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ABSTRACT

Light absorbing particles (LAPs) such as black carbon (BC) and dust can reduce snow albedo
and have a positive radiative forcing. Previous studies investigating LAP in snow in Tromse
focused on black carbon (BC) also called elemental carbon because it has human sources, but
dust should also be considered because, while largely from natural sources, it is present in
higher concentrations. To quantify the relative contribution of dust and BC in snow albedo
reductions, snow samples were collected in Tromse (Fjellheisen and Ekrehagen), Norway
during the winter season from December 2022 to March 2023, both from surface snow and
vertical profiles through the snow column. The samples were analyzed for particle
concentration using gravimetric filtration, which provides a proxy of dust deposition. Snow
reflectance was measured at both sites using a spectroradiometer to estimate the variation in
snow reflectance from both sites. The SNICAR snow albedo model was used to evaluate the
relative contribution of BC and dust to albedo reductions. The results from this study show that
snow melt during warm periods, long dry periods of little additional accumulation of snowfall
and wind all increase particle concentration in the surface layer of snowpack. Fresh snowfall
generally has low gravimetric particle concentration. Snow particle concentrations are higher
at Ekrehagen (70 m a.s.l.) than Fjellheisen (420 m a.s.l.) due to the 350 m elevation difference
of the two sites. Ekrehagen has a higher occurrence of melt and rain, both of which increase
particle concentrations, while Fjellheisen receives more snow and has a lower occurrence of
times when particle concentrations are high on the surface of the snowpack. This has
implications under a changing climate. As climate warms, more areas are more likely to get
more rain and to have higher particle concentration surfaces, resulting in lower albedo, greater
energy absorption, more melt of the snowpack and more energy kept in the Earth System. The
SNICAR modeled spectral snow albedo indicates that dust is a greater driver of albedo
reduction than BC. In both winter and spring dust only scenarios lower albedo more than BC
only scenarios. However, the combination of BC and dust results in a further lower albedo
reduction, but dust is the LAP that is most driving albedo reductions in the snow, with larger
albedo reductions in late spring than in winter. The SNICAR modeled spectral snow albedo
shows that 22% to 26% more of the incoming solar energy is being absorbed by the snowpack
in spring relative to winter and contributing to melt. This is a large change in the surface energy
balance. Therefore, it is important to include dust in analyses of LAP induced albedo reductions
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

The Arctic is warming up to four times faster than the rest of the world (Rantanen et al., 2022).
This phenomenon is known as Arctic or polar amplification. It is evident in both instrumental
observations and climate models as well as in paleoclimate proxy records (Rantanen et al.,
2022). The potential causes of Arctic amplification have been explained by several factors over
the past decade, including increased oceanic heating and ice-albedo feedback due to declining
sea ice (e.g., Screen et al., 2010; Jenkins & Dai, 2021), Planck feedback (Pithan & Mauritsen,
2014), lapse-rate feedback (Stuecker et al., 2018), near-surface air temperature inversion
(Bintanja et al., 2011), cloud feedback (Taylor et al., 2013), ocean heat transport (Beer et al.,
2020), and meridional atmospheric moisture transport (Graversen & Burtu, 2016) (Kim et al.,
2017).

Impacts of Arctic amplification include decreased snow, glaciers, and sea ice, as well as an
increase in precipitation falling as rain rather than snow. Aside from warming, another
important factor driving snow and ice melt is the accumulation of Light Absorbing Particles
(LAP) on snow such as dust, black carbon or microbial growth, that contribute to the snow and
ice albedo feedback (Skiles et al., 2018). The presence of LAPs in snow reduces albedo
(reflectivity) and increases the amount of solar energy absorbed by the snow, leading to earlier
snowmelt and changes in the timing of seasonal runoff (Skiles et al., 2018).

Skiles et al. (2018) provide a review of the current understanding of LAP in snow globally,
including their impact on the cryosphere and climate (Figure 1). This review summarizes the
current understanding of the distribution of radiative forcing by LAPs in snow and discusses
the obstacles that need to be overcome to limit global impacts, such as the limitations of local-
scale observations, remote sensing technology, and the representation of LAP-related processes

in Earth system models.

Overview of Snow Albedo

Snow serves as one of the primary barriers between the atmosphere and land surfaces while
also being one of the most reflective surfaces on Earth. To understand the Earth's energy budget,
snow is therefore a key factor. Albedo refers to how much of the sun's incoming light is
reflected by a surface (Pedersen et al., 2015). The change in surface albedo which occurs due
to fluctuations in temperature via snow and ice gain/loss have been long recognized to have a
significant impact on climate change (Wexler, 1953). In the visible and near infrared spectrum

(up to 1.4 pum, referred to as NIR), where the majority of the solar energy is available, snow is
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a highly reflective medium (Warren, 1982). Snow is therefore a unique element of the climate
system since snow-covered areas absorb less solar radiation than other surfaces like bare soil,
vegetation, or oceans (Armstrong and Brun, 2008). A subsequent decrease in snow and ice
cover as the climate warms shows a less reflective surface that absorbs more solar radiation,
which amplifies the initial warming perturbation (Cess et al., 1991; Ingram et al., 1989; Robock,
1983; Schneider and Dickinson, 1974). Surface albedo feedback is the term for this positive
feedback mechanism. At high latitudes, surface albedo feedbacks have long been associated
with increased climate sensitivity (the response of the climate system to a given forcing)
(Budyko, 1969; Sellers, 1969). The early energy balance models of Budyko (1969) and Sellers
(1969) demonstrated that combination of planetary albedo and near-surface air temperature
provides strong feedback between ice/snow and temperature when an external forcing (such as

enhanced solar radiation) is applied (Thackeray & Fletcher, 2016).

Snow albedo in the visible region of the electromagnetic spectrum (400-700 nm) is mostly
influenced by the number of particles present in the snow, with a minor/slight influence from
the size of the snow grains. According to Wiscombe and Warren (1980) and Warren (1982),
the size of the snow grains has a significant impact on snow's albedo in the infrared region of
the solar spectrum (700-2500 nm) (Warren, 1982; Wiscombe and Warren, 1980; Skiles et al.,
2018). Light absorbing particles (LAP; described further below) speed up melting by affecting
snow albedo and the radiative forcing (RF) that results in increased solar irradiance absorption
as a result of surface darkening- (Skiles et al., 2018). LAPs quickly reduce albedo across the

visible wavelengths where snow is most reflective when at or near the snow surface.
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Figure 1. Light absorbing particles (LAP) impact on snow albedo and net solar radiation (from
Skiles et al., 2018). The increased solar absorption caused by the presence of LAPs in snow is
known as radiative forcing (RF). Red indicates absorption and yellow indicates reflection of
incoming sunlight change with LAP content and snow age, which represents the snow grain
size. The direct effect of LAPs (surface darkening) accelerates the aging of snow by promoting
grain growth, which further reduces snow albedo (feedback from grain-size). Together, these
two processes expedite melt, and when the snow cover quickly retreats, darker underlying
surfaces (such the ground or ice) become more visible earlier, reducing the albedo at the
landscape scale (SAF). Figure 2 shows variation in snow albedo across the range of snow

reflectance for changing LAP content and snow grain size.



0.8+ 0.8

o S S

§ § :

© © 0.6+ © 0.6

2 B3 3

=] o o

c c c

@ 2 @ /

s s E

3 £ 044 £ 04

o Q i3

Q Q Q

) 7] [

0.2 0.2
T T 00— T y T 00— T f
0.5 1.0 1.5 2.0 25 0.5 1.0 1.5 2.0 25 0.5 1.0 1.5 2.0 25
Wavelength (pm) Wavelength (pm) Wavelength (pm)
] B ] | -
1 100 500 1,000 100 500 1,000 25 March 18 May
LAP content (ppb) Snow grain size (pm) Date

Figure 2. Variation in snow albedo across the range of snow reflectance for changing LAP
content and snow grain size (from Skiles et al., 2018). (a) Snow albedo model demonstrating
how visible albedo decrease as LAP content rises. (b) Clean snow model demonstrating
decreasing snow albedo in the longer wavelength as snow grain size increases. (c¢) graph of
daily time series of snow albedo declining during snowmelt, illustrating the combined effects

of snow grain growth and LAP surface darkening.

Light Absorbing Particles (LAPs)

LAPs by definition absorb solar radiation, in contrast to light-scattering particles like sulfate
aerosols which are responsible for cooling the atmosphere and the surface by reflecting sunlight
or enhancing reflectivity (Charlson et al., 1992). LAPs in snow such as black carbon, mineral
dust, and algae can influence snow albedo feedbacks, having a significant impact on the
cryosphere and its evolution under a changing climate (Skiles et al., 2018). LAPs in the
atmosphere trap solar radiation and heat up the absorbing aerosol layer. Depending on the
vertical profile of LAPs in the atmosphere, the imposed heating may cause clouds to evaporate,
increase or suppress vertical motions, and alter climate dynamics (Koch and Del Genio, 2010).
Dry or wet deposition are both effective ways to remove these LAPs from the atmosphere (Bond
and Bergstrom, 2006). On bright surfaces like snow, LAPs lower albedo after being deposited
(Warren and Wiscombe, 1980). LAPs speed up the coarsening of the snow microstructure,

which increases solar energy absorption and speeds up the intrinsic snow albedo feedback

(Dumont et al., 2014).



Figure 3. Demonstration of five different types of light-absorbing particles in snow obtained
from transmission electron microscopy (TEM), including BC (a) mineral dust (b), brown

carbon BrC (c), fly ash (d) and snow algae (e) (from Ren et al., 2017).

Black Carbon (BC)

According to Bond et al. (2004) and Stohl et al. (2013), black carbon (BC) particles are released
into the atmosphere through incomplete burning from both anthropogenic (combustion engines,
agricultural fires, domestic fireplaces and flaring) and natural sources (grassland and forest
fires). BC is known to be a significant forcing agent in regional and global climate (Bond et al.,
2013). The main sources of emission of BC differs by location. Approximately 60% of BC is
released into the atmosphere by energy related combustion while the rest from biomass burning
(Bond et al., 2013). BC is one of the main LAPs found in snow- (Bond et al., 2013). BC is a
special type of carbonaceous aerosol that substantially absorbs across the visible and ultraviolet
(UV) wavelength bands; even a small amount of BC in snow can significantly reduce the snow
albedo because ice is practically non-absorbing at these wavelengths (Warren and Wiscombe,
1980). As an atmospheric aerosol and an impurity in snow and ice, BC is an extremely effective
light absorber that affects radiation budgets (Bond et al., 2013). The increased solar energy
absorbed by BC in the snowpack accelerates the spring melt by enhancing snow grain growth
(Flanner et al., 2007). Positive albedo feedback increases the impact of early ice and snow
melting, which emphasizes the significance of light-absorbing pollutants. The effect of BC on
snow was first accentuated by Warren and Wiscombe (1980, 1985) and it was later integrated

in climate models by Hansen and Nazarenko (2004), who calculated the BC-in-snow/ice
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radiative forcing in the Northern Hemisphere's climate. They found that BC deposited on snow
and ice reduces the albedo of the surface, resulting in increased absorption of solar radiation

and subsequent warming of the snow and ice.

