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1 Introduction 

1.1 Background 

Atmospheric aerosols are small (3 nm – 100 µm) liquid or solid particles suspended in the 

atmosphere. These particles originate from various natural and anthropogenic sources. 

Aerosol species include sulfates, sea salt, nitrates, organic carbon, black carbon, ash, and 

wind-blown dust. They can be directly emitted into the atmosphere, or formed (from 

precursor gases) through chemical and physical processes, and they are capable of being 

long-range transported. The atmospheric residence time of aerosol particles ranges from 

hours for coarse particles towards days (or weeks) for fine mode particles (< 1 µm). The 

residence time of fine mode particles is significantly shortened by wet deposition. The 

properties of the particles can be described based on their shape, size, and chemical 

composition. A significant feature of aerosol particles is their ability to scatter and absorb 

atmospheric solar radiation. Light-absorbing aerosol particles include soot (black carbon, 

BC), ash, dust, and the so called brown-carbon fraction of organic carbon (OC). 

In the cryosphere, light-absorbing particles (LAP) are of hydrological, environmental, 

and climatic importance, depending of their physical and chemical properties. When 

deposited on snow and ice surfaces, the climatic effects of dark particles are due to 

reduced albedo and induced melt of darker surfaces, which again lowers the albedo and 

increases melt via the albedo feedback mechanism (Arrhenius 1896, Warren and 

Wiscombe 1980, Doherty et al. 2010). In the Arctic region, these climatic effects are 

amplified, and the surface albedo feedback is often cited as the main contributor to a 

phenomenon known as Arctic amplification, referring to greater warming in the Arctic 

compared to the global average (Arrhenius 1896, Serreze and Barry 2011, Pithan and 

Mauritsen 2014). Currently, Arctic amplification is understood to have a variety of causes 

on different temporal and spatial scales, including the albedo feedback, retreat of sea ice, 

changes in atmospheric and oceanic heat fluxes, changes in cloud cover and water vapor 

content, soot on snow, and heat absorbing BC aerosols in the atmosphere (Serreze and 

Barry 2011). Darkening and melt effects are most often linked to BC, but OC and dust can 

have similar effects. In addition to deposited atmospheric particles, cryospheric light-

absorbing impurities (LAI) may consist of natural organic litter like needles, pebbles, and 

various microorganisms that reside in snow and ice.  

The sources for BC are mainly incomplete combustion of carbonaceous material, like 

fossil fuels and biomass. In the Arctic, BC originates from emissions from industrial and 

biofuel burning, mostly from long-range transported extra-Arctic emissions from Europe, 

North America, Former Soviet Union and East Asia (Sharma et al. 2013, Jiao et al. 2014). 

The BC emissions of China and India have been evaluated among the largest of the Asian 

BC hot-spot region (Wang et al. 2014). Gas flaring can also be a significant source at high 
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latitudes (Stohl et al. 2013). Koch and Hansen (2005) say that half of biomass-originating 

BC in the Arctic comes from north of 40
o
N (North America, Russia, and Europe, each 

contributing 10–15 %). They also report that Russia, Europe, and south Asia each 

contribute about 20–25 % of BC to the low-altitude springtime ‘‘Arctic haze”, which 

consists primarily of anthropogenic particles with high sulfur concentrations and other 

components such as soot.  

BC can affect the Arctic climate through several mechanisms. These include direct 

heating of the Arctic atmosphere (Ramanathan and Carmichael 2008), darkening and 

increased melt of Arctic snow and ice (Hansen and Nazarenko 2004, Flanner et al. 2007, 

Bond et al. 2013), alteration of Arctic cloud shortwave and longwave properties and cloud 

formation (Koch and Del Genio 2010), and perturbation of the poleward heat flux through 

forcing exerted outside the Arctic (AMAP 2015). Arctic climate response has been found 

sensitive to the vertical distribution and deposition efficiency of BC reaching the Arctic 

(Flanner 2013). The Intergovernmental Panel on Climate Change Fifth Assessment Report 

(IPCC 2013) assesses the BC on snow/ice to have a global and annual mean direct 

radiative forcing of 0.40 Wm
-2

. BC emissions occurring within the Arctic have been found 

to induce about fivefold greater warming, normalized to the mass of emissions, than 

emissions from mid-latitudes, because a higher fraction of within-Arctic emissions deposit 

to snow and sea ice than mid-latitude emissions (Sand et al. 2013). The role of BC in snow 

and ice has been widely investigated, and detailed scientific assessments have been 

presented in Bond et al. (2013), IPCC (2013), and AMAP (2015).  

 Black carbon is a Short-Lived Climate Forcer (SLCF) and it undergoes regional and 

intercontinental transport from source regions during its short atmospheric lifetime. 

Atmospheric removal of BC occurs within a few days to weeks via precipitation and 

contact with surfaces (Bond et al. 2013). The life time of BC can be largely determined by 

factors that control local deposition rates, e.g., precipitation (Zhang et al. 2015). Wet-

scavenging processes (in-cloud and below-cloud scavenging) are a major source of 

uncertainty in predicting atmospheric BC concentrations over remote regions (Schwarz et 

al. 2010). When emitted, BC is mostly hydrophobic (Laborde et al. 2013) but can become 

coated with water-soluble components through atmospheric aging processes, where BC 

changes from hydrophobic to hydrophilic. Aerosols can also form complex mixtures. For 

example, soot particles can mix with nitrates and sulfates, or they can coat the surfaces of 

dust. 

The main sources of OC aerosols, co-emitted in the atmosphere with BC, are 

anthropogenic activities and wildfires (e.g., Hegg et al. 2010). Bond et al. (2013) mention 

that a large fraction of particulate light absorption in Arctic snow (about 30 to 50 %) is 

due to non-BC constituents and most of the absorption would be due to light-absorbing 

OC, called brown carbon. Different types of brown carbon can include coal combustion, 

biomass burning, organic compounds emitted from local soils, and volatile organic 

compounds (VOC) emitted by vegetation. France et al. (2012) explained that BC alone 

could not account for all the absorption seen in the Barrow snowpacks, and an additional 

absorption by Humic Like Substances (HULIS, part of brown carbon), and other 

chromophores was necessary to explain the observed variation. Voisin et al. (2012) 

measured HULIS optical properties and reported them to be consistent with aged biomass 

burning or a possible marine source. McNeill et al. (2012) discussed the adsorption and 
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desorption of organic species to and from snow and ice surfaces, and how these processes 

influence the transport of organic trace gases through the snowpack. A much higher OC to 

EC ratio (205:1) was reported for snow than in air (10:1), indicating that snow would be 

additionally influenced by watersoluble gasphase compounds (Hagler et al. 2007). 

