despite
this, the cloud cover showed high surface albedo even though cloud cover was observed within
the group 2 and 3 (Figure A3). The reflection of solar radiation differed with and without the

presence of clouds.

26



The different cloud cover categories from zero to eight were best represented in C.
stellaris and F. nivalis due to their larger sample size. However, most of the measurements for
C. stellaris and F. nivalis had observations of zero or low cloud cover, and some categories were
represented with few cloud cover observations. The other groups had smaller sample sizes, and
all the cloud cover categories were not represented in C. islandica and all the E. nigrum covers
(Table A1; Figure A2).

C. stellaris and F. nivalis had most measurements done at zero cloud cover, with 51 and
55 observations respectively (Table A2). For cloud factor this was also the trend, where most
of the measurements were done under low cloud factor and was clustered to the left (Figure
4).

C. stellaris had higher surface albedo in all the cloud cover categories compared to F.
nivalis. Both species showed decreasing surface albedo with increasing cloud cover (Table A2).
When cloud cover was merged into three groups, the albedo decreased with increasing cloud
cover. This was for measurements done with and without constant zenith angle.

For both light-colored species with zero cloud cover, the albedo was higher at horizontal
surface in morning and afternoon with constant zenith angle (Table A2). The albedo decreased
with increasing cloud cover for both species with and without constant zenith angle. With
constant zenith angle, the values were based on a smaller sample size.

The clouds’ influence on the highest and lowest surface albedos can be seen in the C.
stellaris. The species had the lowest albedos of 0.31 and was measured at north-facing surface
with cloud cover of 2, and cloud factor of 0.45 (Table 2; Figure 4; Figure A3). The highest albedo
value of 0.39 was measured at horizontal surface with constant zenith angle with cloud cover
of 1, and cloud factor of 0.31 (Table 2; Figure 4; Figure A3).

For F. nivalis the lowest albedo value of 0.29 were measured at horizontal surface at
noon, with cloud cover of 2 and cloud factor of 0.45. The highest albedo value was 0.38 for the
same species measured at horizontal surface with constant zenith angle and cloud cover of 1,

and cloud factor of 0.24 (Table 2; Figure A3).
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4. Discussion

The results showed that the two lightest surfaces, C. stellaris and F. nivalis, reflected
more solar radiation than the other surfaces. With increasing cover of E. nigrum the surface
albedo decreased. The dark lichen C. islandica had similar reflection of solar radiation as the
total coverage of E. nigrum. The surface albedo was also influenced by environmental factors.
During the study period the zenith angle, aspect and cloud cover were affecting the reflection
of solar radiation. Amongst these factors, clouds had the most influence on the surface albedo.

However, the zenith angle and aspect were also explaining the variation in the surface albedo.

4.1 Difference in the surface albedo between species

In this study, all the surface albedo measurements showed that the surfaces absorbed
more solar radiation than they reflected. However, the proportion of reflected radiation
differed between the surfaces. This difference between lichens and shrubs has also been found
by Peltoniemi et al. (2010). The study showed a surface albedo of 0.31 for light-colored lichens
compared to 0.20 for lingonberries (V. vitis-idaea). Even higher surface albedos for the light-
colored lichens have been found by Heim and Lundholm (2013) with mean albedo of 0.33 for
Cladonia spp. Both these studies show lower values than revealed by the experiment on C.
stellaris reported in this thesis, and might be due to the presence of Cladonia rangiferina used
in the other studies with its natural grey color.

The influence of light-colored lichens on the surface albedo has also been the focus for
field studies on arctic vegetation. A study by Petzold and Rencz (1975) showed that high
coverage of C. stellaris gave albedos of 0.20 in heath tundra, 0.22 in shrub heath and 0.26 in
coniferous forest. In comparison, other types of vegetation where this lichen was not present,
such as meadow vegetation, had surface albedos ranging from 0.16 to 0.18. In the same study,
increasing colonization and cover of C. stellaris after forest fire led to an increase in the surface
albedo. The same has also been revealed in another study by Kershaw (1978) where the highest
albedo was for the late colonization of C. stellaris, 80 years after fire. These studies show the
effect Cladonia spp. have in increasing the surface albedo for different vegetation types. The
same was also found in this thesis in the experiment with changing the coverage of E. nigrum
and C. stellaris, where decreasing proportion of the light-colored lichen decreased the surface

albedo.
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The surface albedo of a vegetation type is dependent on the growth forms.
Measurements of the surface albedo on vegetation types can be lower than for target species
and individual leaves because of the mixture of growth forms (Oke, 1987; Peltoniemi et al.,
2010). For instance, vegetation types containing light-colored lichens can have higher surface
albedo than vegetation with shrubs and trees where the lichen cover is reduced or not existing
(i.e. Beringer et al., 2005; Bernier et al., 2011; Cohen et al., 2013; Williamson et al., 2016).
Tundra vegetation consisting of Cladonia spp. can have higher surface albedo compared to
coniferous forest containing the same lichen, with albedos of respectively 0.19 and 0.10
(Beringer et al., 2005). Along this gradient from tundra vegetation to boreal forest, the increase
in biomass and canopy complexity showed a decrease in the reflection of solar radiation
(Thompson et al., 2004). However, this effect from the vegetation on the surface albedo does
not necessarily change proportionally with increasing biomass and shrub abundance. The
surface albedo is dependent on the species composition, the canopy density and its
architecture (Betts, 2000; Williamson et al., 2016).