Black Carbon (BC) and Elemental Carbon (EC)

Although EC and BC are frequently used interchangeably, operational definitions of elemental
carbon (EC) and black carbon (BC) are determined by the measurement technique utilized
(Watson et al., 2005). The recent discovery of light-absorbing carbon that is not black ("brown
carbon, Cbrown") makes it necessary to reevaluate and redefine the substances that make up
light-absorbing carbonaceous matter (LAC) in the atmosphere (Andreae & Gelencsér, 2006).
The majority of EC and BC characterization entails collecting PM on filters and measuring the
carbon content on the filter or the attenuation of light reflected from or transmitted through the
filter (Watson et al., 2005). The particles dispersed on top of the filter and throughout the filter
have different scattering and absorption characteristics as they are in the atmosphere. These
techniques frequently produce biased light absorption coefficients (b..) (Horvath, 1993).
Generally, it is agreed that EC is the significantly contributor to b (e.g., Horvath, 1993;
Watson, 2002). Because of conduction electrons connected to the graphitic structure, EC
absorbs light. EC is, therefore, often referred to as BC (Watson et al., 2005). However, by using
the appropriate quantitative method, black and elemental carbon are defined. Thermal methods
describe the same chemical entity as elemental carbon, but optical methods depict black

carbon.
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Sources of Black Carbon in snow in the Arctic

The sources of BC in the Arctic have undergone extensive research since the polar haze was
first reported in 1956. Studies on BC in the Arctic troposphere using numerical models or back
trajectory method have shown an anthropogenic origin, primarily from Europe and Russia in
the winter (Polissar et al., 2001; Sharma et al., 2004, 2006; Stohl, 2006; Eleftheriadis et al.,
2009; Hirdman et al., 2010). However, other studies (Bian et al., 2013; Liu et al., 2015; Qi et
al., 2017a; Tkeda et al., 2017; Xu et al., 2017) suggested that Asian anthropogenic emissions
were crucial, particularly in the middle and upper troposphere of the Arctic in springtime. Wang
et al. (2014) suggested that around 50% of the BC loading in the Arctic came from Asia. Study
from Koch and Hansen (2005) shows that the industrial emissions from southeast Asia were
the largest BC sources for the Arctic due to the high industrial emission growth in southeast
Asia and emission decline elsewhere. Other studies (Stohl, 2006; Bourgeois and Bey, 2011;
Matsui et al., 2011) made the opposite argument due to the low transport efficiency of the
Asain-Arctic transport pathway. Numerous case studies have shown that agricultural and boreal
forest fires in central and western Eurasia may for a certain period of time, dominate the aerosol
concentrations in significant portions of the Arctic troposphere in spring because many of the
fires were burning at high latitudes at the time (Stohl et al., 2007; Treffeisen et al., 2007; Engvall
et al., 2009; Warneke et al., 2009, 2010 (Matsui et al., 2013).

A recent study has shown that BC varies by source at surface in European and Siberian sectors
of the Arctic (Qi et al., 2019). This validation was made feasible by a few recent studies using
carbon isotope measurements (tagged tracer technique implemented in a 3D global chemical
transport model GEOS-Chem), which distinguish the contribution of burning fossil fuels from
burning biomass. The burning of fossil fuels was shown to be the primary cause of BC in Arctic
surface air most of the time, while biomass burning predominates from April to September.
However, the source of BC in the air is different from source of BC in the snow (Qi et al.,

2019).

Sources of Black Carbon in the Air

The study from Qi et al. (2019) modeled BC sources (fossil fuel combustion versus biomass
burning) using carbon isotope measurements at five different locations in the Arctic: Barrow
(Alaska), Zeppelinfjellet (Svalbard), Abisko (Sweden), Alert (Canada) and Tiksi (Russia)
(Figure 5). The model demonstrates that different Arctic sub-regions have distinct sources and
source regions for BC in the troposphere, at the surface of the Earth, and in snow. The model

accurately reproduces the reported annual mean fraction of biomass burning (fbb,%) at the five
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locations to within 20%, and the predicted and observed monthly fbb values agree to within a
factor of two. The results of the model point to fossil fuel combustion as the major source of
BC in the troposphere (50-94%, vary with sub-regions), at the surface (55-68%), and in snow
(58-69%) in the Arctic on an annual mean. However, biomass burning dominates at specific
altitudes (600-800 hPa) and during specific times between April and September. Russian and
European emissions, on the other hand, provide greater contributions to BC deposition than to
BC in the atmosphere. Asian emissions from the combustion of fossil fuels account for the
majority of BC loading in the Arctic sub-regions throughout both the winter (Oct.-Mar., 35-
54%) and summer (Apr.-Sep., 34-56%). Siberian fossil fuel emissions are the major
contributors to BC deposition in Russia both in the winter (62%) and the summer (46%), while
European fossil fuel emissions are predominant in Ny--Alesund (44% in the winter) and Troms
(71% in the winter and 46% in the summer). For BC deposition in the North American sector,
emissions from burning fossil fuels in Asia account for the majority of winter contributions

(25-38%) and the majority of summer contributions (38-72%) (Qi et al., 2019).
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Other Light Absorbing Particles

Aside from BC, there are other types of light absorbing particles in snow that can reduce snow
albedo, such as mineral oxides in dust, soil organics, volcanic ash, algae and other biological
organisms and components (Skiles et al., 2018) (Fig. 3). For example, in Colorado (Painter et
al., 2007), Inner Mongolia (Wang et al., 2013), and Japan (Aoki et al., 2006), mineral dust can
dominate the light-absorption by LAPs on a regional scale, particularly in locations downwind
of desert and semiarid regions. The most prevalent atmospheric aerosol, in terms of mass, is
dust, which is produced by dry and semi-arid regions. Despite dust being a naturally occurring
aerosol, new research has revealed that there has been a nearly doubling of atmospheric dust
over the past century, most likely because of drought brought on by climate change and human
land-use practices (Skiles et al., 2018). The light-absorbing component of primary organic
carbon or secondary organic aerosols is referred to as brown carbon (BrC). Primary BrC is
frequently present in soil (humic-like compounds (Dang and Hegg, 2014), plants, and other
natural non-combustion sources, or it may be co-emitted with BC from combustion sources.
The atmospheric transformation of organic species produces secondary BrC (Andreae and
Gelencsér, 2006). BrC makes a less significant, but still considerable, impact to the decrease of

snow-albedo (Wang et al., 2015).

Mineral dust (MD), one of the primary terrestrial producers of atmospheric aerosols, has a
significant impact on regional and global climate by scattering and absorbing solar radiation,
known as the direct radiative effect (Sokolik and Toon, 1996). Dust is likely to be discovered
in snow cover that is downwind from substantial environments that have been subjected to
disturbance. It is difficult to evaluate the global and regional effect of dust due to considerable
variability in emission processes and the color and optical properties of dust that vary depending
on the source region (Skiles et al., 2018). Mountain ranges in Europe are typically affected by
Saharan dust deposition events, which make up 50-70% of the total annual dust deposition
(Ginoux et al., 2001). In general, dust particles are larger compared to BC and they function as
more efficient ice nuclei, with a better potential to affect cloud formation and precipitation
(Creamean et al., 2013; Huang et al., 2014). As a result, they have a higher chance of mixing
internally with ice grains. Moreover, dust has a relatively high mass abundance (ppm) in the
snowpack, particularly in areas with seasonal and patchy snow cover or mountainous regions
and can substantially reduce snow albedo and dominate light absorption (Painter et al., 2012;

Di Mauro et al., 2015; Gabbi et al., 2015; Xie et al., 2018; Reynolds et al., 2020)
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Shi et al. (2021).

Mineral dust is a substantial light-absorbing aerosol that can potentially reduce snow albedo
and enhance snow/glacier melting through wet and dry deposition on snow (Shi et al., 2021).
To evaluate the impacts of mineral dust on absorption coefficient and albedo of the semi-infinite
snowpack consisting of spherical snow grain, three scenarios of internal mixing of dust in ice
grains were analyzed theoretically by combining asymptotic radiative transfer theory and (core-
shell) Mie theory in Shi et al. (2021). The result from the study shows that internal dust-snow
mixing significantly reduced snow albedo at a wavelength of <1.0 pm in general with bigger
reductions at higher dust concentrations and larger snow grain sizes. Additionally, calculations
revealed that a nonuniform distribution of dust in snow grains can result in considerable
changes in the values of the absorption coefficient and albedo of dust-contaminated snowpack
at visible wavelengths compared to a uniform distribution of dust in snow grains (Shi et al.,
2021).

There has been a recent increased interest in light absorbing biological constituents in snow, a
phenomenon that has only sporadically been investigated and quantified. Although snow is not
often thought of as an ecological home, microbial life can exist there when liquid water,

nutrients, and sunlight are available in appropriate quantities (Skiles et al., 2018). The most
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well-known effect of snow microbes is the green — or pink — tinged “watermelon” snow. This
is an effect caused by a community algae (of the genera Chloromonas, Chlainomonas and
Chlamydomonas) as they evolve through various stages in their life cycle (Skiles et al., 2018).
Algae can be brought in by atmospheric deposition or animal transport, and they can grow and
concentrate on the surface of melting snowpacks or below it. Most likely, as a result of enhanced
melting due to radiative forcing (RF) by algae, liquid water is produced and nutrients are
released, which promotes additional algal growth in a positive feedback cycle (Skiles et al.,
2018). The change in albedo are influenced by melt, the retreat of snowline, black carbon, dust
and algae growth (Cook et al., 2020; Williamson et al., 2020; Box et al., 2012, 2017; Box, 2013;
Tedstone et al., 2017, 2020; Ryan et al., 2019). Other studies have suggested a positive feedback
mechanism between microbes, minerals and melting, where algae-induced melting releases ice-
bound dust which in turn increases glacier algal blooms, leading to increased melting (Di Mauro

et al., 2020; McCutcheon et al., 2021).

Processes affecting LAP concentrations in the snowpack

The concentration of all the mentioned LAP constituents (black carbon, mineral dust, soil
organics, volcanic ash, algae, and other biological organisms and components) in surface snow
is determined by their mixing ratio in precipitation (wet deposition), the quantity that is brought
to the surface through dry deposition, mechanical mixing of local soils and other organic matter
with the already-existing snowpack, biological growth in the snow, and impurity redistribution
in the snowpack through post-depositional processes like wind-driven drifting, sublimation,
and melt (Doherty et al., 2010). As was shown in some Arctic profiles in Doherty et al. (2010),
vapor loss from the snowpack to the atmosphere via sublimation in winter can enhance
concentrations of impurities at the top surface before the start of runoff. Changes in snow cover
are significantly influenced by LAPs, particularly black carbon (BC), brown or organic carbon,

mineral dust, and algae (Réveillet et al., 2022).

Impact of LAP on Earth Energy Balance and Water Resource

Light absorbing particles (LAPs) affect the Earth’s energy balance and water
resources. Wildfires in the snow zone have an impact on ablation by reducing snow albedo and
increasing surface solar irradiance by removing forest canopy and depositing light absorbing
particles such as black carbon on the snowpack which lowers snow albedo. Although little is
understood on how variation in BC deposition impacts post-wildfire snowmelt timing, but very

much relevant to water resources (Uecker et al., 2020). The study from Uecker et al. (2020)
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shows that post wildfire has an important source of BC to the snowpack and the impact
increases by an order of magnitute in regions of high versus low burn severity and decreased
by two orders of magnitude over a decade. The seasonal distribution of water resources,
regional hydrological cycles, and societal sustainable development are all impacted by changes
in glacier/snow cover melting (Ramanathan and Carmichael, 2008; Xu et al., 2009; Sang et al.,
2019). Snow albedo feedback is still one of the least understood concepts in regional and global
climate modeling (He et al., 2018a; Skiles et al., 2018; IPCC, 2013) and calls for further
research. This is due to differences in the amount and distribution of BC in snow and ice as
well as variations in the size and mixing state of BC particles (He et al., 2018a; Schwarz et al.,

2013).