According to AMAP (2015), in case of using the thermo-optical analysis method for OC 

in snow, pieces of organic material, such as bits of leaf or twig, can contribute 

significantly to the OC results. Cryoconite (a mixture of dust, pebbles, soot, and microbes) 

(Tedesco et al. 2015) and color-pigmented algae (Benning et al. 2014, Lutz et al. 2016) 

have been added in the discussions on snow darkening and melt more recently, especially 

in Greenland. In the melting of glaciers (glaciar snow melt), the role of BC is considered 

uncertain, because few measurements of glacial BC content exist, and the impact of 

natural impurities, such as soil dust and algae, has not sufficiently been accounted for 

(Bond et al. 2013). 

Dust is a major environmental factor in the Earth system with important impacts on 

global energy and carbon cycles. Atmospheric desert dust particles are soil particles 

suspended in the atmosphere from regions of dry unvegetated soils with erosion and 

strong winds. Because of its effects from timescales of minutes (as with dust devils, cloud 

processes and radiation) to millennia (as with oceanic sediments, and loess sediments 

formed by the accumulation of wind-blown silt), dust is not only a key environmental 

player, but also a recorder of environmental change (Knippertz & Stuut 2014). The 

multiple processes in which dust takes part include dust interaction with continental and 

marine ecosystems by being a source of micronutrients; when deposited in the cryosphere, 

dust changes the amount of reflected solar radiation; dust affects the solar radiation in the 

atmosphere and properties of clouds and thereby also precipitation. Studies show that at 

low and mid-latitudes, Saharan dust can affect the albedo and long-term mass balance of 

an Alpine glacier (Di Mauro et al. 2015, Gabbi et al. 2015). Dust from Asian deserts is 

deposited on Himalayan snow resulting in darkening and increased snow melt (Gautam et 

al. 2013). Mineral dust from the Colorado Plateau can shorten snow cover duration of the 

San Juan Mountain range (Painter et al. 2007). Recently, it has been recognized that dust 

produced in high latitude and cold environments may have regional or global significance 

(Bullard et al. 2016). Dust is included in the IPCC (2013) report as an anthropogenic 

source due to the development of agriculture which favors the generation of dust.  

In the Arctic region, Iceland is the most active dust source (Arnalds et al. 2016). The 

dust day frequency in Iceland is similar to that in the major desert areas of the world 

(Mongolia, Iran, USA, China). Frequent volcanic eruptions with the re-suspension of 

volcanic materials and dust haze increase the number of dust events fourfold, resulting in 

135 dust days in Iceland annually (Dagsson-Waldhauserova et al. 2014). High-latitude 

dust transport over the North Atlantic with inputs from Icelandic dust storms was 

described for the first time by Prospero et al. (2012). About 50 % of the annual dust events 

in the southern part of Iceland take place at sub-zero temperatures, when volcanic dust 

may be mixed with snow (Dagsson-Waldhauserova et al. 2015). There are over 30 active 

volcanoes or volcanic systems in Iceland, and seven major dust sources (Arnalds 2010, 

Arnalds et al. 2016). The properties of ash and dust from these sources show considerable 

physical and chemical variability. Icelandic volcanic dust properties, origin and transport 



 

12 

 

have been widely investigated (Arnalds et al. 2016), but fewer investigations are available 

for dust-cryosphere interaction (Dagsson-Waldhauserova 2015, Arnalds et al. 2016). 

 

 

 
 

Figure 1.1. Dark volcanic dust on the surface of an Icelandic glacier. Light-absorbing aerosols, 

such as black carbon, organic carbon, ash and dust, originate from various natural and 

anthropogenic sources. When deposited on snow and ice surfaces they reduce the surface albedo 

and increase melt via the albedo feedback mechanism. Photo O. Meinander, Solheimajökull, 

Iceland, in March 2016. 

 

 

This thesis deals with effects of BC, OC and Icelandic volcanic dust on snow and ice 

properties in the Arctic region, as discussed in connection with sources of emissions, and 

transport and deposition. For black carbon, different names are used in the literature. Here 

BC refers to light-absorbing carbonaceous substances when there is no reference to a 

specific measurement method. Elemental carbon (EC) is used when results refer to the 

carbon content specific thermo-optical method. Soot is composed mainly of carbon and 

produced when organic (carbon-containing) material is burned. An individual hydrophobic 

soot particle is composed of graphitic layers and has a typical diameter of 45 nm (AMAP 

2015). Volcanic dust (Figure 1.1) is defined as any volcanic material which is re-

suspended from old deposits of any volcanic material, regardless of age and mode of 

formation (Dagsson-Waldhauserova et al. 2015). According to AMAP (2015), there is no 

fixed definition for the Arctic, and the term Arctic is there used for latitudes North of 

60°N. More often, the Arctic is defined as the area north of the Polar Circle. In case of 

Iceland, Arctic dust events have been used to refer to NE Icleand, and Sub-Arctic dust 

events to S Iceland (Dagsson-Waldhauserova et al. 2014). Here the Arctic results refer 

mainly to Arctic Finland (PAPER I–III) and Iceland (PAPER III–V), but also to the Arctic 
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region more broadly (PAPER V). Due to the lack of standardization of reflectance 

terminology (Shaepman-Strub et al. 2006), this thesis uses notations following Shaepman-

Strub et al. (2006). Albedo is defined as bihemispherical reflectance (BHR). For clarity, 

spectral albedo (BHRλ) is distinguished from the eryhemally weighted broadband albedo 

(BHRery). The term light-absorbing refers to the electromagnetic radiation at 300–2500 

nm. 

In the next section 1.2, I will identify the scope, research questions and objectives of 

the thesis. The main gaps of knowledge and open research questions at the time this 

research was conducted, which this thesis addresses, are also presented in section 1.2.  