The transition from open lichen vegetation to a closed canopy forest can also affect the
local climate with changing the albedo of the vegetated surfaces. A reduction in coniferous
forest canopy and increase in the cover of Cladonia spp. can have a negative effect on the
climate by having a cooling effect in the atmosphere, where more solar radiation is reflected
(Bernier et al., 2011). An increase in coniferous trees or other plants with dark-colored foliage,
together with reduction in light-colored lichens can thus lead to less reflection of the solar
radiation. In this experiment, the transition from zero, to total coverage of E. nigrum, resulted
in a decrease in the surface albedo. The zero cover of E. nigrum, or total coverage of the C.
stellaris surface, produced the highest albedo value of 0.39. In comparison a total coverage of
E. nigrum showed a surface albedo of 0.14. This represents a reduction in the reflection of more
than half the albedo value for a surface with total coverage of E. nigrum. Consequently, a
transition from a light-colored lichen-dominated surface to shrub vegetation can potentially
substantially impact the energy budget with a decreasing reflection of solar radiation.

The dark C. islandica had similar reflection of solar radiation as total coverage of E.
nigrum. This shows that a darker lichen surface can also reduce the proportion of shortwave
radiation reflected back to the atmosphere. The surface albedo may change within the same
growth form, and not only between growth forms. A shift in the composition of lichen species

can therefore have the same effect on albedo as shrubification in lowering the reflection of
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radiation at the surface. Despite this, differences in lichens are not fully explored here and other
studies on surface albedo in alpine and northern areas have also focused on vegetation
containing shrubs.

A species-specific knowledge of the surface albedo has been addressed in the study by
Peltoniemi et al. (2010). They stress the urge of systematic measurements from specific
surfaces, although, they did not mention what lichen species was used in their analysis. The
vegetation data was computed from an earlier study on understory vegetation using a field
spectrometer, and presumably C. rangiferina and C. stellaris were the target species for
detecting the surface albedo (Peltoniemi et al., 2005).

Many surface albedo studies on vegetation use few vegetation classes for categorizing
different vegetation types. When studies use few vegetation classes, this leads to many growth
forms being included in each of the vegetation classes. This can be a drawback when studying
satellite images and using few vegetation classes which generalize a highly heterogeneous
vegetation containing different growth forms and species (Virtanen and Ek, 2014). As a result,
it can be difficult to assess the influence on the surface albedo from different lichen species,
and species within other growth forms, when they are represented as one group within a
vegetation class. The classification can influence the surface albedo values of the different
types. For instance, a vegetation class containing one dominant shrub species can make up
coverage in other vegetation classes and influence the surface albedo in the other vegetation
classes (Loranty et al., 2011). The coverage of the dominant shrub can lead to less difference
between the surface albedo for vegetation classes (Loranty et al., 2011). In addition, different
vegetation types can have similar surface albedo. This was found by Blok et al. (2011) for a
transition from wetland to shrub vegetation where the surface albedo was not changing, when
replacing wetland tundra with shrubs.

Studies on satellite images often use Cladonia spp. for detecting vegetation change due
to their light color (Temmervik et al., 2003; Theau et al., 2010). However, at the scales used for
satellite images, it can be difficult to distinguish between species and vegetation types
(Virtanen and Ek, 2014). For instance, C. stellaris grows on heaths with other lichen species that
also have a light color such as F. nivalis and A. ochroleuca (Oksanen and Virtanen, 1995; Bidussi
et al., 2016). The two light-colored lichens in my study had similar surface albedo and dividing

lichens by color can explain the variation in the surface albedo of vegetation. However, it is also
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important to report the cover of lichen species, as differences in the surface albedo can be due
to traits of specific species.

There are also other factors that can influence the surface albedo. External factors, such
as vegetation grazing with removal of light-colored lichens can reduce the reflection of solar
radiation at the ground. This has been found in Scandinavia where areas with heavy grazing on
Cladonia spp. have lower surface albedo than areas with higher lichen cover and less grazing
(Stoy et al., 2012; Cohen et al., 2013). In contrast, heaths and exposed ridges with light grazing
consisting of dwarf shrubs, such as E. nigrum, and lichens, such as F. nivalis, C. stellaris and C.
islandica, can have lower surface albedo than similar sites with heavy grazing and strong decline
in the lichen and shrub coverage (Oksanen and Virtanen, 1995; Beest et al., 2016). This trend is
restricted to areas with heavy reduction in lichens. After heavy grazing, lichens cover can have
a rapid recovery of 60 % after 7 years (Temmervik et al., 2012), which is contrary to Kumpula
et al. (2000) who found a full recovery of the lichens after 18 years. Recovery can then again
lead to new albedo dynamics at the ground.

Another factor that might influence surface albedo measurement is surrounding
elements and vegetation. However, in my experiment there was a buffer zone to account for
this. In the study by Petzold and Rencz (1975) it was mentioned that dwarf birch (B. nana)
stands nearby the measurement plots, which potentially could have influenced the
measurements. This is the drawback when measuring the surface albedo in the field, with taller
vegetation, such as trees and shrubs, being present. Surrounding vegetation can cause shading
for the incoming solar radiation depending on the position of the sun that changes diurnally.