1.2 LITERATURE REVIEW

Background on prior research investigating Light Absorbing Particles (LAP) in snow

around Tromseg, Norway

Previous work has been done investigating LAP in Tromse by Pedersen et al. (2015), Doherty
et al. (2013), Qi et al. (2019), and Forsstrom et al. (2013) with a primary focus on black and

elemental carbon.
Previous study done in Tromse by Pedersen et al. (2015)

Pedersen et al. (2015) collected snow samples throughout the 2008-09 winter in Tromsg to
investigate the impact of elemental carbon (EC) on snow and its corresponding spectral surface
albedo reduction. The study used in-situ observations of EC in snow and corresponding
measurements of spectral surface albedo reduction to examine the spatial and temporal patterns
of EC deposition on snow surfaces (Table 1). Pedersen et al. (2015) also analyzed the
relationship between EC concentrations and spectral surface albedo reduction to better

understand the mechanisms of EC-induced snowmelt.

The EC concentrations in the snow were determined by analyzing the filters using a thermo-
optical method with the Thermal/Optical Carbon Aerosol Analyzer (Sunset Laboratory Inc.,
Forest Grove, USA) and one of two different temperature protocols, the NIOSH (National
Institute of Occupational Safety and Health) 5040 and the EUSAAR 2 (European Supersites
for Atmospheric Aerosol Research) protocol (Birch, 2003; Cavalli et al., 2010; Forsstrom et al.,
2009).
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Site Date of Number |Snow [EC EC EC EC EC
sample of depth Minimum [Maximum [Median [Mean |STD

collection  [|samples [(cm)

(ng/g) (ng/g) (ng/g)  ((ng/g) |(ng/g)
Ramfjorden [03.04.2008 |7 20+ (10 27 13 17 6
, Tromsg 1
Valhall, 30.04.2008 |3 66+ |126 140 137 134 6
Tromsg 13
Met. no, 07.02.2008 tol15 55+ |1 1542 &5 277 446
Tromso 20.05.2008 19

Table 1. Summary of elemental concentrations (ng/g) in snow (from Pedersen et al., 2015).

Based on the research conducted by Pedersen et al. (2015), the snow samples collected in
Tromse have an EC concentration in the range 1 to 1543 ng/g and median of 66 ng/g. In Tromsg,
there were two exceptionally high EC concentrations (1225 and 1543 ng/g) during two melting
events in May 2009. The filters were heavily loaded at these occasions, which reduced the
precision of the distinction between organic and elemental carbon (Cavalli et al., 2010). For
these, the EC concentrations were estimated from the average ratio of EC to total carbon in all

samples.

The primary finding of this investigation is the direct observation of a systematic decrease in
snow albedo by EC. A broadband albedo loss of 0.004 is seen in comparison to clean snow at
even ECequiv concentrations as low as 10 ng/g. Greater concentrations result in greater
reductions, and, depending on the lighting circumstances, EC concentrations one order of

magnitude higher correlate to an almost five-fold increase in albedo reduction.

Pederson et al. (2015) shows that EC was present in snow samples from all sites, and that the
amount of EC was positively correlated with snow grain size. This research also measured the

spectral reflectance of snow samples and found that the presence of EC caused a reduction in
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albedo across all wavelengths. The reduction in albedo was particularly strong in the near-
infrared portion of the spectrum, which has implications for the energy balance of the snowpack

and the surrounding environment.
Previous study done in Tromse by Doherty et al. (2013)

Doherty et al. (2013) collected snow samples on a mountain plateau (Fjellheisen) in Norway
69.5 N, 19.0 E) at an elevation of 420 m above and to the cast of the town of Tromse.
Subsequently, snow was also collected in 2008 on this plateau on May 21, 23, 26, 28, and 30
as the snowpack was melting, with rain events on May 27 and 28. The purpose of Doherty et
al. (2013) was to investigate the vertical distribution of black carbon (BC) and other insoluble
light-absorbing particles (ILAPs) in snow and their impact on snow albedo and radiative
forcing. The collected snow samples were filtered and use a specially designed
spectrophotometer system to look at the absorption of the filter, and how it varies with
wavelength. If it is dominated by black carbon absorption is constant across wavelengths,
whereas if it is dominated by dust, it will be variable with wavelength. They estimated the

concentrations based on filters that they have made with a known amount of BC.

Six consecutive days of measurements in Tromse in 2008 reveal an increase in the quantities
of light-absorbing particles in surface snow with melting (21-30 May). The average subsurface
snow concentrations for each profile were used to derive amplification factors describing the
higher insoluble light-absorbing particulates ILAP and L) or BC (B) concentration in surface
snow relative to concentrations in subsurface snow or in freshly fallen snow (A. and A:)
respectively (Table 2). Key abbreviations and variables in Doherty et al. (2013) paper. ILAP :
Insoluble light-absorbing particulates, L : Black carbon-equivalent mass concentration in snow
(ng/g or ppb) of all ILAP in snow, based on total light absorption measured in the 650-700 nm
wavelength range,B : Estimated black carbon concentration in snow (ng/g or ppb), made by
assuming total absorption results from a linear combination of absorption by BC with &.., BC
of 1.0 and non-BC constituents with .., non-BC of 5.0, A., A: : Amplification factor that
describes the higher ILAP (L) or BC (B) concentration in surface snow relative to
concentrations in subsurface snow or in freshly fallen snow. The concentration, called L,
accounts for absorption by all ILAP, measured as the amount of black carbon that must be
present to fully account for the absorption of all particles between 650 and 700 nm. An estimate

of the BC concentration, B, is made by assuming total absorption results from a linear
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combination of absorption by BC with &.., BC of 1.0 and non-BC constituents with a..., non-BC

of 5.0 (Doherty et al., 2010).

Date Total [Top 3 [Subsurface(Top 3 [Subsurface|AL AB
snow [cm L(ng/g) |em. B (ng/g) |(Amplification [(Amplification
depth B(ng/g) factor) factor)
(cm)

L(ng/g)

19.05.2008 27 16 19 14 17 0.9 0.9

21.05.2008 22 22 19 19 16 1.2 1.2

23.05.2008 22 49 20 44 18 2.4 2.5

26.05.2008 (17 48 20 43 17 2.4 2.4

28.05.2008 30 72 23 64 19 3.1 3.3

30.05.2008 (17 87 35 72 29 2.5 2.5

Table 2. Concentrations and amplification factors for all ILAP (L and AL, respectively) and for
BC (B and AB) in the mountain snowpack near Tromsg, Norway in 2008 (from Doherty et al.,
2013).

The results of Doherty et al. (2013) showed that black carbon and other insoluble light-
absorbing particles are concentrated near the surface of the snowpack during melting, especially
in Arctic regions. The average subsurface snow concentrations within each profile were used
to compute the amplification factors (AL and AB). Similar to Barrow and Dye-2, as the snow
melts, the surface snow concentrations increase (Doherty et al., 2013). By the end of the
measurements, the amplification factors for the top 3 cm of the snowpack are around 2-3. Here,
the abs in the layer of melt amplification show no discernible trend in d.., showing comparable
scavenging rates for BC and non-BC ILAP. The result from Doherty’s research show that the
concentration of BC and other insoluble light absorbing particulate in surface snow increase

with melting because their scavenging efficiency with snow melt water is less than 100 percent.
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This concentration near the surface leads to increased absorption of sunlight and warming of
the snowpack, which can accelerate melting and reduce the snow cover duration. The study
found that the concentration of black carbon and other insoluble light-absorbing particles varied
widely depending on the location and season of year, with higher concentrations found in
regions closer to industrial activity and biomass burning sources. The study also found that the
vertical redistribution of these particles during melting can lead to their retention in the

snowpack and eventual deposition on the underlying surface.
Previous study done in Tromse by Qi et al. (2019)

Research by Qi et al. (2019) was done to assess sources of BC simultaneously in the atmosphere
and in snow to analyze sources of BC between 2007 and 2009, a period during which both
observations of BC concentration at the surface and in snow were available. Using a tagged
tracer technique implemented in a global 3D chemical transport model called GEOS-Chem, BC
sources in the troposphere, in surface air, and in snow in different seasons in the Arctic were
systematically investigated. These investigations were constrained by both observations of BC

concentrations and carbon isotope measurements (Qi et al., 2019).

To enable direct comparison with observations, Qi's study in GEOS Chem separated the
contribution of combustion of biofuel from anthropogenic contributions (Table 3). First-time

validation of the source apportionment simulation was done using carbon isotope data.
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Fossil fuel combustion (a)

ng m day- ng m day- ng m day- ng m day-

IN. America Europe Siberia Asia
Tromse 134 (3) 3566 (71) 735 (15) 318 (6)
Biomass burning (b)

ng m day- ng m day- ng m day- ng m day-

IN. America Europe Siberia Asia
Tromse 313 (1) 157 (1) 199 (1) 1251 (4)

The numbers in parenthesis are relative contributions (%) from various sources.

Table 3. GEOS-Chem simulated BC deposition fluxes in the Arctic from Biomass burning from
October to March averaged for 2007-2009 (ng m= day—) (from Qi et al., 2019).

The result of the Qi et al. (2019) investigation shows that the primary sources of BC in the
Arctic were from incomplete combustion of biomass and fossil fuels, with biomass burning
being the dominant source. Biomass burning, and Asian contributions are more significant in
spring while fossil fuel combustion from Russia and Europe dominated BC in snow in the
Arctic throughout the fall and winter. Qi et al. (2019) noted that the seasonal variation was due
to the changing sources of atmospheric transport and weather conditions in the Arctic region.
Overall, the study of Qi et al. (2019) research shows that, except for Russia and Tromsg, where
contributions from Siberian and European emissions dominated respectively, Asian emissions

were the major contributor of BC in snow across most of the Arctic sub-regions. Earlier
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research concentrated on the sources of BC deposition in the Arctic rather than allocating
sources of BC in snow, and they identified Siberian and European anthropogenic emissions as
the two main contributors of BC in snow (Huang et al., 2010; Bourgeois and Bey, 2011; Sharma

et al., 2013; Wang et al., 2014; Tkeda et al., 2017).
Previous study done in Tromse by Forsstrom et al. (2013)

Forsstrom et al. (2013) collected snow samples from the snow surface as well as from vertical
profiles in the snow column in Tromse between 2007-08. The study aimed to determine the
concentrations and seasonal variations of EC in Arctic snow from various locations in the
European Arctic, as well as to identify potential sources of EC such as local combustion
sources, long-range transport from other regions, or natural sources. Thermal optical analysis

was used to determine the concentration of EC in the samples (Table 4).

Site date EC(ng/g)[sites [Subsite |[descriptionflatitude [longitude jaltitude hSWE

samples

b(mm)

Tromse  [10.01.2008[53.3 |1 |24 town 69.65 |18.94 |94 178
to (31.3— (86)
20.05.2008 |95.1)

Tromse 5.4 1 1(1) sea ice 69.52 [19.23 0 99

Ramfjorde bE
06.03.2007

n

Table 4. Median elemental carbon concentrations (EC), with 25th and 75th percentiles in

parentheses) from Tromse and Tromse Ramfjorden (from Forsstrom et al., 2013).
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Fig. 7. Samples collected in an urban site near downtown Tromse, at the instrument field of the
Norwegian Meteorological Institute (100 m a.s.l.). At the three later sites snow depth (plotted
as black (2008) was monitored throughout the sampling period, in Tromse by manual

measurements. From Forsstrom et al. (2013).