This is followed by describing the outline of the thesis in section 1.3. Thereafter, theory 

and scientific knowledge of effects of light-absorbing impurities will be introduced in 

section 2. Then chapters on materials and methods, and overview of results and 

discussion, will be presented. The thesis is completed with summary and conclusions, and 

plans for future work. 

1.2 Scope, research questions and objectives 

The aim of this thesis is to fill in some of the gaps in our knowledge and understanding of 

the impacts of the light-absorbing aerosols of BC, OC, and Icelandic volcanic dust, on the 

snow and ice albedo, melt and density, especially in the Arctic. Such effects are of 

hydrological, environmental and climatic importance via surface darkening and increased 

snow melt. The thesis contributes with new continuous Arctic measurement data, field 

campaigns, and laboratory experiments since the International Polar Year (IPY) 

2007/2008, for the data-sparse region in the Arctic, in the Northern Europe. The work 

started with the Sodankylä snow ultraviolet (UV) albedo measurements (initiated during 

IPY 2007/2008, PAPER I), continued including effects of BC/OC on Sodankylä snow 

(PAPER II), a hypothesis on BC density effects (PAPER III), effects of Icelandic dust 

(PAPER IV), and the role of Icelandic dust in the Arctic cryosphere more broadly 

(PAPER V). The thesis also includes some Arctic-Antarctic aspects, and discusses some 

of the challenges and possibilities in modeling and satellite approaches.  

When the work on Sodankylä snow started with the continuous in situ UV albedo 

measurements (PAPER I–II), this was the first of its kind in Finland; only the UV 

irradiance and VIS albedo (at visible wavelengths) were included in the atmospheric 

radiation measurements of the Finnish Meteorological Institute (FMI). Earlier, UV albedo 

measurements had been made elsewhere in the Arctic and Antarctic (Smolskaia et al. 

1999, Perovich et al, 2002, Pirazzini 2004, Wuttke et al. 2006). The Snow UV albedo is of 

importance as it amplifies the amount of the surface UV radiation. The stratospheric ozone 

depletion increases the UV irradiance reaching the ground, too. The UV radiation has 

many positive and negative impacts. The UV albedo of snow can be the reason behind a 

painful eye condition known as snow blindness (UNEP 2002). The UV radiation is needed 

for the vitamin D production and it has a harmful effect on causing DNA damage and skin 

cancer (WHO 2006), as well as material degradation (Andrady et al. 2015, Heikkilä 2014), 

and it is important in air chemistry in photolysis reactions. Estimates on the snow UV 
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albedo were used for satellite UV algorithms in Arola et al. (2003), and Tanskanen and 

Manninen (2007). The snow UV albedo measurements in Sodankylä were initiated during 

IPY 2007/2008, and investigated then with the help of ancillary meteorological and snow 

information (PAPER I). Later (PAPER II-V), the work included snow albedo, melt and 

density investigations linked to atmospheric particles deposited in snow, which is of 

particular interest due to the UV absorbing properties of some of the aerosol particles. 

The albedo effects of dirty snow were first published by Warren and Wiscombe 

(1980). Their results are currently in use in the snow albedo model SNICAR (Flanner et 

al. 2007), acknowledged and used by the IPCC (2013), too. Recently, more than 30 years 

later, an empirical dataset on impurities in Arctic snow were made available by Doherty et 

al. (2010). Their investigation updated the 1983–1984 survey of Clarke and Noone (1985). 

The work of Doherty et al. (2010) covered BC in snow in Alaska, Canada, Greenland, 

Svalbard, Norway, Russia, and the Arctic Ocean, but no snow samples from Finland were 

included. Their closest place was Tromso, Norway, which represented the European 

Arctic. In 2013, Svensson et al., Forsström et al. and PAPER II reported BC 

concentrations in snow samples collected in the European Arctic snowpacks.  

Next, I will identify the contribution of the PAPER I–V to different scientific questions 

and objectives. The specific research questions, to which answers were searched for in this 

thesis, were as follows: 

 

Q1: What is the in situ snow UV albedo in Sodankylä, north of the Arctic Circle and 

why? (= Objective of the PAPER I–II) 

Q2: How much BC and OC is there in seasonal snow in Sodankylä and why? (= 

Objective of the PAPER II) 

Q3: Why does dirty snow melt faster than clean snow, i.e., what happens after 

impurities absorb radiation and snow melt starts? (= Objective of the PAPER III) 

Q4: How does Icelandic volcanic dust interact with snow and ice and why, and what 

are the potential impacts of Icelandic dust? (= Objective of the PAPER IV–V) 

Q5: What are the challenges, needs and possibilities in modeling and remote-sensing 

approaches and in bipolar Arctic-Antarctic research? (= Objectives of the PAPER I, II and 

V). 

 

In this thesis work, these research questions related to effects of elemental carbon, 

organic carbon, and Icelandic volcanic dust, on snow and ice optical properties, melt and 

density have been investigated. Various approaches were used, as will be explained in the 

Chapter 3.  

1.3 Outline of the thesis 

The thesis consists of five original papers. These are referred to by roman numbers 

(PAPER I–V). The contributions of PAPER I–V to the thesis are presented in Table 1.1. 

The focus of PAPER I–II is on the snow albedo and reflectance, and BC/OC in natural 

Arctic Sodankylä snow. PAPER III presents a new hypothesis on the snow density  
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effects. PAPER IV shows experimental data where snow melt increases for smaller 

amounts of Icelandic dust particles in snow, and insulation can take place in case of 

thicker dust layers. PAPER V states that the scientific assessment of impacts of Icelandic 

dust in cryosphere is currently missing, urges for scientific investigation, and hypothesizes 

that in the Arctic Icelandic dust can have similar or larger albedo and melt effects on the 

cryosphere than soot. 

 

 

Table 1.1. The contribution of PAPER I–V to the thesis. 

 

Subject PAPER I PAPER  II PAPER III PAPER IV PAPER V 

Black carbon  X X  X 

Organic carbon  X X  X 

Icelandic dust     X X X 

Snow /Ice albedo X X X  X 

Snow /Ice melt X X X X X 

Snow density   X   

 

 

The structure of the thesis is planned as follows. In the next chapter, the theoretical and 

scientific literature of light-absorbing impurities and cryosphere is described, with the 

focus in Arctic. The materials and methods are presented in Chapter 3 and the Chapter 4 

contains an overview of the main results and their discussion based on the original papers. 