The roughness of a surface is another influential factor on surface albedo
measurements. Pictures from the surface albedo experiment of Heim and Lundholm (2013)
showed uneven surfaces of the C. stellaris lichens, and uneven structure could have shaded the
surfaces. For more accurate measurements it is important to maintain a heterogeneous
horizontal surface, as shading can lower the surface albedo. In my experiment, the lichens were
placed as horizontal as possible to prevent shading. For measurements done in the field, it is
difficult to measure totally horizontal surfaces due to variations in the landscape shape.
However, these disturbances are difficult to avoid, as vegetation can be highly heterogeneous
in terms of growth forms and due to the topography.

The ability of lichens to absorb water was not considered in this experiment, even

though it might be influencing the surface albedo. They can absorb water and thus increase
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their biomass. Lichen water content is related to the varying climatic conditions and can dry up
completely in sunshine, but the water content can also quickly increase with increasingly humid
weather (Matwiejuk, 2000). In addition, lichens can change color when wet, and this might

influence the albedo as well (Palmquist and Sundberg, 2000).

4.2 Zenith angle

In my experiment, the surface albedo increased with higher solar zenith angle for F.
nivalis (Figure A5). The same pattern can be seen for C. stellaris; however, it had fewer
measurements and could therefore have influenced the prediction of the zenith angle. The
increasing zenith angle for horizontal surface at noon (over the measurement period) resulted
in increasing surface albedo. This shows that the seasonal variation in the zenith angle is an
important factor that can affect the surface albedo. The same pattern has also been found by
Peltoniemi et al. (2010) with a weak positive relationship of the surface albedo and zenith angle
on Cladonia spp. lichens. Also, the surface albedo of white, snow-covered surfaces has the same
influence from the zenith angle (Pirazzini, 2004; Sedlar et al., 2011).

For alpine ecosystems in the northern areas, the solar zenith angle changes greatly
diurnally and seasonally. With lower zenith angle, the incoming sunlight can penetrate deeper
into the structure of a surface and the radiation can be trapped, and at higher zenith angle
more of the incident light is reflected from the same surface (Pirazzini, 2004). At an ideal site,
the incoming solar radiation is controlled by the azimuth and zenith angle of the sun relative to
the horizon, with maximum incoming shortwave radiation at local solar noon (Oke, 1987). Since
the zenith angle changes greatly through the day, studies report the time of the day for surface
albedo measurements. This makes it easier to assess the influence of the zenith angle in these
studies.

The effect from the zenith angle decreases with increasing cloud cover. The shortwave
shading effect from clouds increases as the sun rises in the sky, and in months with sunlight the
shading effect from clouds is strongest at solar noon (Shupe and Intrieri, 2004). With overcast
conditions, the influence from zenith angle on the surface albedo is less since more of the
incoming solar radiation is hitting atmospheric components such as clouds (Oke, 1987, Pirazzini,
2004, Shupe and Intrieri, 2004, Bennie et al., 2008). In this study, the surface albedo for C.

stellaris and F. nivalis showed a lower effect from the zenith angle than the influence from the
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cloud factor. This might be due to the clouds lowering the effect of the zenith angle. The cloud
effect can give influential data points for the influence of zenith angle on the surface albedo,

and especially for C. stellaris that had a lower sample size than F. nivalis.

4.3 Aspect

In this study, the surface albedo of C. stellaris and F. nivalis was influenced by different
aspects. As expected, the north-facing slopes showed lower surface albedo than the horizontal
and south-facing surface for both species. Under cloudless conditions, in the Northern
Hemisphere a north-facing slope receives less radiation than a south-facing slope during
midday (Oke, 1987; Bennie et al., 2008). Therefore, the north-facing surfaces in my experiments
were influenced by less radiation and more shading than the other aspects due to the
orientation of the surfaces. Oliphant et al. (2003) found that one of the most important factors
influencing the surface energy is the orientation and the angle of the slope that are controlling
the direct incoming shortwave radiation. For horizontal surface in the morning and afternoon,
and south-facing surfaces in this study the surface albedo was greater than for the north-facing
surface. This has also been found with satellite studies in Norway, where the surface albedo
was higher on south-facing slopes than flat terrain and north-facing slopes (Cherubini et al.,
2017).

The topographical variations are important for the radiation budget at local levels that
additionally can be influenced by other environmental factors such as clouds (Oke, 1987;
Bennie et al., 2008). In this study, measurements with different aspects were influenced by
changing cloud cover. More clouds lead to less variation in the diurnal pattern in the surface
albedo, and the variation between surfaces can therefore be less (Bennie et al., 2008).

The albedos of vegetated surfaces have also been studied with different aspect and
vegetation types. Young et al. (1997) studied the surface albedo of different vegetation types
and bare ground with different aspects of the surfaces, for south-, north-, east- and west-facing
slopes. Cloudy conditions made the variation between sites even less. However, the influence
of aspects is difficult to assess as the study by Young et al. (1997) compared different vegetation
types with the same aspects. The same was done in a study by Konzelmann et al. (1997) who
did not find any difference in surface albedo on north-facing and horizontal surfaces in the Alps

between two different vegetation types. Vegetation types can have different surface albedo,
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and it is therefore important to compare the same type of vegetation with different aspect
categories to assess the influence of aspect. In this experiment, measurements were done
repeatedly at the same surface for different aspects.