The Forsstrom et al. (2013) results show that in 2008, the snowpack in Tromse began to rapidly
melt in the final days of April, resulting in EC levels exceeding 800 ng/g; lower values later
returned following a snow event in mid-May; and finally, another peak in concentrations
appeared when melting picked up again. In both 2008 and 2009, a sharp decline in snow depth
was followed by the highest surface EC concentrations ever recorded during the study. The
result of this study demonstrates that at monitoring sites, around the start of snowmelt in April
or May, 1-2 months after the annual peak in atmospheric concentrations, a rapid increase in EC
concentrations in surface snow of up to an order of magnitude was seen (Figure. 6). Insoluble
particles that are left at the surface as meltwater runs off are probably the cause of these

increases, which normally occur at the same time as the start of rapid snowmelt.
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SITE Latitude |Longitude [Method Date BC EC(minimum) |EC(maximum) |EC(median) [EC(mean) [Study
(ng/g) |(ng/g) (ng/g) (ng/g) ng/g
Tromse 69.65 18.94 10.01.2008 - - 31.3-95.1 53.3
to
Thermal Optical 20.05.2008 Forsstrom et
Method al., 2013
Tromso 69.52 19.23 - 5.4
Ramfjorden
06.03.2007
19.05.2008 0.9
Integrating-sandwich  [21.05.2008 1.2
spectrophotometer
23.05.2008 2.5
Fjellheisen 69.5 19.0 56.05.2008 b4
28052008 |33 |- - - Doherty et
al., 2010
30.05.2008 2.5
Ramfjorden 69.54 19.18 03.04.2008 10 27 13 17
Tromse Pederson et
al., 2015),
Valhall 69.66 18.95 Thermal Optical 30.04.2008 126 140 137 134
Method
Tromso
Met. No 69.65 18.93 07.02.2008 1 1542 85 277
Tromso
to
20.05.2008

Table 5. Summary of research in Tromse by Pedersen et al. (2015), Doherty et al. (2013), Qi et

al. (2019) and Forsstrom et al. (2013) with a primary focus on black and elemental carbon.

Based on the prior four studies done in Tromsg (Table 5), the current knowledge indicates that
black carbon (BC) and other insoluble light-absorbing particles are present in the snowpack in
Tromse, a town located in the Arctic region of Norway. Doherty et al. (2013) observed that
black carbon was redistributed vertically within the snowpack during the melting season,
indicating that the black carbon particles were present at various depths in the snowpack. The
vapour loss from snowpack into the atmosphere by the process of sublimation can cause
enhancement of concentration at the surface of snowpack. When black carbon and other
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insoluble light-absorbing particles are deposited on the surface of snow, they can be subjected
to mechanical trapping. This occurs when the particles are trapped within the ice crystals that
form as the snow melts and refreezes. As the snow melts, the ice crystals form channels that
can trap particles and prevent them from sinking into the snowpack. These particles can
percolate within the snowpack with melt water. Pederson et al. (2015) found that the presence
of black carbon in the snow causes a reduction in spectral surface albedo, which in turn can
contribute to increased melting. The study's key finding is the direct observation of BC's
systematic lowering of snow albedo. A broadband albedo loss of 0.004 is seen even at ECequiv
concentrations as low as 10 ng /g when compared to clean snow. Qi et al. (2019) studied the
sources of black carbon in the atmosphere and in snow in the Arctic and found that it can be
transported over long distances and deposited in remote regions. The study also reported that
black carbon concentrations in snow were highest during winter and spring. Qi et al. (2019)
identified both atmospheric and local sources of black carbon in the Arctic, with local sources
being the dominant contributors. Forsstrom et al. (2013) measured elemental carbon in
European Arctic snowpacks and found that black carbon levels were higher in the late winter
and early spring, suggesting that seasonal variations play a role in the amount of black carbon
present in snow. In general, the current knowledge from all four studies suggests that black
carbon is present in the snowpack in Tromse and varies seasonally, with higher concentrations
during the melting season. The sources of black carbon are diverse and include both local and
long-range transport. The presence of black carbon in snow can have significant impacts on the

albedo and melting of the snowpack.

The research on LAP that were earlier conducted by Doherty and Pedersen in Arctic Norway
was primarily focused on black carbon, with little research on dust and light absorbing
organics. Boy et al. (2019) discuss the need for more comprehensive LAP research in Arctic
Norway, noting that dust, particularly from northern high latitudes, has received little attention.
Previous research hypothesize that dust has the same impact on the cryosphere as black carbon,
but not enough research has been conducted to experiment and prove this. There has not been
enough research done in Arctic Norway to test the hypothesis that dust has the same effect on

the cryosphere as black carbon. However, my thesis research will help to close this information

gap.
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CHAPTER 2. METHODOLOGY

2.1 Sampling Site

Snow samples were collected at two different locations, Fjellheisen (on a mountain plateau)
located 420 m above sea level, which is to the east of the city of Tromse, Norway (69.5° N,
19.0° E) and Ekrehagen at 70 m above sea level (69.6° N, 18.9° E), which is on Tromsgya.

A suitable site was selected at each location for sampling to ensure that sampled snow is in-situ
and not altered by local human activities. Fjellheisen was accessed by cable car, a four to five
minutes trip with the cable car from the lower station (near sea level) to the upper station called
Storsteinen. The upper station is not a developed site, but it’s a popular destination, which offers
tourists an enjoyable view of the city and the surrounding islands and fjords.

At Fjellheisen, sampling was conducted 1 km to 1.7 km away from the cable car, in undisturbed
areas with minimal vegetation. Sometimes, it was not possible to sample in the exact same
location due to human disturbance of snowpack. Therefore, a nearby new sampling site with
no human influence was selected for sampling.

Ekrehagen is located near the ski jumps and 200 m away from the road, with a pond and
meadow surrounded by forest, and is one of the more remote locations on Tromsgya. This site
was selected to allow background LAP levels on Tromseya to be determined. The sampling
site was never altered by human activities, although there were times when ski tracks were

spotted near the sampling site as a groomed cross country ski route was near the sampling site.
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Figure 8. Map of the study area (Google Earth).
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Figure 9. Fjellheisen sampling site (March 4, 2023).

Figure 10. Ekrehagen sampling site (February 24, 2023).
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2.2 Sampling method

A surface snow sample was collected with a clean stainless-steel shovel from the upper 2 cm
of the snow (1.5 to 4.5 kg) in a Whirl-Pak bag and labelled “surface sample”. The shovel was
used to dig the snowpit to the ground level and snowpack depth was measured. The shovel was
used to collect a vertical column of snow (1.5 to 4.5kg) from the bottom of the snowpack to the
surface in a Whirl-pak bag and labelled “column sample”. All samples collected in Whirl-Pak
bags were double bagged in case of leakage. Additionally, surface samples and column samples
were collected in 50 mL centrifuge vials which will be analyzed later in 2023 for black carbon
(BC) via a Single Particle Soot Photometer at Central Washington University in the United
States of America.

All snow samples were transported frozen to the freezer outside Naturfagbygget building at
UiT and kept frozen in the freezer until sample analysis. Samples for gravimetric filtration were
brought out of the freezer and placed in a clean container to melt 24 hours prior to gravimetric

filtration.

Figure 11. Surface sample collection at Ekrehagen (December 12, 2022).
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Figure 12. Vertical column section of snowpack from ground level to snow surface at

Ekrehagen (December 12, 2022).

2.2 Snow gravimetric sample filtration

2.2.1 Filter preparation procedure

Millipore 47 mm diameter 0.45 pm cellulose filters manufactured were used to filter the
samples, and plastic petri dishes (LOT 218807095) (PN 7231) were used to store the filters (1
per filter). The weighing balance was powered on a few minutes before use. Filters were
handled using forceps. It usually takes up to a minute for the weighing balance to register the
weight correctly. The weight of each filter was recorded (out to the fourth decimal place =
0.0000 g) in a notebook, and the filter was stored in a petri dish. Three to four standard filters
were regularly weighed as a “method blank” to ensure the measured filter mass was
reproducible. The mass of filters was first measured at the Arctic University Museum of
Norway using an Ohaus balance. Later filter mass was measured using a Sartorius balance at
the laboratory at the Department of Geosciences, UiT The Arctic University of Norway on
March 21, 2023.

Filters initially measured at the Arctic University Museum of Norway were re-measured at the
laboratory to check the consistency in the measurements between the two balances; the

difference ranged between 0.0001 to 0.0002 g.
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Figure 13. Weighing filters at the Arctic University Museum of Norway.

2.2.2 Filtration

All the snow samples collected in the Whirl-Pak bags were removed from the freezer and placed
in a clean container at room temperature for snow to melt prior to gravimetric filtration. A
balance with a 1g precision was used to weigh the mass of each snow sample with the Whirl-
Pak bag on it and then the mass was recorded in a notebook. The pre-weighed filter was gently
placed on the clean filter apparatus using forceps in the center of the filtration apparatus and
secured using a magnetic clamp. The pre-weighed filter was wet with MQ water. The pump
was turned on to ensure that the desired flask can be vacuumed. The melted snow in the Whirl-
Pak bag was then poured into the funnel, maintaining liquid in the funnel while also swirling
the sample in Whirl-Pak bag to ensure all particles ended up on the filter. When particles
remained in the Whirl-Pak bag, the bag was rinsed with MQ water and poured into the filter
funnel. After the entire sample was filtered, the pump was turned off, the funnel cup was
carefully taken off, and the forceps were used to remove the filter and gently place it back in

the corresponding petri dish. Thereafter, the filtration apparatus was rinsed with MQ water
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before another sample was filtered. The mass of the Whirl-Pak bag was then weighed and

recorded in a notebook.

Figure 14. Sample filtration in the laboratory.

2.2.3 Drying filters

After each filter was placed in its corresponding petri dish, the upper cover of the dish was set
in such a way that the dish was not tightly closed. The filter (in a petri dish) was then placed in
a fume hood and was allowed to dry overnight at room temperature. After 24 hours of drying,
the petri dish was shut and closed tightly. An image of each filter was taken after drying to
document the particle load (Figure 16 and Figure 17).

2.2.4 Determining Particle Concentration

Dried filters were weighed again using the same procedure as before the filtration process. The
new weight was then recorded in a notebook. The weight (after filtration) was subtracted from
the old weight (before filtration) to get the weight of particle mass in each sample. The weight

of each particle was divided by the mass of each sample collected from the field to give particle
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concentration in g/g. Particle concentration in g/g was multiplied by 1,000,000 to give particle

concentration in pug/g.

2.3 SNICAR Snow Albedo Modeling
Snow albedo was modeled using SNICAR-ADv3: Online Snow Albedo Simulator

(http://snow.engin.umich.edu/) inputs assuming diffuse incident radiation; sub-Arctic winter

surface spectral irradiance conditions; 1 meter snowpack thickness; 200 kg/m*® snowpack
density; Picard et al. (2016)/Warren and Brandt (2008) ice refractive index data; 100 um snow
grain effective radius; hexagonal plates (aspect ratio of 2.5) snow grain shape; 0.25 broadband
albedo of underlying ground; sulfate-coated black carbon concentration (nanograms); dust
concentrations evenly distributed across size bins 2, 3 and 4; sahara (Balkanski et al., 2007)

dust type; to stimulate this model.

2.4 Snow reflectance
Snow spectral reflectance was measured using a Spectral Evolution PSR+3500 Portable
Spectroradiometer (spans 350-2500 nm) with an 8° lens, and output was based on ten scans.