The synthesis includes effects of BC, OC, and Icelandic volcanic dust on the snow and ice 

albedo, melt and density, as well as modeling and remote sensing related aspects. 

Conclusions and future aspects are included in Chapters 5–6. 
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2 Light-absorbing particles in the Arctic 

snow 

Light-absorbing atmospheric particles deposited in snow cause changes in the interaction 

of solar irradiance and snow. According to the law of energy conservation, the incoming 

solar radiation can be absorbed, reflected or transmitted. A change in any of these 

components can therefore be used to indicate changes in the properties of the target under 

investigation. Clean non-melting snow reflects generally 80–90 % of the incident solar 

radiation (Wiscombe and Warren 1980). Darker, dirty snow absorbs more solar radiation, 

decreasing snow reflectivity (Warren and Wiscombe 1980). This in turn increases snow 

melt, which again decreases the reflectance of snow. This is known as the snow albedo 

feedback mechanism. Hence, in the presence of light-absorbing particles in snow, the key 

driving force for snow melt is the decrease in snow reflectivity. In addition, for the surface 

radiation balance, changes in snow surface reflectivity are most critical. As the irradiation 

that is reflected back to space does not heat the Earth, snow cover cools the climate both 

locally and globally and is an important factor in the global energy balance. The climatic 

affects are amplified in the Arctic. In this chapter, we first take a look on the theory to 

understand what light is (section 2.1), and what controls the solar irradiance at the Earth 

surface (section 2.2), where after factors affecting the snow bihemispherical reflectance, 

i.e. albedo, of clean and dirty snow are presented (section 2.3).  

2.1 Electromagnetic radiation 

Light is electromagnetic radiation, whose main source in the Earth is the Sun. According 

to the wave model of electromagnetic radiation, the solar spectral irradiance E(λ) consists 

of wavelengths from 100 to 5000 nm (Harris 1987). The term spectral is used when the 

wavelength dependency is being described.  Electromagnetic waves are often categorized 

by their location within the electromagnetic spectrum. For example, electromagnetic 

radiation at 300–400 nm is called ultraviolet (UV) radiation, at 400–700 nm visible (VIS) 

radiation, and at 700–2500 nm near-infrared (NIR) radiation. Light most often refers to 

light visible to human eye in the wavelength range of 400–700 nm. It should be noted that 

only thermal IR is directly related to the sensation of heat, while NIR is not. Because of 

the similarity in the behavior of UV, VIS and NIR regions of the spectrum, they are all 

incorporated in the field of physical research known as optics. In ecophysiology, 

agriculture, forestry and oceanography, the waveband between 400–700 nm contains what 

is known as photosynthetically active radiation (PAR). In addition to the wave model, 
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electromagnetic radiation is, according to the particle theory, composed of many discrete 

units called photons or quanta. The wave and quantum models of electromagnetic 

radiation are related by the equation 

 

Q = h f =
ℎ𝑐

𝜆
    (2.1) 

where Q = energy of a quantum [J]; h = Planck’s constant, 6.626x10
-34

 [J sec]; f = 

frequency [s
-1

]; c = velocity of light, 299792458 [m/s]; and λ = wavelength [m]. 

 

Only 2 % of the radiated extraterrestrial (ET) solar energy corresponds to the 

wavelength range below 220 nm and 3 % above 2700 nm (Agrawal 1986). 

 

2.2 Solar irradiance at the Earth surface 

Due to the absorption and scattering properties of the Earth’s atmosphere, only part of the 

ET solar spectral irradiance is passed through the atmosphere. Incident solar radiation, i.e., 

solar irradiance at the Earth’s surface, has both direct (sunlight) and diffuse (skylight) 

components. The direct solar irradiance Edir(λ) reaching the Earth surface is regulated by 

the product of the extraterrestrial spectral irradiance EET(λ) and a wavelength-dependent 

effective transmission function T (Bird and Riordan 1986):  

 

Edir(λ) = EET (λ) D T(λ, , r, aw,O,u,)   (2.2) 

  

where Edir(λ) is the direct spectral irradiance on a surface normal to the direction of the 

Sun at ground level, EET(λ) is the extraterrestrial spectral irradiance at the mean Earth-Sun 

distance, D is the correction factor for the Earth-Sun distance, is the solar zenith angle, 

and r, aw, O, u are the transmittance functions of the atmosphere for molecular 

(Rayleigh) scattering, aerosol attenuation, water vapor absorption, ozone absorption and 

uniformly mixed gas absorption, respectively.  

 

The direct irradiance on a horizontal surface is obtained by multiplying Eq. (2.2) by 

cos. The surface albedo is a non-dimensional, unitless quantity that indicates how well a 

surface reflects solar energy. Albedo values vary between 0 and 1 (0–100 %). The spectral 

surface albedo is defined as the Bihemispherical Reflectance (BHRλ), i.e., the ratio of the 

radiant flux reflected from a unit surface area into the whole hemisphere to the incident 

radiant flux of hemispherical angular extent as a function of wavelength (Schaepman-

Strub et al. 2006): 

 

BHRλ = 
d𝛷r(𝜃𝑖,𝜙𝑖,2; 2;𝜆)

d𝛷𝑖(𝜃𝑖,𝜙𝑖,2;𝜆)
   (2.3) 
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where 𝛷r is the reflected radiant flux [W/nm], 𝛷i is the incident radiant flux [W/nm], 

and (θi,ϕi) is the incident solar angle (zenith, azimuth).  

 

In optical remote sensing terms, this definition of the surface albedo is often named as  

blue-sky albedo. The total diffuse solar irradiance Ediff(λ) at the Earth surface is a sum 

(Bird and Riordan 1986) of components of Rayleigh Er(λ) and aerosol scattering Ea(λ), and 

the component Eg(λ) that accounts for the multiple reflection of irradiance between the 

ground and the air: 

 

Ediff(λ) = Er(λ) + Ea(λ) + Eg(λ) = EET (λ) D T(λ, , r, aw,O,u) k(BHRλ,rsλ) (2.4) 

 

 

where k = BHRλrsλ/(1–BHRλrsλ); BHRλ = bihemispherical spectral surface reflectance; 

rsλ = spectral sky reflectivity. 