The incoming radiation can also affect the distribution of vegetation in alpine areas. For
instance, the Fennoscandian treeline is higher on the south-west facing slopes that receives
more solar radiation and are characterized with higher temperatures, than north-west slopes
(Odland, 1996). In addition, species richness has been found to increase with increasing
temperature in Norway, with highest richness in topographically rough sites, compared to
horizontal terrain (Opedal et al., 2015). This influence from the radiation can influence the

distribution and composition of lichens, shrubs and trees in alpine areas.

4.4 Cloud factor and cloud cover

The results in this study, the increasing cloud factor reduced the surface albedo. Most
of the measurements were done under lower cloud factors and resulted in higher surface
albedo values. With increasing cloud factor the amount of direct incoming solar radiation
decreases, and therefore the albedo of a surface is reduced (Oke, 1987; Ramanathan et al.,
1989). Clouds are considered one of the most important factors that are influencing the
amount of solar radiation that reaches the ground (Ramanathan et al., 1989; Sedlar et al., 2011;
Moene & Dam, 2013). Stephens et al. (2015) found that the shading effect of clouds in the
Northern Hemisphere on brighter snow surfaces can be up to fifty percent.

When a bright surface is replaced by a darker one, less shortwave radiation is being
reflected by the surface under clear skies (Shupe and Intrieri, 2004). In the arctic, warming has
been detected at the surface due to loss of ice, despite increases in cloud cover and their optical
thickness (Miller and Russell, 2002). This shows that changing surfaces are also controlling the
surface albedo dynamics despite increased cloudiness. A vegetation change from lichen heaths
to shrubs can therefore reduce the reflection during summer, even with increasing cloud cover.

Future cloud cover regimes can potentially influence the surface albedo dynamics and
control the incoming shortwave radiation. At higher latitudes the influence on the surface
albedo from clouds and the contribution of these new regimes will be characterized by the

potential of increased cloud cover (Folland et al., 2009; Chen et al., 2011; Vavrus et al., 2011).
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The influence clouds have on the surface albedo is also dependent on the cloud’s
physical structure, with a combination of the cloud’s temperature, height and content of liquid
water (Minnett, 1999; Shupe and Intrieri, 2004; Sedlar et al., 2011). Clouds containing liquid
have a greater effect on the incoming shortwave radiation, and can have a cooling effect,
compared toice-only clouds that have little shortwave shading effect (Shupe and Intrieri, 2004).
The liquid clouds contain many small droplets and have a greater surface area per volume, than
ice-only clouds, with higher optical depth and lower transmittance (Shupe and Intrieri, 2004).
These differences in the clouds physical building can be difficult to assess by cloud cover
observations. Therefore, the calculations from the cloud factor can be a better measure for the
influence on the surface albedo.

Some regions can have a reduction in the incoming shortwave radiation even though
the cloud cover is not increasing. This is due to more air pollution and biomass burning that
reduce the amount of incoming radiation (Li, 1998). This shows the importance of estimating
the effect of all components (clouds, dust, other particles) from the top of the atmosphere and
down to the surface, as aerosols are also a contributing part to the cloud factor (Equation 2.2).
The total effect might not be visible with cloud cover observations.

In my study, the effect of the cloud factor on the surface albedo was higher than the
effect of the solar zenith angle. Also, the effect by the zenith angle was lowered when clouds
are present (Shupe and Intrieri, 2004). This might imply that clouds, and atmospheric contents,
can have a greater effect on the surface albedo than other environmental factors.

Future studies on the albedo of vegetation surfaces should report the cloud cover to
assess the influence of environmental factors on the albedo. This is also addressed by Eugster
et al. (2000), who point to the need of albedo measurements that differ between clouds and
clear sky measurements, as clouds can lower the incoming solar radiation. Other studies also
mention this, as clouds are one of many factors that can explain the variation in the surface
albedo (i.e. Oliphan et al., 2003; Loranty et al., 2014; Curry et al., 1996).

My cloud cover observations showed that the surface albedo of the two light lichens
decreased with increasing cloudiness. However, most of the measurements were done under
lower or no cloud cover observations. Also, surface albedo measurements showed that the
albedo can be high despite that the cloud cover observations and the cloud factor is high. Even

though cloud factor and cloud cover correlate, a low cloud factor value can have a high cloud
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cover observation. For instance, clouds that were observed might not shade for the incoming
radiation. Also, the influence of observed clouds might depend on the thickness of the clouds.

The cloud cover can change rapidly, and the reduction of shortwave radiation reaching
the ground can be greatly reduced within short time periods (Oke, 1987). Cloud cover was
observed only one time during 30 minutes of surface albedo measurements, rapid fluctuations
in the cloud cover were therefore not considered. This is included in the cloud factor where the
incoming radiation is part of the individual cloud factor calculations. The variation in the
shortwave radiation can also be seen as fluctuations when plotting the surface albedo during

one day of measurements (Oke, 1987).

4.5 Future predictions of vegetation change

The species studied in this experiment can potentially be influenced by future climate
change. Lichens in alpine areas show a negative effect to climate warming and might be
replaced by an increasing cover of vascular plants (Walker et al., 2006; Klanderud, 2008; Dawes
et al., 2011; Elmendorf et al., 2012; Fraser et al., 2014). Lichens are thus responding negatively
to the recent increase of E. nigrum cover in northern Fennoscandia (Wilson and Nilsson, 2009;
Vanneste et al., 2017; Vuorinen et al., 2017; Maliniemi et al., 2018). However, E. nigrum is also
responding negatively to climate change, resulting in a longer growing season with an increase
in frost earlier in the season (Wipf et al., 2009). On the other hand, a short-term experiment
showed that evergreen shrubs had little response to induced warming and increased growing
season length (Livensperger et al., 2016). This implies that responses to climate change in one
species can differ, and future vegetation change is depending on the site.