Reflectance was calibrated using a 99% Spectralon diffuse reflectance standard.
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CHAPTER 3. RESULTS

3.1 Snow depth and snow classification

Snow samples were collected during the winter period in 2022-23 at Fjellheisen and

Ekrehagen (Table 6) in various sample conditions (fresh, aged, wind crust and rainy).

Date Time Location Coordinates Snow depth  [Sample condition
(North and East) [(cm) (surface snow)

07.12.2022 [10:30AM |FJELLHEISEN [69.6345523, 20 FRESH
18.9942046

07.12.2022 (12:00PM [EKREHAGEN [69.6868777, 7 FRESH
18.9579197

12.12.2022 [12:38PM |[EKREHAGEN [69.6868677, 12.5 FRESH
18.9579197

13.12.2022 [10:45AM |FJELLHEISEN [69.6328502, 23 FRESH
18.9933306

16.12.2022 [10:54AM |[EKREHAGEN [69.6885263, 27 'WIND CRUST
18.9580686

17.12.2022 |01:00PM |FJELLHEISEN [69.6328502, 43 FRESH
18.9933306

09.01.2023 [12:20PM |[EKREHAGEN [69.6885263, 44 FRESH
18.9580686

11.01.2023 [10:46AM |FJELLHEISEN [69.6322038, 90 AGED
18.9951863

14.01.2023 [12:53PM |[EKREHAGEN [69.6906301, 56 FRESH
18.9634776

18.01.2023 |11:54AM |FJELLHEISEN [69.6620741, 36 AGED
18.9797458
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21.01.2023 |12:22PM [EKREHAGEN (69.6980644, 53 FRESH
18.9706822

25.01.2023 |12:40PM [FJELLHEISEN (69.6395531, 32 WIND CRUST
18.9492833

26.01.2023 |10:55AM [EKREHAGEN (69.6906301, 63 WIND CRUST
18.9634776

31.01.2023 (01:10PM [FJELLHEISEN [69.6322038, &4 FRESH
18.9951863

02.02.2023 [11.12AM [FJELLHEISEN [69.6308036, 67 FRESH
18.9945325

06.02.2023 (12:14PM [EKREHAGEN [69.6865758, 71 HEAVY RAIN
18.9579375

16.02.2023 [11:18AM [EKREHAGEN [69.6906301, 55 AGED
18.9634776

22.02.2023 |11:59AM [FJELLHEISEN (69.6308076, 24 FRESH
18.9942325

24.02.2023 |12:34PM [EKREHAGEN (69.6867604, 75 FRESH
18.9579157

28.02.2023 |10:49AM [EKREHAGEN (69.6867403, 76 (RAINY/FRESH)
18.9583002

04.03.2023 (10:43AM [FJELLHEISEN [69.6346672, 40 FRESH
18.9945111

08.03.2023 [11:56AM [FJELLHEISEN [69.6347500, 51 FRESH
18.9941030

10.03.2023 (02:14PM [EKREHAGEN [69.68678809, 131 FRESH
18.9580196
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15.03.2023 (12:22PM  [FJELLHEISEN [69.6345207, 42 FRESH
18.9941500

16.03.2023 [11:11AM [EKREHAGEN [69.6866347, 141 FRESH
18.9580833

21.03.2023 |11:15AM [FJELLHEISEN (69.6347871, 56 FRESH
18.9939491

22.03.2023 |10.18AM [EKREHAGEN (69.6866817, 161 FRESH
18.9577819

29.03.2023 |13:53AM [FJELLHEISEN (69.6310909, 123 FRESH
18.9954153

29.03.2023 |15:08PM [EKREHAGEN [69.6866010, 140 FRESH
18.9580320

Table 6. Data for sample collection at Fjellheisen and Ekrehagen during the 2022-2023 winter
(December 7, 2022 — March 29, 2023).

Figure 15 shows variation in snow depth over time at Ekrehagen and Fjellheisen for 2022-2023
winter. Variation in snow depth between Ekrehagen and Fjellheisen was due to change in
sampling site as discussed earlier in Chapter 2, the sampling site at Fjellheisen was changed

frequently due to human influence. For this reason, the snow depth pattern at Fjellheisen does

not follow the same trend as Ekrehagen.
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Figure 15. Graph of snow depth (cm) plotted against date for (a) Fjellheisen, and (b)
Ekrehagen.

Snow depth for each site increases over the winter (Figure 15) except for when it does not snow
for a couple of days (usually 2- 4 days) or when temperatures are positive. During these
situations the sample condition is recorded as “aged snow”. There are occasions where the
recorded snow depth at Fjellheisen decreases even when it snows, primarily because the
sampling site was changed due to observation of human influence at the sampling site and
secondarily due to wind scavenging. Snow samples collected during the period of December to
early January were of low density (fresh snow). During the month of February, sampling was

done twice only at Fjellheisen as most of the snow had been affected by rain at Ekrehagen.
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Snow samples collected during rainy days are categorized as “rainy” (either aged or fresh),

while the samples collected when windy are categorized as “wind crust”.
3.2 Impact of Large Organic Matter on Particle Concentration

After gravimetric filtration in the laboratory, large visible organic matter (such as plant leaves
and roots) was observed on some of the filters from Ekrehagen (EK) and Fjellheisen (FJ). This
organic material may have been transported into the snowpack by wind. Based on the size of
the material seen on the filters, it originated quite locally, was not transported very far, and is
heterogeneous in the snowpack. This larger material is of less interest from a snow albedo
perspective because it has a low surface area relative to its mass and is not an effective absorber
of sunlight compared to the smaller particles that have high surface area to mass. To quantify
how the large organic matter (LOM) contributes to particle concentration on the filters, each
filter with large organic matter was weighed and recorded. Thereafter, forceps were used to
remove all visible large organic matter from the filter and re-weighed (Table 7). The surface
sample collected from the upper 2 cm of snow are surface snow, while the vertical column of

the snowpack are column samples.

Sample Date Filter Mass of  [Mass of Particle Particle
# particle (g) [particle (g) concentration |concentration
without  [with LOM (ng/g) without |(ug/g) with
LOM LOM (LOM)
BLANK 1 0 0 0.00 0.00
BLANK 2 0 0 0.00 0.00
EKSURFACE (12.12.2022 |3 0.0234 0.0256 9.42 10.31
EK 14.01.2023 |4 0.0133 0.0142 2.99 3.20
COLUMN
FJ COLUMN |18.01.2023 |5 0.0004 0.0208 0.11 5.97
EK 12.12.2022 |6 0.0061 0.0336 2.29 12.61
COLUMN
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FJ SURFACE (11.01.2023 |7 0.0297 0.0412 6.98 9.68
FJ SURFACE (13.12.2022 |8 0.003 0.0089 0.90 2.67
FJ SURFACE (17.12.2022 |9 0.0005 0.0011 0.21 0.45
FJ COLUMN (17.12.2022 |10 (0.0005 0.0005 0.24 0.24
FJ COLUMN (11.01.2023 |11 0.003 0.0039 0.81 1.05
EK 21.01.2023 |12 |0.0083 0.0163 2.16 4.23
COLUMN

EK 21.01.2023 |13 0.001 0.0016 0.39 0.62
SURFACE

EK 09.01.2023 {14  |0.0062 0.0076 1.95 2.39
COLUMN

EK 14.01.2023 {15  |0.002 0.0032 1.41 2.25
SURFACE

EK 16.12.2022 {16  |0.0016 0.0023 0.70 1.01
COLUMN

EK AGED 14.01.2023 {17  |0.0066 0.0109 1.88 3.10
SNOW

EK 18.01.2023 {18  10.0002 0.0002 0.07 0.07
SURFACE

EK 16.12.2022 {19  0.0012 0.0021 0.88 1.55
SURFACE

FJ SURFACE [25.01.2023 20  |0.0017 0.0024 0.62 0.88
FJ COLUMN (13.12.2022 |21 0.0034 0.0089 1.07 2.81
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FJ COLUMN [25.01.2023 |22 |0.0284 0.0485 6.33 10.81
EK 09.01.2023 23 |0.0489 0.0505 19.12 19.74
SURFACE

FJ COLUMN (07.12.2022 24 (0.0081 0.0081 3.76 3.76
EK 26.01.2023 [25  0.0002 0.0002 0.09 0.09
SURFACE

EK 26.01.2023 26  0.0105 0.0141 2.37 3.18
COLUMN

FJ SURFACE (31.01.2023 27  |0.0001 0.0001 0.06 0.06
FJ FRESH 31.01.2023 28  |0.001 0.001 0.55 0.55
SNOW

FJ AGED 31.01.2023 29  |0.0222 0.0334 5.12 7.70
SNOW

FJ SURFACE (07.12.2022 |30  0.0019 0.003 0.86 1.36
EK 07.12.2022 31 0.0028 0.0035 1.57 1.97
SURFACE

EK 07.12.2022 32 |0.0028 0.0039 1.31 1.82
COLUMN

FJ SURFACE (02.02.2023 |33 0.0002 0.0007 0.09 0.32
FJ FRESH 02.02.2023 34  |0.0012 0.0012 0.62 0.62
SNOW

FJ COLUMN (02.02.2023 |35  [0.0077 0.0105 2.19 2.99
EK 06.02.2023 36  |0.0058 0.0065 1.56 1.75
COLUMN
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EK 06.02.2023 37  |0.0052 0.0162 1.55 4.84
SURFACE

EK 16.02.2023 {38 0.0091 0.0091 2.13 2.13
COLUMN

EK 16.02.2023 {39  10.0631 0.0631 16.28 16.28
SURFACE

FJ COLUMN [22.02.2023 40  [0.0023 0.0023 0.66 0.66
FJ SURFACE [22.02.2023 41 0.0002 0.0002 0.09 0.09
EK 24.02.2023 42 0.0001 0.0001 0.08 0.08
SURFACE

EK FRESH  24.02.2023 43 (0.0001 0.0001 0.06 0.06
SNOW

EK AGED 24.02.2023 44  0.0201 0.0201 5.77 5.77
SNOW

EK 28.02.2023 45  10.0027 0.0027 1.26 1.26
SURFACE

EK 28.02.2023 46  0.0141 0.0141 3.47 3.47
COLUMN

FJ SURFACE (04.03.2023 47  10.0002 0.0002 0.07 0.07
FJ COLUMN (04.03.2023 48  0.0053 0.0053 1.72 1.72
FJ SURFACE (08.03.2023 49  0.0009 0.0009 0.37 0.37
FJ COULMN (08.03.2023 |50  (0.0011 0.0011 0.34 0.34
EK 10.03.2023 |51 0.0016 0.0016 0.86 0.86
SURFACE
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EK 10.03.2023 |52 |0.0094 0.0094 2.04 2.04
COLUMN
FJ COLUMN (15.03.2023 |53 (0.0035 0.0035 0.91 0.91
FJ SURFACE (15.03.2023 |54  [0.0007 0.0007 0.38 0.38
EK 16.03.2023 |55  10.0001 0.0001 0.06 0.06
SURFACE
EK 16.03.2023 |56  0.0092 0.0092 2.24 2.24
COLUMN
FJ SURFACE [21.03.2023 |57  0.0007 0.0007 0.28 0.28
FJ COLUMN [21.03.2023 |58  0.0009 0.0009 0.18 0.18
EK 22.03.2023 |59  10.0001 0.0001 0.06 0.06
SURFACE
EK 22.03.2023 |60 10.0069 0.0069 1.81 1.81
COLUMN
FJ SURFACE [29.03.2023 |61 0.0014 0.0014 0.54 0.54
FJ COLUMN [29.03.2023 |62  [0.0018 0.0018 0.41 0.41
EK 29.03.2023 |63 0.0131 0.0131 4.82 4.82
SURFACE
EK 29.03.2023 |64  0.0121 0.0121 2.75 2.75
COLUMN

Table 7. Particle concentration for samples with visible large organic matter (LOM) and the

particle concentration after LOM was removed.
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Figure 16. Graph of particle concentration with large organic matter (LOM) vs particle

concentration without LOM for Fjellheisen (a) surface and (b) column. Images on the top row

are filters with LOM and the images on the bottom row are filters without LOM.