 

In some research applications it may be assumed that diffuse radiation is isotropic, i.e. 

has the same intensity regardless of the direction of measurement. The contribution of 

direct and diffuse components varies according to the solar elevation and wavelength: the 

smaller the wavelength and the lower the sun, the larger the diffuse component. Under an 

overcast fully cloudy sky all light is diffuse sky radiation. 

Radiation having wavelength smaller than 100 nm (X-rays and Gamma rays) is 

absorbed in the ionosphere by oxygen molecules (O2) and free oxygen atoms (O). The ET 

ultraviolet radiation range is 100–400 nm, but atmospheric absorption of oxygen 

molecules (O2) prevents the most harmful UV-C radiation (100–280 nm) from reaching 

the surface. UV-B radiation (280–315 nm) is strongly absorbed by stratospheric ozone 

(O3) with the absorption bands of Hartley (between 200–300 nm, with a maximum 

absorption at 255 nm), Huggins (weak absorption between 300–360 nm), and Chappuls 

(weak between 440–1180 nm) (Liou 2002). Carbon dioxide (CO2) has absorption bands at 

2300 and 4500 nm. Water vapor, H2O(g), has some absorption between 600 and 2000 nm 

and at 3000 nm.  

In addition to the mechanism of atmospheric absorption, particles in the atmosphere 

cause atmospheric scattering. In general, if the particle is very much smaller in diameter 

than the wavelength of radiation, ‘Rayleigh scattering’ dominates. When the diameter of 

the particle is much larger than the wavelength, geometric ‘nonselective scatter’ prevails. 

‘Mie scattering’ takes place when atmospheric diameter of the particle is of the order of 

the wavelength of the incoming radiation. The Mie scattering theory (Mie 1908) assumes 

homogenous spheres, none of which is a valid assumption for dust. For the non-spherical 

particles of dust and ash, Mie assumption is thus an error source in the scattering 

calculations (Nousiainen and Kandler 2015). 

Changes in the values of the parameters in the atmospheric transmission function T(λ) 

can be studied by in situ measurements, or radiative transfer (RT) model calculations, or 

by using satellite data. In the RT equation, the propagation of the electromagnetic 

radiation through the atmosphere can be described using a rather complicated equation 

including all the possible directions of propagation, where solar irradiance loses energy to 

the atmosphere by absorption, gains energy by atmospheric emission, and redistributes 

energy by scattering. A detailed description of the RT equation is found in Liou (2002), 
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for example. Often, a simplified two-stream approximation is used, where two directions 

(streams) of upward (E↑) and downward (E↓) irradiance are included. The solution of the 

RT equation generally yields the directional quantities of diffuse and direct irradiances 

upward and downward. The ratio of all reflected upward (↑) irradiance to the incident 

downward (↓) irradiance includes the diffuse and the specular radiation reflected.  

2.3 Radiation - snow interaction 

The solar electromagnetic radiation at wavelengths < 5000 nm is called shortwave (SW) 

radiation. At longer thermal wavelengths radiation is emitted. For the snow or ice (glacier) 

surface radiation balance, the net energy flux EN is due to differences between downward 

(↓) and upward (↑) non-thermal shortwave (SW) and thermal longwave (LW) radiative 

fluxes, and can be expressed as (Garratt 1992): 

 

EN = ESW↓ – ESW↑ + ELW↓ – ELW↑    (2.5) 

where the net shortwave flux depends on the incident solar radiation and on the surface  

Bihemispherical Reflectance BHR (albedo), and the net longwave flux depends on the  

downwelling longwave radiation, the Stefan-Boltzmann constant σ (5.670373×10−8W 

m
−2

K
−4

),  the surface emissivity εs, and the temperature of the surface Ts (in Kelvin): 

 

EN = (1 – BHR) ESW↓+ELW↓ – {(1– εs ELW↓+ εs σ Ts
4
}  (2.6) 

 

This shows that EN is most critically influenced by the surface characteristics of the 

BHR (albedo) and emissitivity εs.  Emissivity εs (0–1) is a measure of the thermal 

emittance of a surface, defined as the ratio of radiant heat flux emitted by a material to that 

emitted by a blackbody radiator at the same temperature, with values usually close to 1, 

e.g., for water εs = 0.97 (Robinson & Davies 1972), and for snow 0.97–1.0. The surface 

albedo, i.e., the capability of the surface to reflect the incoming irradiance, is a variable 

that varies highly temporally, spatially and spectrally from 0 to 1, depending on the 

surface properties. Hence, for the surface radiation balance, changes in albedo values are 

the most critical.  

When snow melt rate is computed, all the variables affecting this heat exchange are 

required. Snow melt depends on the heat exchange between the snowpack and its 

environment. The energy balance of the snowpack can be written (Kuusisto 1984): 

 

Em = ESWn + ELWn + Es + El + Ep + Eg – Et   (2.7) 

where Em is the energy available for the snow melt, ESWn is the net SW radiation, ELWn 

is the net LW radiation, Es is the sensible heat flux, El is the latent heat flux, Ep is the heat 

content of precipitation, Eg is the heat exchange at the ground surface, and Et is the change 

of the internal energy of the snow-pack. 
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According to Kuusisto (1984), the components ELWn, Es and El can be considered to be 

limited to the snow surface or the uppermost surface layer with a thickness of a few 

millimeters, and Em, Es and Et can be distribued throughout the snow pack. Intra-pack 

snowmelt can occur due to solar radiation even if the temperature of the snow surface 

layer is below zero. In practice snowmelt can start at the snow surface even if the 

temperature within the snowpack is negative, and the base of the snowpack at very low air 

temperatures (Kuusisto 1984).  

For melting snow, the density of snow increases. Density has been used as a proxy for 

snow age (Doherty et al. 2016). Density refers to mass per volume, usually specified in 

[kg/m
3
]. Snow density can be given as a ratio [%] to the water density 1000 kg/m

3
.  