Vegetation can also influence the climate. In my experiment, the change from light-
colored lichens to total coverage of E. nigrum can more than halve the albedo of a vegetated
surface. This can be coupled to the recent increase in shrubs at the expense of light-colored
lichens (Fraser et al., 2014). Such a transition can therefore lead to reduced reflection of solar
radiation and a positive feedback on the climate. This has also been addressed in observational
studies on increased shrub cover in northern parts of Alaska (Sturm et al., 2001; Chapin Ill et
al., 2005; Tape et al., 2006). More absorption of solar radiation is thus transformed into thermal

energy that warms the vegetated surface (Oke, 1987).
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Increased cover of shrubs and trees are predicted to continue in alpine and northern
areas, and this can lead to new surface albedo dynamics (Pearson et al., 2013; de Wit et al.,
2014; Mod and Luoto, 2016). Future climate warming in these areas can drive further
vegetation changes and lengthening of the growing season (Schwartz et al., 2006; Pearson et
al., 2013; Ernakovich et al., 2014). A longer snow-free season can lead to more absorption of
solar radiation at the ground due to less snow cover (Chapin Il et al., 2005). In addition, the
increased cover of shrubs and trees with branches above the snow pack can absorb solar
radiation and further speed up the snowmelt (Sturm et al., 2005; Pomeroy et al., 2006; Loranty
etal, 2011; Bonfils et al., 2012; Cohen et al., 2013; Loranty et al., 2014, Beest et al.; 2016). This
can give an increase the surface albedo earlier in the season during snow melt and lead more
ground warming earlier in the spring.

The shrubification can have an indirect insulation and warming effect on the ground by
trapping of snow (Sturm et al., 2005; Wookey et al., 2009; Myers-Smith et al., 2011) and this
can negatively affect lichens cover as soil warming facilitates further shrubification (Wookey et
al., 2009; Myers-Smith et al., 2011). Awarmer surface promotes roots to penetrate deeperinto
the soil and can decrease the cover of lichens and can lead to permafrost thaw (Lawrence &
Swenson, 2011; Pearson et al., 2013). The increased warming thus leads to more competition
between lichens and vascular plants.

In addition, new precipitation regimes are also predicted (IPCC, 2013). Areas with
increased snow fall can negatively affect lichens that are associated to grow at locations with
thin or lacking snow cover (Bruun et al., 2006; Loffler, 2007; Odland and Munkejord, 2008;
Bidussi et al., 2016). F. nivalis is one species that thrives on exposed ridges and can be negatively
affected new precipitation regimes (Bidussi et al., 2016). Warmer winters and more rain can
increase ground icing events that for example Cladonia spp. can be sensitive to (Bjerke, 2011).

Lichens have the ability to affect the climate. By reducing the distribution of lichens,
their cooling effect in their environment can be less (Porada et al.,, 2016). Studies show a
different effect of lichens on the ground. Stoy et al. (2012) found higher surface albedo and
surface temperature on Cladonia spp. than other vegetation. A reduction in lichen cover lowers
the surface temperature, due to an increase in ground heating and reduction in latent and
sensible heat flux, that decrease the transport of heat from the lichen surface (Stoy et al., 2012).
Another study by Kershaw (1978) found cold soil temperature under C. stellaris mats that

restricted growth of vascular plants. During summer, the reduced soil temperatures under
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lichens can thus lead to a negative feedback on a local scale (Bernier et al., 2011; Porada et al.,
2016).

On the other hand, shrubs can also reduce the soil temperature despite having a lower
surface albedo than lichens. Taller shrubs can have a shading effect where less solar radiation
penetrates the ground and the understory vegetation (Blok et al., 2010; Bernier et al., 2011).
The taller shrubs can thus have a cooling effect on the climate by shading and reduce
permafrost thaw (Blok et al., 2011; Lawrence and Swenson; 2011). For instance, Chapin Ill et
al. (2005) studied absorption of solar radiation of forest tundra that had lower surface albedo
than other arctic vegetation due to trapping of shortwave radiation. Despite this shading effect,
Bonfils et al. (2012) found that a decrease in the surface albedo on northern latitudes with
increase in taller shrubs can give warmer soils, increase in destabilization of permafrost and
atmospheric heating. The shrubs effect is complex and should be incorporated with the effect
from other growth forms to understand the energy budget at the ground.

Future predictions of vegetation change can reduce the distribution of lichens in alpine
areas. These changes can therefore lead to new albedo dynamics at the ground, and eventually
the Earths radiation budget. Vegetation change has an influence on the energy budget both
globally (Duveiller et al., 2018), and regionally (Sturm et al., 2001). The albedo changes due to
land use show a negative radiative forcing (i.e. having a cooling effect) with medium level of
confidence (IPCC, 2013). At a regional scale, however, the radiative forcing from increased
length on the snow free season have contributed to more warming than the atmospheric CO;
(Chapin Il et al., 2005). A longer growing season can give an earlier increase in sensible heating
of the atmosphere. This can be amplified by a decrease in lichen cover and an increase in

shrubs.
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5. Conclusion

In this MSc thesis project, | performed surface albedo measurements on three lichens
species and one shrub species. The experiment was run in Bg, South-Eastern Norway, in April
toJune 2019. In addition, the impact of environmental factors that influence the solar radiation
was studied. The conclusion is based on the aims of this experiment:

1) What is the surface albedo of three lichen species F. nivalis, C. stellaris, and C.
islandica, and the evergreen low growing shrub, E. nigrum? The surface albedo
differed between species of different colors, decreasing respectively for C. stellaris
(0.36), F. nivalis (0.34), 25 % E. nigrum (0.29), 50 % E. nigrum (0.23), 75 % E. nigrum
(0.18), 100 % E. nigrum (0.15) and C. islandica (0.15). Lichen species with the same
color had similar surface albedo. Also, different growth forms can have similar
surface albedo such as C. islandica and total coverage of E. nigrum.