For Fjellheisen surface, only filters from December 13, 2022, December 11, 2022, January 5,
2023, January 11, 2023, and February 2, 2023 had large organic matter removed from them,;
the rest of the filters do not contain LOM. For Fjellheisen column, only filters from December
13, 2022, January 11, 2023, January 25, 2023, January 31, 2023 and February, 2023 had large

organic matter removed from them; the rest of the filters do not contain LOM.
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Figure 17. Graph of particle concentration with large organic matter (LOM) vs particle

concentration without LOM for Ekrehagen (c¢) surface and (d) column. Images on the top row

are filters with LOM and the images on the bottom row are filters without LOM.

For Ekrehagen surface, only filters from December 12, 2022, December 14, 2022, December
16, 2022, January 9, 2023, and February 6, 2023 had large organic matter removed from them,;
the rest of the filters do not contain LOM. For Ekrehagen column, only filters from December
12,2022, December 18, 2022, January 21, 2023 and January 26, 2023 had large organic matter

removed from them; the rest of the filters do not contain LOM.
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3.3 Summary of Particle Concentration in Snow at Ekrehagen and Fjellhesien

Table 8 summarizes the minimum, maximum, average and mean particle concentration without

LOM for Ekrehagen and Fjellheisen.

Site Number of Minimum Maximum Average Mean
observations  (ug/g) (ng/g) (ng/g) (ng/g)
FJ Surface |13 0.06 6.98 0.88 0.37
FJ Column |13 0.18 6.33 1.83 0.91
EK Surface |16 0.06 19.12 3.62 1.07
EK Column |16 0.11 5.77 2.23 2.14

Table 8. Summary of particle concentration (ng/g) at Fjellheisen and Ekrehagen without LOM.

After filters with LOM were removed, particle concentration without LOM was plotted against
date for (a) Fjellheisen surface (b) Fjellheisen column (c) Ekrehagen surface (d) Ekrehagen

column (Figure 18) to see how particle concentration varies with time.
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Figure 18. Graph of particle concentration without LOM (a) Fjellheisen surface, (b) Fjellheisen

column, (¢) Ekrehagen surface and (d) Ekrehagen column.
41



3.4 Snow Reflectance

On March 29, 2023, snow reflectance was measured at Fjellheisen and Ekrehagen using a

spectroradiometer (Figure 19). The missing data on the graph were removed due to noise from

the detector.

—Fijellheisen (average) — Ekrehagen (average)
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Figure 19. Variation in snow reflectance at Fjellheisen (blue line) and Ekrehagen (orange line).

a. Fjellheisen b. Ekrehagen

Figure 20. Snow surface at (a) Fjellheisen and (b) Ekrehagen with spectralon reference

standards (the white standard is 99% reflective, the black is 1% reflective).
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CHAPTER 4. DISCUSSION
4.1 Variation in particle concentration between Fjellheisen surface and column

The particle concentration in Fjellheisen column layer tends to be higher than the surface layer
(Table 8). For the whole season, the mean particle concentration is higher in the column layer

than the surface layer (0.91 pg/g and 0.37 pg/g respectively).

To understand variability in particle concentration between the surface layer and column layer
over time, meteorological data including snow depth, precipitation (24 hr), average of mean
wind speed from main observations (24 hr), minimum air temperature (24 hr) and maximum
temperature (24 hr) (Figure 21) from Tromse meteorological station were used to interpret the
major processes contributing to variations in particle concentration in the snow. Other factors
that can affect snowmelt include relative humidity, vapor pressure, and snowpack conditions

(such as density) (Skiles et., 2012).
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Figure 21. Meteorological data from the Norwegian Centre for Climate Services and particle

concentration (without LOM) plotted against date.

The highest particle concentration sampled at Fjellheisen occurred in January, while the rest of
the season was characterized by lower particle concentration. Towards the start of the winter
season, the particle concentration in Fjellheisen surface and column were similar, with slightly
higher particle concentration in Fjellheisen column. Fjellheisen column particle concentration

decreased between December 7, 2022, to December 17, 2022, and remained low on December
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17, 2022, and January 11, 2023 (no other sampling occurred between these two dates). The
surface particle concentration increased on January 11, 2023, to the highest surface
concentration in the record. Meteorological data indicates that the surface particle concentration
increase may have occurred because of a long period of little additional snow accumulation that
preceded sampling on January 11, 2023. Additionally, the wind events on January 8 and 9, 2023
that occurred prior to sampling also suggests both dust and large organic matter observed on
the filters (Figure 16) could have been transported from local sources and deposited on the
snow. The increase in temperature between January 6 and January 11, 2023, from the
meteorological data suggest that during this period, the snow melted which also explains the
enhancement of particle concentration at the surface layer on January 11, 2023. During this
warming period a small decrease in the snow depth is also observed in the meteorological data.
However, a temperature above 0 °C in the Tromse data does not necessarily mean it was above
freezing at Fjellheisen, since it is colder at higher elevations. This is discussed later in section
4.3. Earlier studies have shown that particle concentration increases at the snow surface as a
result of mechanical trapping, during melt or sublimation, with vigorous melt conditions
flushing particles deeper into the snowpack (Xu et al., 2012; Conway et al., 1996). The highest
particle concentration in the column layer was on January 25, 2023, followed by January 31,
2023, and then February 2, 2023, with particle concentrations of 6.33 pg/g, 5.12 pg/g and 2.19
ng/g, respectively. The meteorological data shows an increase in precipitation and snow
between January 23 to January 27, 2023, indicating new snow accumulation that coincides with
a decrease in the surface particle concentration. The particle concentration in the column layer
increased because the high concentration layer that was previously at the surface is now
sampled in the column after new deposition of snow. The particle concentration in the column
is lower than when that layer was at the surface because of differences in sampling resolution.
When this high concentration layer which was previously at the surface was sampled, it was
sampled as a concentrated layer; when buried below and sampled in the column, it was sampled
with a much larger volume of snow, which caused the measured particle concentration to appear

lower in the column than when it was at the surface.
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4.2 Variation in particle concentration between Ekrehagen surface and column

Similar to Fjellheisen, the particle concentration in the Ekrehagen column layer tends to be
higher than the surface layer (Table 8). For the whole season, the mean particle concentration

is higher in the column layer than the surface layer (2.14 pg/g and 1.07 pg/g respectively).

The highest particle concentrations sampled at Ekrehagen occurred in January followed by in
February, while the rest of the season was characterized by lower particle concentration. On
December 12, 2022, the surface layer had higher particle concentration relative to the column
layer, which may be due to high winds between December 10, 2022, to December 12, 2022,
that deposited particles onto the snowpack. At Ekrehagen, there are high particle concentrations
in both the surface and column layer towards the start of the winter season. There are two events
on January 9, 2023, and February 16, 2023, when high particle concentrations occurred in the
surface layer at Ekrehagen. The event of January 9 corresponds to the same surface high particle
concentration event that was observed at Fjellheisen following a long period of little additional
accumulation that preceded sampling on January 9, 2023. The high particle concentration event
on February 16, 2023, is associated with a dry period, although, the wind event that happened
on February 8, 2023, might have also contributed to deposition of particles onto the snow.
Meteorological data shows snow depth decreased before sampling on February 16, 2023, which
indicates that the high particle concentration at the surface layer was due to a dry period
(Davidson et al., 1985; Skiles et al., 2018), and the sample is considered “aged snow”. A few
days period without precipitation, combined with above zero temperature at this time suggests
there may have been some melt. Surface darkening brought on by dirty snow will hasten the
ageing of the snow, which further reduces snow albedo and speeds up snowpack melt (Flanner

etal., 2007).

The particle concentrations in the surface layer were low on February 24, February 28, March
10, March 16 and in March 2023 as the snow depth increases indicating that fresh snow with
low particle concentrations continued to be deposited at the surface. The surface layer which
was previous at the top of the snowpack was buried below, hence diluting the particle
concentration in the whole snowpack (newly accumulated snowfall and the previous layer with
high concentration at the surface). This explains why the sample collected on February 24,
2023, had a high particle concentration at the column layer relative to the surface layer. The
particle concentration in the column layer gradually decreases from February 24 to February

28 to March 10, 2023, as fresh snow continues to fall, and a new layer continues to build on top
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of the snow. This explain that the high particle concentration layer which was previous at the
surface is now sampled as column also continues to get deeply buried below as the snow depth
increases, hence diluting the particle concentration and reducing the particle concentration in

the column layer when the column layer is sampled with a much larger volume of snow.

Towards the end of March when snow started to melt, the snow depth gradually starts to
decrease. The particle concentration in the surface layer on March 29, 2023, was higher than
on March 22, 2023, when it was still snowing, indicating that the snow melt was responsible
for enhancement of particle concentration at the surface layer. This is consistent with the
findings of Doherty et al. (2010) that surface concentration increases as the snow melts. In this
study, sampling was stopped on March 29, 2023, however earlier studies have demonstrated
that particle concentration increases in the surface layer during the spring, possibly due to a
spring peak in the atmospheric transport of pollutants to the Arctic (e.g., Stohl, 2006; Quinn et
al., 2007) which causes enhanced deposition; the melting of the surface snow that leaves
insoluble particles at the surface; or to climatological precipitation minimum in spring that
keeps the same surface exposed to dry deposition for long time (Meyer and Wania, 2008;
Doherty et al., 2013). In the column layer, the particle concentration on the last day of sampling
(March 29, 2023) was high relative to the particle concentration on March 22, 2023 as the snow
depth decreases, which indicates that the column layer was sampled with lesser volume of snow
as there was no new snowfall to increase dilution of particle concentration across the whole
snow column, hence the difference in the particle concentration between sample collected on

March 29, 2023 and March, 22, 2023.
4.3. Comparison of particle concentration between Fjellheisen and Ekrehagen

Throughout the whole of the season, the mean particle concentrations are higher at Ekrehagen
than at Fjellheisen, and the highest maximum particle concentration in the data set is at 19.12
pug/g from an Ekrehagen surface sample on February 16, 2023 (Table 8). The same factors
(wind, lower snow accumulation, and rise in temperature) contributed to the enhancement of
particle concentration at the surface layer in Ekrehagen surface and Fjellheisen surface during
the month of January. There are two possible explanations for the higher particle concentration
at Ekrehagen in comparison to Fjellheisen, both which are associated to elevation gradient.
There were several rain events at Ekrehagen in February during the time of sample collection.
The snow depth from the meteorological data also indicates that there was melt and

precipitation which was in form of rain in February. However, due to the elevation gradient,
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between Fjellheisen (420 m above sea level) and Ekrehagen (70 m, above sea level), the snow
melt that occurred at Ekrehagen mostly likely did not happen at Fjellheisen due to the elevation
gradient and atmospheric lapse rate, in which the temperature of the atmosphere decreases with
increasing altitude. Fjellheisen being 350 m higher in elevation than Ekrehagen. During this
period, the temperature from the meteorological data in Tromse shows that the temperature was
5.6 °C, meaning that the temperature at Fjellheisen would have been 2.1 °C for dry air and 1.75
°C for wet air, since temperature reduces with an increase in elevation by 1 °C per 100 m in dry
air and 1°C per 200 m for saturated air. A temperature above 0 °C in the Tromse data does not
necessarily mean it was above freezing at Fjellheisen, since it is colder at higher elevations.
This suggest that the snow melt that occurred at Ekrehagen mostly likely did not happen at
Fjellheisen because of the elevation gradient. Additionally, higher elevation at Fjellheisen could
have resulted in snow while it was raining at Ekrehagen. The lower snow accumulation at
Ekrehagen caused the particles to be slightly more concentrated in the snowpack, and there
possibly was higher particle deposition from local sources. Dumka et al. (2011) has
demonstrated that particle concentration will decrease with an increase in altitude which also

explains why the particle concentration at Ekrehagen is higher than at Fjellheisen.
4.4 Effect of meteorological factors on snow particle concentration