2.3.1 Albedo of clean snow  

The SZA dependency for surface albedo (U-shape) can be been expressed as (Briegleb et 

al. 1986): 

 

BHR(cosθ) = BHR0 
(1+𝑝)

1+2𝑝cos𝜃 
     (2.8) 

where BHR0 is the broadband albedo for cosθ = 0.5 (θ = 60
o
) as given in their Table 2, 

and p is an empirical parameter.  

 

Briegleb et al. (1986) measured various surfaces to determine the value of their 

empirical parameter p. They report p = 0.4 for arable land, grassland and desert, and p = 

0.1 for all other types. According to these authors, ignoring the SZA dependence by using 

cosθ = 0.5 for all SZA, their model gives a 10 % variation of the TOA albedo from SZA 

of 0
o
–60

o
, compared to the observed ~30 % TOA albedo variation. 

The directional reflectance properties of a target are defined by its spectral 

Bidirectional Reflectance Distribution Function (BRDFλ) [sr
-1

], which can not be directly 

measured (Schaepman-Strub et al. 2006).  When directional reflectance properties of a 

surface are measured, the procedure usually follows the definition of a spectral reflectance 

factor BRFλ [unitless], given by the ratio of the reflected radiant flux Φr [W] from the 

surface area to the reflected radiant flux from an ideal and diffuse surface Φr
id

 [W] of the 

same area, under identical geometry and single direction illumination (Schaepman-Strub 

et al. 2006): 

 

BRFλ = 
d𝜙𝑟(𝜃𝑖,𝜙𝑖; 𝜃𝑟,𝜙𝑟;𝜆)

d𝜙𝑟
𝑖𝑑

 (𝜃𝑖,𝜙𝑖;𝜆)
      (2.9) 

where (θi,ϕi) is the incident solar angle and (θr,ϕr) the reflection angle (zenith, 

azimuth). 
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If the surface reflects the incident radiation isotropically, it is called a Lambertian 

reflector. For the ideal Lambertian surface there is no angular dependency. Both clean and 

dirty snow represent non-Lambertian surfaces (Peltoniemi et al. 2015). In remote sensing 

applications, the Lambertian assumption for snow needs to be corrected (Li et al. 2007). 

When an object has a sharp reflectance maximum in the backward direction, it is called a 

hot spot. Snow, in turn, is known as typically forward scattering (Peltoniemi et al. 2015).  

The geometric manner in which the object reflects energy is also important. This factor 

is primarily a function of the surface roughness of the object. In specular reflectance the 

angle of reflection equals the angle of incidence. Rough surfaces can reflect uniformly in 

all directions and act as diffuse (Lambertian) reflectors.  Polarized reflectance, in turn, has 

been considered to be generated by specular reflection at the surface of reflecting 

elements, such as leaves, or rocks and sand grains (e.g., Hansen and Hovenier 1974). At 

the top of the atmosphere, solar radiation is unpolarized, but specular reflection and 

atmospheric scattering generate polarized radiation.  

For snow, the albedo is typically very high compared to other natural objects or 

surfaces. In the UV and VIS range, the albedo for clean snow is ∼0.97–0.99 (Wiscombe 

and Warren 1980, Grenfell et al. 1994, Hudson et al. 2006). The most important factor to 

determine the snow albedo is the snow grain size (Wiscombe and Warren 1980, Warren 

and Wiscombe 1980, Mayer and Kylling 2005, Flanner et al. 2007, Gardner and Sharp 

2010). Recent studies have also used the snow specific surface area (SSA) to determine 

the optical properties of the snow, where SSA is usually defined as the surface area per 

unit mass (Gallet et al. 2014).  

According to the theory (Wiscombe and Warren 1980), snow albedo decreases as the 

grain size increases. A smaller effective radius increases the probability that an incident 

photon will scatter out of the snowpack (Gardner and Sharp 2010). Melting snow 

undergoes a metamorphism process that modifies the spectral albedo (Weller 1972). The 

liquid water content of snow increases, and wet snow has a lower albedo than dry snow 

(Blumthaler and Ambach, 1988). When snow ages, with or without melting, snow grain 

size increases and albedo lowers (Wiscombe and Warren 1980).  

More recently, Räisänen et al. (2015) have investigated the single scattering (ω) 

properties of snow and developed new parametrizations for RT models. The single 

scattering albedo refers to the ratio of scattering efficiency to total extinction efficiency 

 

ω = 
𝜎𝑠

𝜎𝑠+𝜎𝑎
     (2.10) 

where 𝜎𝑠 and  𝜎a are the scattering and absorption coefficient, respectively. 

  

The single-scattering albedo is unitless, and a value of unity implies that all extinction 

is due to scattering (a single-scattering albedo of zero implies that all extinction is due to 

absorption). Räisänen et al. (2015) stated that in many radiative transfer applications 

single-scattering properties of snow have been based on the assumption of spherical grains 

due to the convenience of using Mie theory, although snow consists of non-spherical 

grains of various shapes and sizes.  Räisänen et al. (2015) say that often the spectral 
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albedo of snow can be fitted by radiative transfer calculations under the assumption of 

spherical snow grains, when the effective snow grain size is considered an adjustable 

parameter (i.e. determined based on the albedo rather than microphysical measurements). 

In most (if not all) physically based albedo parameterizations that explicitly link the 

albedo to snow grain size, spherical snow grains are assumed. The new approach used 

angular scattering measurements of blowing snow to construct a reference phase function, 

i.e., the intensity of the scattered light as function of scattering angle, for snow.  

The albedo of a glacier, lake or sea ice is influenced by the same factors as in case of 

snow, with the exception that instead of being governed by grain size, the frequency and 

location of scattering events (air-ice interfaces) are determined by the size and distribution 

of air bubbles, brine inclusions and cracks within the ice (Gardner and Sharp 2010). 

2.3.2 Albedo of dirty snow 

Snow containing light-absorbing impurities has a lower albedo than clean snow (Warren 

and Wiscombe 1980, Flanner et al. 2007, Gardner and Sharp 2010, Hadley and 

Kirchstetter 2012).  Modeling of the dirty snow albedo is complicated by the fact that the 

light absorption by particles in the snow depends on the snow and impurity grain sizes and 

shapes.  