2) What is the impact of the solar zenith angle, aspect and cloud cover on the surface
albedo? The surface albedo decreased with decreasing zenith angle. For the north-
facing slope the surface albedo was lower, compared to the other aspects. With
increasing cloudiness, the surface albedo also decreased, and the effect was highest
for this factor than for the others environmental factors. For both the zenith angle
and aspect the influence on the surface albedo decrease with increasing cloudiness.

Vegetation in alpine areas is changing. A small change in the surface albedo can
influence the energy budget at the ground. Therefore, the influence of species surface albedo
is important to understand. Environmental factors that influence the variation in the albedo of
a vegetated surface should be included in future studies. This information can give more
accurate predictions of the surface albedo of vegetation for future projections of climate
change.

Future studies on surface albedo of vegetation should report cloudiness and time of the
day. In addition, for assessing the influence of aspect on the surface albedo it is important to
compare the same type of vegetation for different aspects. Also, the coverage of different

species should be reported to understand species contribution in affecting the surface albedo.
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7. Tables

Table 1. Sampling regime of all species with six pairs (1 — 6) of measurements. The F. nivalis

surface was measured during the whole study period paired with one of the other surfaces six

times. Numbers of measurements per species are presented with the different aspect

categories. Aspect categories are HSM = horizontal surface in morning, NOM = north-facing

surface morning, SOM= south-facing surface morning, HSN= horizontal surface at noon,

NOA = north-facing surface afternoon, SOA = south-facing surface afternoon, and finally

HSA = horizontal surface at afternoon.

Pair of | Species Numbers  of Sum
surfaces measurements
per aspect
HSM NOM | SOM | HSN | NOA | SOA | HSA
1 C. stellaris 14 15 15 15 15 14 14 | 102
F. nivalis 16 16 16 16 16 15 15 | 110
2 C. islandica 8 4 4 12
F. nivalis 8 4 4 12
3 25% E. nigrum 6 3 3 9
F. nivalis 6 3 3 9
4 50 % E. nigrum 5 3 3 8
F. nivalis 5 3 3 8
5 75 % E. nigrum 6 3 3 9
F. nivalis 6 3 3 9
6 100 % E. nigrum 4 2 2 6
F. nivalis 4 2 2 6
Sum 86 61 61 | 45 61 61 45 | 300
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Table 2. Mean and standard deviation (SD), range (min. - max.) of surface albedo for all

measurements for the different surfaces, and subsets for the different surfaces for HSMA

(horizontal surface in the morning and afternoon), HSN (horizontal surface at noon), NO

(north-facing surface), SO (south-facing surface).

HSMA + HSN

Species Subset of Number of Mean £ SD Range (min. —
measurements measurements max.)

C. stellaris All measurements 102 0.355+0.019 | 0.312-0.391

HSMA 28 0.364+0.019 | 0.316-0.391

HSN 15 0.345+0.011 | 0.325-0.365

NO 30 0.340+0.011 | 0.312-0.355

SO 29 0.366+0.020 | 0.320-0.390

F. nivalis All measurements 154 0.343+0.022 | 0.291-0.381

HSMA 60 0.350+0.022 | 0.300-0.381

HSN 31 0.325+0.016 | 0.291-0.357

NO 32 0.332+0.013 | 0.306-0.358

SO 31 0.357+0.017 | 0.313-0.378

25 % E. nigrum | All measurements, 9 0.292+0.015 | 0.273-0.310
cover HSMA + HSN

50 % E. nigrum | All measurements, 8 0.230+0.013 | 0.211-0.250
cover HSMA + HSN

75 % E. nigrum | All measurements, 9 0.180+0.016 | 0.150-0.200
cover HSMA + HSN

100 % E. nigrum | All measurements, 6 0.150+0.014 | 0.140-0.171
cover HSMA + HSN

C. islandica All measurements, 12 0.151+0.014 | 0.131-0.173
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Table 3. Range (Min. - Max.), and Mean, standard deviation (SD) for cloud factor for all the
surfaces, and subsets for the different aspects for HSMA (horizontal surface at morning and
afternoon), HSN (horizontal surface at noon), NO (north-facing surface), and SO (south-
facing surface).