Wind, precipitation, temperature, and snow depth are the major meteorological factors affecting
the concentration of particles in snow. The wind plays the major role in enhancing particle
concentration at both sites (Fjellheisen and Ekrehagen). The majority of the time when particle
concentrations are high on the filters follows a wind event, which suggests that the wind is
responsible for transporting particles and large organic matter either by transporting the particle
along with the snow or deposition of the particles from local sources on to the snow cover.
Temperature also plays an important role in enhancing particle concentration. A small rise in
temperature can cause the snow to melt if temperatures are near freezing, which reduces snow
depth and enhances particle concentration at the surface layer. However, if the temperature is
well below freezing, a small increase in temperature will not do this. A typical example is the
sample collected at Ekrehagen on February 16, 2023, when the temperature was above 0 °C;
the snow had melted and caused mechanical trapping of particles at the surface layer.
Precipitation also affects particle concentration on the snow; the particle concentration for
Ekrehagen and Fjellheisen surface layer was low when it was continuously snowing in mid-
January to early-February. During this period of continuous snowfall, the snow depth increased,

forming a new snow layer on top of the previous higher particle concentration layer and burying
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the high particle concentration layer below. Eventually the surface layer with high
concentration gets buried below. Lower concentrations of BC should typically be found in the
snowpack at places with higher precipitation for a given concentration of BC in the atmosphere.
Even if wet deposition predominates, the effect of more precipitation diluting the BC in the
snow should still be there. This effect should be especially strong if dry deposition predominates
(Forsstrom et al., 2013).

4.5 Relative contribution of black carbon and dust to snow albedo reductions

Past studies in Tromse were focused exclusively on BC, but the role of dust in albedo reduction
is also important. The SNICAR model was used to evaluate the contribution of BC and dust to
albedo reduction (Flanner et al., 2007). SNICAR was run for three distinct scenarios (only BC,
only dust, and BC + dust) (Figures 22, 23, 24 and 25). BC concentrations from previous studies
in Tromse from Pedersen et al. (2015), Doherty et al. (2013), and Forsstrom et al. (2013) were
used assuming that the measured concentrations reflect BC and particle concentration that
resided on the surface in the past (Table 4). In this study, the modeled albedo was calculated
based on the dust concentration for winter. Because some of the measured particle mass may
be organic and not mineral dust, 50% and 75% dust scenarios (meaning 50% and 75% of the
measured particle mass) were run to account for the plausible range of particle concentration
that may be mineral dust (e.g., not organic). There is currently no data for dust concentration
that is from the same condition (late season melt) as when BC concentration was 75 ng/g and
1542 ng/g (Figure 22). The high concentration of BC at 75 ng/g and 1542 ng/g from previous
studies is representative of late spring conditions when more particles would be concentrated
at the surface layer and solar insolation would be at the highest. The concentration of BC in late
spring compared to the BC concentration in winter (1542 pg/g and 3 ng/g respectively) shows
that the BC concentration increased by 514x from winter to late spring. Based on how much
BC increased during the melt season can be used to estimate the increase in particle
concentration in late spring. Assuming the concentration of particle increased by 450x and 250x
in late spring from its median concentration in winter (3.62 pg/g), the spring dust particle
concentration would be 1629 ng/g and 905 pg/g respectively (Table 9). The SNICAR model
runs of spectral snow albedo assumes that snow density, snow thickness, snow grain effective
radius and snow grain shape are the same for all scenarios since investigating differences in

albedo reductions for different LAP scenarios is the focus of this study. However, in actuality
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these parameters would change over the course of the snow season. Figure 23, 24 and 25 shows

that the higher the particle concentration in the snowpack, the lower the broadband snow albedo

(Skiles et al., 2018).
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Figure 22. SNICAR modeled spectral snow albedo based on BC mean, median and maximum

concentrations using BC concentration from previous studies in Tromse (a) SNICAR modeled

spectral snow albedo between 0 to 1 range between the wavelength of 0.5 um to 2.5 um (b)

SNICAR modeled spectra snow albedo between 0.9 to 1 ranging between a wavelength of 0.2

pmto 1.0 pm.
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Figure 23. SNICAR modeled snow spectral albedo for dust mean, median and maximum
concentrations (a) SNICAR modeled snow spectral albedo between 0 to 1 at 0.5 um to 2.5 um
wavelength (b) SNICAR modeled snow spectral albedo between 0.9 to 1 at a wavelength 0.5
pm to 1.0 pm.
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Figure 24. SNICAR modeled spectral snow albedo for minimum BC and dust assuming
measured concentrations reflect BC and particle concentration that resided on the snow surface
in the past. (a) SNICAR modeled spectral albedo between 0 to 1 at wavelength of 0.5 pm to 2.5
um (b) SNICAR modeled spectra albedo between 0.95 to 1 at wavelength 0.2 pm to 1 pm.
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Figure 25. SNICAR modeled spectral snow albedo for BC and dust concentrations that are
representative of the spring melt season. (a) SNICAR modeled spectral albedo between 0 to 1
at wavelength of 0.5 um to 2.5 pm (b) SNICAR modeled spectral albedo between 0.4 to 1 at
wavelength of 0.2 um to 1.5 pm.
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Scenario name Particle type Broadband snow
albedo
BC=3, no dust BC 0.908
BC=75, no dust BC 0.892
BC=1542, no dust BC 0.803
100%Dust=0.06 no BC Dust 0.909
100%Dust=3.62, no BC Dust 0.902
100%Dust=19.12, no BC Dust 0.888
75%Dust=0.05, no BC Dust 0.909
75%Dust=2.72, no BC Dust 0.903
75%Dust=14.34, no BC Dust 0.891
50%Dust=0.03, no BC Dust 0.909
50%Dust=1.81, no BC Dust 0.906
50%Dust=9.56, no BC Dust 0.895
BC=3, 50%dust=1.81 BC + Dust 0.905
BC=3, 75% dust=2.72 BC + Dust 0.902
BC=3, 100%dust=3.62 BC + Dust 0.901
BC=1542, dust=1629 BC + Dust 0.663
BC=1542, dust=905 BC + Dust 0.706
Dust=1629 Dust 0.684
Dust=905 Dust 0.735

Table 9. SNICAR model for different scenarios of BC (ng/g), dust (ng/g) and BC + dust.
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The SNICAR modeled spectral snow albedo (Figure 22, 23, 24 represents low particle
concentrations typical of the winter snowpack. Figure 22 shows SNICAR modeled spectral
snow albedo for BC mean, median and maximum concentration and Figure 23 shows SNICAR
modeled spectral snow albedo for mean, median and maximum concentration of dust assuming
that dust and BC are mixed in the snowpack. The broadband albedo decreases with increase in
concentration of BC and dust (Table 9), and the broadband albedo decreases with an increase
in the proportion of the particle concentration that is assumed to be dust (from 50% to 75% and
100%, Table 9). This indicates that broadband snow albedo decreases with higher particle
concentration in the snowpack (Skiles et al., 2018), however the broadband albedo reductions

during winter are very small relative to clean snow.

To compare the relative contribution of BC and dust to snow albedo reduction in winter,
SNICAR model was run for BC and dust for minimum concentration in winter (Figure 24)
(Table 9). The SNICAR modeled spectral snow albedo (Figure 24) shows that BC with a
concentration of 3 ng/g lowers broadband snow albedo by 0.092 relative to clean snow. In
contrast, dust with a concentration of 1.81 pg/g, 2.72 pg/g, and 3.62 pg/g (based on the 50%,
75% and 100% dust scenarios) lowers broadband albedo by 0.094, 0.097, and 0.098,
respectively, relative to clean snow. Importantly, these results show that the albedo reductions
only due to dust are greater than the albedo reduction from only BC. Even a dust concentration

of 1.81 pg/g lowers broadband albedo more than BC with a concentration of 3 ng/g.

To compare the relative contribution of BC and dust to snow albedo reduction both in winter
and spring, the SNICAR model was run for different scenarios assuming both BC and dust are
mixed in the snowpack in winter (Figure 24) and in late spring (Figure 25). Assuming in winter,
BC and dust are mixed in the snowpack with BC having a concentration of 3 ng/g and 50% of
the particle concentration is dust with a concentration of 1.81 pg/g, the modeled broadband
reduces by 0.003 relative to if BC was only in the snowpack, If BC is 3 ng/g and 75% of the
particle is dust with a concentration of 2.72 ng/g, the modeled broadband snow albedo is 0.902,
indicating that broadband albedo reduced by 0.006 relative to if BC only was in the snowpack.
For the third scenario in winter, assuming all the particle is mineral dust (i.e. 100% dust) with
a concentration of 3.62 pg/g and BC with a concentration of 3 ng/g, the modeled broadband
snow albedo is 0.901, indicating that the inclusion of dust mixed in the snowpack with BC
lowers broadband albedo by 0.007 relative to if BC only was in the snowpack (Table 10). This
indicates that the inclusion of dust with BC in the snowpack would cause the broadband albedo

to be lower than if BC was the only LAP in the snowpack. This is consistent with the findings
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of Kaspari et al. (2011) that albedo reductions from BC will be less in the presence of other
light absorbing particles because the other particles absorb some of the solar radiation that the
BC would receive in the absence of other particles. Prior research has demonstrated that non-
BC components account for up to 25-50% of the particulate light absorption in Arctic snow

(Bond et al., 2013).

For the SNICAR modeled spectral snow albedo for late spring, two assumptions on how particle
concentration can increase in late spring were made, and five different scenarios (Figure 24)
were modeled for spectral broadband snow. If only BC was in the snowpack with a
concentration of 1542 ng/g, the modeled broadband snow albedo is 0.803, and 20% lower
relative to clean snow. If only dust was in the snowpack with a concentration of 1629 ng/g, and
905 pg/g, the modeled broadband albedo is 0.684 and 0.735, respectively, representing a 32%
and 27% reduction in albedo relative to clean snow. This shows that albedo reduction due to

dust are higher than BC.

If BC with a concentration of 1542 ng/g and dust with a concentration of 1629 pg/g are mixed
in the snowpack, the broadband model albedo is 0.663. This shows that dust with BC in
snowpack will lower the snow albedo by 34% relative to clean and 17% more than if only BC
was in the snowpack, and 3% more than the only dust scenario. For the second scenario
assuming that dust particle increased by 250x from its median winter concentration, if BC with
a concentration of 1542 ng/g and dust with a concentration of 905 pg/g are mixed in the
snowpack, the broadband albedo is 0.706. This indicates that dust with BC in the snowpack
will lower snow albedo by 30% relative to clean snow, 12% more than if only BC was in the
snowpack, and 4% more than only dust. These results shows that dust will be a larger

contributor of snow albedo reduction in late spring.