Originally, Warren and Wiscombe (1980) stated that light-absorbing particles in snow 

offer an explanation for the discrepancy they found between the theory of snow albedo 

(Wiscombe and Warren 1980) and the observed albedo, and which could not be resolved 

on the basis of near-field scattering or nonsphericity effects. Warren and Wiscombe 

(1980) refer to the careful measurements in the Arctic and Antarctic that revealed a “grey 

absorber” (suggesting soot affecting these data rather than red color desert dust), whose 

imaginary part of the refractive index was nearly constant over the visible spectrum. The 

refractive index is a complex number of m = n+i κ, where the real part n is the refractive 

index and the imaginary part κ is the absorption.  

Furthermore, small highly absorbing particles, present in concentrations of only 1 part 

per million by weight (ppmw) or less can lower the snow albedo in the visible by 5–15 % 

from the high values of pure snow (Warren and Wiscombe 1980).  

Small amounts of strongly absorbent impurities like soot, dust and volcanic ash, lower 

the snow albedo in the spectral region where the absorption by ice is the weakest (λ < 0.9 

μm) (Gardner and Sharp 2010). These authors further explain that at shorter wavelengths, 

photons generally experience more scattering events and travel a greater distance through 

snow, increasing the probability that the photon will encounter an absorbing impurity and 

not re-emerge from the snowpack. As the effective grain radius of snow increases, the 

average travel path lengthens, further increasing the probability of encountering an 

absorbing impurity. For wavelengths λ > 0.9 μm, the already strong absorption by ice 

leads to short travel paths, and the snow spectral albedo is negligibly influenced by the 

presence of impurities. Impurities located within ice grains (internal mixture) are 1.4 times 

more absorbing than impurities located in the air (externally mixed), but impurities 

concentrated near the surface have a greater impact on the albedo. 
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More recently, a new approach to isolate the effect of BC on snow albedo through 

laboratory experiments (to quantify the snow-albedo reduction associated with increasing 

amounts of BC and as a function of snow grain size) was developed in Hadley and 

Kirchstetter (2012). These authors also compared their experimental observations with the 

output of the Snow, Ice and Aerosol Radiation (SNICAR) model of Flanner et al. (2007), 

as a step towards verifying the predicted climate impacts of BC in snow. Snow was made 

in the laboratory with BC concentrations ranging from 0 to 1700 ppb. Their laboratory 

snow grains were spherical (equivalent to those of snowpacks simulated by models) and 

resembling naturally aged and rounded snow grains better than freshly fallen flakes. They 

examined different sizes of snow grains characterized by optical effective radii (Reff) of 

55, 65 and 110 μm. 

Hadley and Kirchtetter (2012) measured decreasing snow albedo with increasing levels 

of BC contamination, where the radiative perturbation of BC was largest in VIS and 

became insignificant in NIR, confirming the fundamental assumption of a BC-induced 

snow-albedo reduction as hypothesized by Warren and Wiscombe (1980). The wide span 

in the simulated spectral albedo of BC-contaminated snow illustrated sensitivity to the 

mass absorption cross section (MAC) for BC. The MAC is a measure of how much 

sunlight BC particles can absorb, often expressed in units of m
2
g

-1
 (AMAP 2015). The 

mass absorption cross-section MAC is the light absorption coefficient (σabs) divided by the 

density of the particle material multiplied with the volume of material in the particle 

(Adler et al. 2009): 

 

MAC = 
σabs

ρV
    (2.11) 

The upper limit of their simulated spectral albedo corresponded to a BC MAC equal to 

7.5 m
2
 g

−1
 (at 550 nm), reasonable for freshly emitted BC. Their lower limit corresponded 

to snow contaminated with BC that is twice as absorbing (MAC = 15 m
2
 g

−1
), and usable 

for atmospherically aged BC. Their results show that the albedo of both the pure and the 

BC-contaminated snow was lower when snow grains are larger. For example, an increase 

in Reff from 55 to 110 μm causes a decrease of the pure-snow albedo by 0.05 (from 0.82 to 

0.77), and an increase of solar absorption in snow by 28 %. Moreover, the radiative 

perturbation of BC in snow was amplified with increasing snow grain size (as predicted by 

Warren and Wiscombe 1980). Hadley and Kirchstetter (2012) conclude that their 

measurements supported the inclusion of a positive feedback in climate models to account 

for the increased solar energy absorbed by BC in ageing snow. They did not measure melt 

rate, but state their data to be consistent with an earlier study where enhanced snow-melt 

rate in BC-contaminated snow were measured.  
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3 Materials and methods  

3.1 Radiometric measurements 

Radiometric measurements of incoming and reflected solar radiation, measured with 

various kinds of passive instruments, are included here. Broadband (BB) radiometers 

measure an integrated value over a certain wavelength range, while multiband filter 

radiometers (MBFR) measure simultaneously several integrated wavelength ranges. 

Spectroradiometers, in turn, separate the radiation into small wavelength bands, with a 

typical resolution of 1 nm or less. Spectral measurements form the basis to which lower 

resolution measurements, as well as satellite and model data, can be validated and verified. 

Data of all these types of BB, MBFR, and spectral radiometers, at wavelengths of UV, 

VIS and NIR, for incoming and reflected EM radiation, were used for this thesis. It can be 

noted here that the operational meteorological local albedo is defined to be measured 

bihemispherically at a standard height of 1–2 m (WMO, 2008, I. 7). 

 

 

 
 

  

Figure 3.1. Incoming and outgoing solar irradiance data measured by broadband (type SL-501 and 

CM-14), multifilterband (type NILU-UV) and spectral (type Bentham) radiometers were used in 

PAPER I–II.  

3.1.1 Broadband UV and VIS albedo  

The UV albedo measurements were the focus of PAPER I, while in PAPER II these 

observations were utilized together with the VIS broadband and spectral albedo data. The 

UV albedo data were obtained from the FMI operational albedo field in Sodankylä, FMI 

Arctic Research Center (FMI-ARC), to the north of the Arctic Circle. The measurements 

on the UV albedo of Arctic snow were started in 2007 under prof. Esko Kyrö’s bipolar 

Arctic-Antarctic research project, with the help of FMI-ARC and the FMI Observation 

Unit (FMI-HAV). I put effort into initiating these measurements, which were included as 

part of the FMI International Polar Year (IPY 2007–2008) activities. Since 2007, the UV 

albedo measurements on the FMI operational albedo field have been maintained 
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continuous during snow time. The data are stored as 1-minute average values in the FMI 

Climate data base. These data have also been agreed to be included in the WMO GAW 

data base of the World Ozone and Ultraviolet Radiation Data Center (WOUDC), Canada. 