Species Subset of Number of Range (Min. — Mean +- SD
measurements | measuremen Max.)
ts
C. stellaris All measurements 102 0.204-0.945 | 0.361+0.184
HSMA 28 0.233-0.945 | 0.370+0.191
HSN 15 0.215-0.881 | 0.390+0.204
NO 30 0.220-0.915 | 0.355+0.182
SO 29 0.204-0.900 | 0.344+0.177
F. nivalis All measurements 154 0.159-0.944 | 0.357+0.173
HSMA 60 0.224-0.944 | 0.362+0.162
HSN 31 0.159-0.879 | 0.374+0.194
NO 32 0.214-0.914 | 0.350%0.200
SO 31 0.210-0.900 0.340+0.170
25 % E. nigrum | All 9 0.212-0.425 0.295 + 0.067
cover measurements,
HSMA + HSN
50 % E. nigrum | All 8 0.174-0.453 0.320+£ 0.089
cover measurements,
HSMA + HSN
75 % E. nigrum | All 9 0.245-0.540 0.380+0.110
cover measurements,
HSMA + HSN
100 % E. nigrum | All 6 0.240-0.800 0.460+ 0.230
cover measurements,
HSMA + HSN
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C. islandica

All
measurements,

HSMA + HSN

12

0.131-0.173

0.15+0.014
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8. Figures
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Figure 1. Surface albedo measurements of all species C. stellaris (turquoise), F. nivalis
(orange), E. nigrum 25 % (purple), E. nigrum 50 % (pink), E. nigrum 75 % (green), E. nigrum
100 % (yellow), and C. islandica (brown) with ID of the (n=300) measurements.
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Figure 2. Relation between surface albedo and zenith angle for C. stellaris (turquoise) and F.

nivalis (orange) with 95 % confidence interval.

52



BE C stellaris B F nivalis

0.3751

o
W
a
o

Surface albedo

o
[9%)
¥}
o

0.300 1

HSMA HSN NO SO
Aspect categories

Figure 3. Relation between surface albedo and aspect. Aspect categories are horizontal
surface at morning and afternoon (HSMA), horizontal surface at noon (HSN), north-facing
surface (NO), and south-facing surface (SO) for C. stellaris (turquoise) and F. nivalis

(orange).
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Figure 4. Relation between surface albedo and cloud factor for all species C. stellaris
(turquoise), F. nivalis (orange), E. nigrum 25 % (purple), E. nigrum 50 % (pink), E. nigrum
75 % (green), E. nigrum 100 % (yellow), and C. islandica (brown).
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Figure 5. Relation between surface albedo and cloud factor for C. stellaris (turquoise) and F.

nivalis (orange) with 95 % confidence interval.
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Figure 6. Surface albedo and cloud cover observations for all measurements on C. stellaris

(turquoise) and F. nivalis (orange) for three cloud cover categories.
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9. Appendix
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Figure A2. Surface albedo of all species C. stellaris (turquoise), F. nivalis (orange), E.
nigrum 25 % (purple), E. nigrum 50 % (pink), E. nigrum 75 % (green), E. nigrum 100 %

(yellow), and C. islandica (brown) measurements. Axes are reversed.
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Figure A2. Counts of cloud cover categories per species of C. stellaris (turquoise) and F
nivalis (orange) from the 9 cloud cover categories ranging from 0 to 8 in okta units.
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Figure A3. Surface albedo of all species of C. stellaris (turquoise), F. nivalis (orange), E.
nigrum 25 % (purple), E. nigrum 50 % (pink), E. nigrum 75 % (green), E. nigrum 100 %
(yellow), and C. islandica (brown) with cloud cover group 1 (circle), 2 (triangle) and 3

(square).
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Figure A4. Cloud factor for all species C. stellaris (turquoise), F. nivalis (orange), E. nigrum
25 % (purple), E. nigrum 50 % (pink), E. nigrum 75 % (green), E. nigrum 100 % (yellow),
and C. islandica (brown) measurements. Axis are reversed.
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Figure A5. Zenith angles for surface albedo measurements through the whole study period

for all species. The graph show that measurements are paired. The data points positioned

lower in the figure show decreasing zenith angle from April to June.

Table Al. Counts of cloud cover observations per species of C. stellaris and F. nivalis for the

different cloud cover categories ranging from 0 to 8 in okta units.

Counts per Okta units

species 0 1 2 3 4 5 6 7 8
C. stellaris 51 12 1 6 2 1 12 6 11
F. nivalis 55 23 7 14 11 3 18 11 12
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Table A2. Mean and standard deviation (SD), and range (min. - max.) for the surface albedo

of all measurements under different cloud cover categories for C. stellaris and F. nivalis.

Subsets are displayed for the different species for HSMA (horizontal surface at morning and

afternoon), HSN (horizontal surface at noon), for cloud cover category of 0 cloud cover, and

regrouping of cloud cover to category 1, 2 and 3.
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Species Subset of measurements Number of Mean = SD Range (min.
measurements — max.)
C. stellaris 0 cloud cover 51 0.363 £0.015 0.332-
0.391
0 cloud cover, HSMA 17 0.373 £ 0.009 0.360 —
0.391
0 cloud cover, 24 0.370+0.012 0.350—
HSMA + HSN 0.391
1 cloud cover 64 0.362 +0.020 0.332 -
0.391
2 cloud cover 9 0.349 +0.023 0.312 -
0.390
3 cloud cover 29 0.341 £0.020 0.316 -
0.382
1 cloud cover, HSMA 20 0.373+0.010 0.360—
0.391
2 cloud cover, HSMA 1 0.350+0
3 cloud cover, HSMA 7 0.341+0.022 0.316 -
0.382
F. nivalis 0O cloud cover 55 0.360 £ 0.020 0.320-
0.381
0 cloud cover, HSMA 21 0.363 £ 0.014 0.333 -
0.381
0 cloud cover, HSMA + HSN 28 0.360+£0.014 0.333 -
0.381