In winter, the SNICAR modeled snow albedo for 100% dust with a concentration of 3.62 pg/g
and BC concentration of 3 ng/g is 0.901, while the broadband snow albedo for late spring is
0.663 and 0.706 if particle concentration increases by 450x and 250x respectively. This
represents a 26% decrease in broadband albedo for 450x increase and 22% decrease for 250x
increase in particle concentration for the spring melt period relative to winter, meaning that
26% more of the incoming solar energy is being absorbed by the snowpack in spring relative
to winter and contributing to melt. The results from the SNICAR modeled run indicates that
dust will dominate albedo reduction both in winter and late spring but will contribute more to

albedo reduction in late spring than in winter. This is a large change in the surface energy
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balance. The SNICAR model runs in this study only considered changes in BC and dust
concentration and did not account for changes in snow grain size and density, nor brown carbon,

all of which would result in a further spring albedo reduction.

The most prevalent atmospheric aerosol by mass is dust, which is produced in arid and semi-
arid environments (Andreae, 1995). Despite being a naturally occurring aerosol by mass (Tegen
& Schepanski, 2018), dust is a greater driver in reducing snow albedo. Previous research has
revealed that atmospheric dust has nearly doubled since the turn of the 20th century (Mahowald
et al., 2010). Most likely as a result of human land use patterns and drought brought on by
climate change. Dust is more likely to be found in snow cover that is downwind from large arid
and semi-arid regions that have been disturbed (Franzén et al., 1994; Painter et al., 2007,
Thompson et al., 2000; Di Mauro et al., 2015). Given the clear anthropogenic origin of the rise
in BC and the fact that dust is much less absorptive than BC, dust in snow has received less
attention in terms of its effects on the climate. However, recent research has demonstrated that,
in the presence of sufficiently high concentration of dust, radiative forcing by dust can dominate
albedo reductions in snow (Skiles & Painter, 2018; Sterle et al., 2013; Kaspari et al., 2014).
Therefore, it is important to include dust in analyses of dust in albedo reductions. In addition to
BC and dust, other light absorbing particles that can lower albedo include light absorbing
carbon (coloured organics) from biomass burning, humic-like materials, snow algae, and

bacteria (Andreae and Gelencser, 2006; Takeuchi, 2002; Painter et al., 2007).
4.6 Snow reflectance at Ekrehagen and Fjellheisen

The snow reflectance at Ekrehagen (112% at 400-700 nm) was higher than that of Fjellheisen
(104% at 400-700 nm) for the snow reflectance measurement taken on March 29, 2023 (Figure
18). Although, snow reflectance should not be greater than 100%, the higher values were due
to the low angle of sun and the snow crystals reflecting light in numerous directions resulting
in a higher measured reflectance than the Spectralon panel that was used to calibrate the

instrument (the white square panel) (Figurel9).

It is expected that the particle concentration in surface snow is higher at Fjellheisen than at
Ekrehagen since the snow reflectance at Ekrehagen is higher than at Fjellheisen for the
measurement taken on March 29, 2023. However, the snow surface particle concentration at
Ekrehagen was higher than at Fjellheisen (4.82 pg/g and 0.54 pg/g respectively) (Table 7).

Figure 19 visually shows the difference between the surface snow at Ekrehagen and Fjellheisen.
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The white and black reflectance standards at Ekrehagen surface (Figure 20) sunk in the snow,
whereas the white and black standards at Fjellheisen didn’t sink but stayed at the surface
indicating that the surface snow at Ekrehagen was lower density relative to the surface snow at

Fjellheisen.

The SNICAR model was used to model different runs based on different snow density and grain

size to see if these parameters could account for the difference observed in snow reflectance
(Table 10).

Site Scenario Particle Density Snow  grain | Broadband
concentration | (kg/m?) radius (um) albedo
(ng/g)
Ekrehagen | 1 4.82 200 100 0.900
Fjellheisen | 2 0.54 200 100 0.908
Ekrehagen |3 4.82 200 50 0.921
Fjellheisen | 4 0.54 200 50 0.927
Ekrehagen |5 4.82 100 100 0.901
Fjellheisen | 6 0.54 100 100 0.908
Ekrehagen |7 4.82 100 50 0.921
Fjellheisen | 8 0.54 100 50 0.925

Table 10. SNICAR modeled spectral snow albedo based different snow density and grain size

for Ekrehagen and Fjellheisen surface particle concentration on March 29, 2023.
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For the SNICAR model run the particle concentration for both sites (Ekrehagen and Fjellheisen)
on March 29, 2023, were kept constant, 4.82 pg/g and 0.54 pg/g, respectively for modeling all
different scenarios. The SNICAR modeled spectral snow albedo (Table 10) shows the

broadband albedo for all eight scenarios using different densities and snow grain sizes.

Scenario 1 to 4 demonstrate that smaller snow grain sizes will have a higher broadband snow
albedo. A reduction in density also results in a slightly higher broadband albedo (scenario 4 to
8). The SNICAR modeled broadband spectral albedo for scenario 2, with particle concentration
of 0.54 ug/g, 200 kg/m? density and 100 pm results in a broadband albedo of 0.908. Scenario
7, with particle concentration of 4.82 ug/g, 100 kg/m? density and 50 pm results in a broadband
albedo 0f 0.921. The different in snow density and grain size indicates why Ekrehagen can have
a higher snow reflectance than Fjellheisen despite having higher particle concentration. The
lower density of surface snow at Ekrehagen relative to Fjellheisen surface snow suggests that
the snow grain size in the snowpack at Ekrehagen are smaller than that at Fjellheisen surface
which is why the snow crystals at Ekrehagen surface are reflecting more light than at Fjellheisen
surface snow. Snow albedo will decrease in the longer wavelength as snow grain size increases
(Skiles et al., 2018). Snow grain size are important parameters and should be considered when

modeling.
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CHAPTER 5. SUMMARY, CONCLUSION AND RECOMMENDATIONS
5.1 Summary and Conclusion

Snow samples were collected in Tromse (Fjellheisen and Ekrehagen), Norway during the
winter season from December 2022 to March 2023, both from surface snow and vertical profiles
through the snow column. The samples were analyzed for particle concentration using
gravimetric filtration, which provides a proxy of dust deposition. To understand variability in
particle concentration between the surface layer and column layer from both sites over time,
meteorological data including snow depth, precipitation, average mean wind speed, and
minimum and maximum temperature (24 hr) from the Norwegian Centre for Climate Services
was used to interpret the major process contributing to particle concentration in the Norwegian
Arctic snow. Snow reflectance was measured at Fjellheisen and Ekrehagen using a
spectroradiometer to estimate the variation in snow reflectance from both sites. The SNICAR
model was used to evaluate the relative contribution of BC and dust to albedo reductions
(Flanner et al., 2007), and was run assuming that that the measured particle concentrations
reflect BC and particle concentration that resided on the surface in the past. However, for the
purpose of this study, there is no equivalent measurement of particles from this same time
period in the melt season, but based on how much BC increased during the melt season can be
used to estimate the increase in particle concentration in late spring. The concentration of BC
in late spring compared to BC concentration in winter (1542 ng/g and 3 ng/g, respectively)
shows that the BC concentration increased by 514x from winter to late spring. If particle
concentration also increases by 450x or at least 250x from its median concentration in winter,
the particle concertation will be 1629 pg/g and 905 ng/g respectively in late spring. The findings
from this study show that:

e Snow melt during warm periods, long dry periods of little additional accumulation of
snowfall, and wind all enhance particle concentration in the surface layer of the
snowpack. This is consistent with the findings of Doherty et al. (2013).

e Additional accumulation of fresh snowfall with low gravimetric particle concentration
leads to low particle concentration in the surface layer of the snowpack.

e Accumulation of new fresh snowfall on a high particle concentration layer will lead to
formation of a new layer at the surface, hence burying the high concentration layer
below. When this high particle concentration surface layer is buried by fresh snowfall,

the measured particle concentration in the column will increase because the high particle
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layer that previously resided at the surface is now being sampled as vertical column.
Measured column particle concentrations were lower than surface particle
concentrations because the high concentration layers are diluted with a large volume of
snow in the column.

The higher the concentration of LAPs (BC and/or dust) in snow, the lower the broadband
snow albedo.

Low density snow has a higher albedo than higher density snow because lower density
snow has smaller grain size, which can reflect more light.

Snow particle concentrations are higher at Ekrehagen (70 m a.s.l.) than Fjellheisen (420
m a.s.l.) due to the 350 m elevation difference of the two sites. Ekrehagen has a higher
occurrence of melt and rain, both of which increase particle concentrations, while
Fjellheisen receives more snow and has a lower occurrence of times when particle
concentrations are high on the surface of the snowpack. This has implications under a
changing climate. As climate warms, more areas are more likely to get more rain and to
have higher particle concentration surfaces, resulting in lower albedo, greater energy
absorption, more melt of the snowpack and more energy kept in the Earth System.

The SNICAR modeled spectral snow albedo indicates that dust is a greater driver of
albedo reduction than BC. However, the combination of BC and dust results in a further
lower albedo reduction, but dust is the LAP that is the strongest driver of albedo
reductions in the snow.

The results from the SNICAR modeled snow albedo indicates that dust dominates
albedo reduction both in winter and late spring, with larger albedo reductions in late
spring than in winter. For the minimum and maximum concentration, the modeled
spectral snow albedo shows that broadband albedo in winter is 0.901, and the broadband
spectral albedo in spring is 0.663 and 0.706 if dust increases by 450x and 250x
respectively from its minimum concentration in winter. This indicates that 22% to 26%
more of the incoming solar energy is being absorbed by the snowpack in spring relative
to winter and contributing to melt (assuming dust increases by 250x and 450x
respectively). This is a large change in the surface energy balance. However, the
SNICAR model runs in this study only considered changes in BC and dust concentration
and did not account for changes in snow grain size and density, nor brown carbon, all

of which would result in a further spring albedo reduction.
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e Even though dust is a naturally occurring aerosol, it is a greater driver in snow albedo
reductions than BC. Previous studies have demonstrated that atmospheric dust has
doubled since the turn of 20" century, which is most likely due to anthropogenic effect
and drought brought on by climate change. However, dust has received less attention in
terms of its effect on the climate. This research has demonstrated that in the presence of
high concentration of dust (in spring), radiative forcing from dust can dominate albedo
reduction in snow. Therefore, it is important to include dust in the analyses of LAP

albedo reductions in snow.

5.2 Recommendations for future research

e Measure snow density of the snowpack.

e Sample the snowpack at higher vertical resolution. Because high sample volumes
were required for the gravimetric particle analysis, the study was designed to collect
bulk samples of the surface and column. If samples were collected at higher vertical
resolution, the presence of high particle layers in the snowpack could have been
better traced.

e Determine particle size distribution, which is useful for albedo modeling and to
evaluate how the particles were transported (i.e., local vs. long range transport).

e Determine the proportion of particles that are organic vs mineral dust to evaluate
which are likely important drivers of albedo reductions and snow melt.

e Future studies should focus on sampling BC concentration and dust concentration
together at the same period to determine the relative contribution of BC and dust to
albedo reduction for SNICAR modeling. Although samples were collected for BC
analysis for this study, the results were not available in time to be incorporated in
this thesis.

e Calculate the proportionate contributions of each to albedo reductions by
geochemically dividing LAP into BC, dust, and organics.

e The sampling period should be extended (i.e., samples should be collected from

early winter until the snow completely disappears in late spring-summer).
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