1 cloud cover 85 0.354£0.017 0.320-
0.381
2 cloud cover 28 0.331+0.023 0.291-
0.381
3 cloud cover 41 0.330+£0.016 0.310-
0.364
1 cloud cover, HSMA 33 0.362+0.014 0.333-—
0.381
2 cloud cover, HSMA 12 0.339+0.025 0.300 -
0.381
3 cloud cover, HSMA 15 0.333+0.017 0.310-

0.356
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Table A3. Model average results from the top model set (A AlCc<2) predicting environmental factors influence on the surface albedo. Model

terms estimate are presented on a log scale, standard error (SE), t value, Pr(>|z|), confidence intervals (Cl) and under-dispersion are reported. All

informative model terms (Cl do not include 0) are marked with an asterisk.

Response variable Predictor Estimate SE t value Pr(>|z|) Cl upper Cllower | Under-dispersion
Intercept -0.981 0.014 -68.915 <2e-16 -1.009 -0.953*
E. nigrum 100% -0.816 0.011 -73.432 <2e-16 -0.838 -0.794*
E. nigrum 25 % -0.175 0.009 -18.978 <2e-16 -0.194 -0.157*
E. nigrum 50 % -0.392 0.010 -40.043 <2e-16 -0.412 -0.373*
Surface albedo E. nigrum 75 % -0.654 0.009 -70.970 <2e-16 -0.672 -0.636* 0.006
F. nivalis -0.027 0.003 -9.855 <2e-16 -0.032 -0.021*
C. islandica -0.835 0.008 -103.187 <2e-16 -0.851 -0.819*
Cloud factor -0.192 0.026 -7.382 1.56e-13 -0.243 -0.141*
Aspect HSN 0.005 0.021 0.234 0.815* -0.037 0.047
Aspect NO -0.031 0.014 -2.242 0.025 -0.058 -0.004*
Aspect SO 0.040 0.014 2.967 0.003 0.014 0.067*
Zenith 0.032 0.008 4.003 6.24e-05 0.016 0.048*
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Table A4. Model selection for generalized linear mixed model from a global set of models. Model terms included in each model are displayed

with estimates and AICc, A AICc and Akaike weight. Only model with A AlCc<2 are used in the top model.

Response Intercept | Aspect | Cloud factor | Species | Zenith df logLik AlCc Delta AlCc Weight
variable
-0.981 + -0.192 + 0.032 15 1008.929 -1986.168 0.000 9.977e-01
Surface albedo | -0.948 + -0.210 + 14 1001.751 -1974.029 12.139 2.307e-03
-0.978 -0.188 + 0.031 12 993.267 -1961.448 24.720 4.276e-06
-1.054 + + 0.034 14 987.062 -1944.651 41.518 9.627e-10
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Table A5. Sampling regime of all measurements. Aspect categories HSM = horizontal surface in morning, NOM = north-facing surface

morning, SOM= south-facing surface morning, HSN= horizontal surface at noon, NOA = north-facing surface afternoon, SOA = south-facing

surface afternoon, and finally HSA = horizontal surface at afternoon, zenith angles and cloud cover categories are presented. Date for each

measurement and each species. Cloud cover is presented in okta units, from 0 to 8. Comments on species that are not measured.

Aspect HSM NOM SOM HSN NOA SOA HSA

Zenith

angle 58 55 53 53-36 53 55 58

Date Cloud cover Species | Comments
05.04.2019 0 0 3 3 3 6 0 Cl+Fl

06.04.2019 8 6 6 7 8 7 8 Cl+Fl

08.04.2019 0 0 0 0 0 0 0 Cl+Fl

09.04.2019 0 0 0 0 1 2 3 Cl+Fl

10.04.2019 1 1 1 1 1 1 2 Fl Cl not measured
11.04.2019 3 4 6 6 5 6 6 Cl+Fl | Clnot measured HSM
12.04.2019 0 0 0 0 0 0 0 Cl+Fl

13.04.2019 0 0 0 0 0 0 0 Cl+Fl

14.04.2019 0 0 0 0 0 0 0 Cl+Fl

15.04.2019 0 0 0 0 0 0 0 Cl+Fl

16.04.2019 1 1 3 7 7 7 6 Cl+Fl

18.04.2019 0 0 0 0 0 0 0 Cl+Fl

19.04.2019 1 1 1 1 1 1 1 Cl+Fl

23.04.2019 0 1 6 4 3 1 0 Cl+Fl

25.04.2019 8 8 8 8 8 Cl+ Fl |Both species not measured SOA+HSA
26.04.2019 8 8 7 6 8 6 6 Cl+Fl

08.05.2019 2 5 6 Fl+1s

11.05.2019 0 4 3 Fl+1s

12.05.2019 3 3 1 Fl+1s
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13.05.2019 4 4 1 Fl+1s
14.05.2019 4 3 4 25+ Fl
15.05.2019 7 1 6 25+ Fl
16.05.2019 0 2 0 25+ Fl
21.05.2019 7 8 50 + Fl | Both species not measured HSA
25.05.2019 0 7 4 50 + F
26.05.2019 2 3 4 50 + F
28.05.2019 6 4 3 75 + Fl
29.05.2019 1 4 6 75 + Fl
31.05.2019 7 1 1 75 + Fl
04.06.2019 3 6 7 100 + FI
10.06.2019 2 4 4 100 + FI
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