Two UV sensors of SL501 (www.solarlight.com) with similar spectral and cosine 

responses (Fig. 1 in PAPER I) have been used, one facing upwards and the other 

downwards, at a height of 2 m from the ground. For the albedo measurements, a fixed 

device for the setting up and support of the two sensors, including independent leveling 

possibilities for the upward and downward SL501s, a blower to keep the sensors 

defrosted, and a data logger system, was planned and constructed at FMI-HAV.  

The SL501 spectral response resembles the action spectrum for erythema, wavelengths 

in the UVB (280–310 nm) being most weighted (Seckmeyer et al. 2005). The erythemally 

weighted snow UV albedo, BHRery, is measured as the ratio of upwelling UV irradiance 

Eery to the downwelling UV irradiance bihemispherically at 2 : 

 

 BHRery = 




eryE

Eery
    (3.1) 

 

where Eery represents the bihemispherically measured temporal and spectral integral of 

the convolution of the solar irradiance and the erythemal response function. 

 

The electrical signal (U) of the SL-501 sensor is related to the incoming erythemally 

weighted UV-B irradiance. The conversion of the raw signal into erythemal irradiance Eery 

[W/m
2
] requires a calibration factor with knowledge of the SZA and O3 (as formulated by 

Webb et al. 2006): 

 

Eery = (U–Uoffset) C fn(θ, TO3) * ε(T) * Coscor(θ)  (3.2) 

 

where Eery is erythemal effective irradiance, U is the measured electrical signal from 

the radiometer, Uoffset is the electrical offset for dark conditions, C is the calibration 

coefficient (a constant value determined for specific conditions like θ = 40
o
 and O3 = 300 

DU), fn is a function of a calibration matrix normalized at solar zenith angle θ = 40
o
 and 

O3 = 300 DU, ε(T) is the temperature correction function, Coscor is the cosine correction 

function. 

 

In practice, the temperature of the sensor is regulated (not corrected), and the 

calibration is made using a fixed calibration coefficient provided by the Finnish Radiation 

Safety Authority (STUK). The calibration procedure includes various SZA and O3 values, 

but one optimized calibration coefficient value from these is calculated for each sensor. 

Because of the fixed sensor specific calibration coefficient value (one number per one 

sensor, valid for the time period following after the calibration until the next calibration), 

extra consideration has to be paid on the scientific usability of these data.  

In our case, the sensors for upward and downward measurements are selected to 

represent as similar cosine and spectral responses as possible, and the sensor with the 

better response is used to measure the smaller signal of outgoing reflected radiation. The 

effect of cosine error is smaller for the upwelling reflected radiation due to the missing 
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direct component. Therefore under clear sky and high SZA the surface albedo derived 

from SL501 may be an overestimation of the real surface albedo. Uncertainties and errors 

decrease with increasing diffuse radiation under the full cloudiness or lower sun.  

In PAPER I, an empirical calibration to the data is made, by calibrating one SL501 

sensor with another one. Three SL501 were used for this purpose. The irradiance 

measured by the albedo sensors and one independent SL501 on the roof of the observatory 

were compared. Due to the SZA dependent uncertainty remaining in the data calibrated 

this way, the data is also divided into subsets, representative of certain SZA only. 

In addition to SL501 UV sensors, field pyranometer broadband surface albedo data 

from the SNORTEX field campaign were included in PAPER II (Fig. 6 in PAPER II). The 

sensor is a Kipp & Zonen CM-14 albedometer (www.kippzonen.com) measuring at one 

non-weighted broadband from 310 to 2800 nm, and whose relative accuracy was 

estimated at 5–10 %. The general technical data of the CM-11 pyranometer applies to the 

CM-14 albedometer, and the relative spectral transmittance is largest (> 0.5) at 400–900 

nm. The CM-14 instrument was carefully leveled on a tripod and operated without breaks 

during the field day. The instrument was mounted at a height of 1.5 m, implying an 

observed area with a radius of 15 m. During postprocessing (post-processed data provided 

by the co-author AR), the data were corrected for the shadowing effect of the tripod legs 

and imperfections in cosine response at high solar zenith angle conditions. These 

pyranometer data were used as an independent data set to give evidence for the measured 

low surface albedo values. 

3.1.2 Multiband measurements on the snow surface albedo  

A multichannel radiometer of type NILU-UV (www.nilu.no) was used for PAPER I to 

provide an independent ancillary data set. Multichannel instruments are like several wide 

spectral channel broadband instruments within one. The calculation of UV and VIS (or 

PAR channel) irradiance from the MBFR instruments may be affected, e.g., by SZA, 

variable ozone and cloudiness, and the fact that UV and VIS/PAR are not measured 

spectrally. There are at least three MBFR instruments that have been commonly used: type 

NILU-UV, type GUV (www.biospherical.com, applied in the US National Science 

Foundation (NSF) UV Radiation Monitoring Network), and type UVMFR 

(www.yesinc.com).  Here one NILU-UV was installed looking downwards in the FMI 

operational surface albedo field (same place as for the SL501 albedo sensors) of the 

Sodankylä Arctic Research Center. Another NILU-UV was facing upwards at 30 m 

distance on the roof of the FMI Sodankylä Observatory.  

The UV surface albedo can be calculated as a ratio of downwelling irradiance to 

upwelling radiation.  The NILU-UV has a teflon diffuser, and the incoming radiation is 

passed through filters for band selection and is received by 5 or 6 silicon detectors placed 

side by side underneath the diffuser. The total (diffuse and direct) incoming UV irradiance 

is measured in five channels with center wavelengths at 305 nm, 312 nm, 320 nm, 340 

nm, and 380 nm. Each channel bandwidth is about 10 nm. The sixth channel covers the 

photosynthetically active radiation (PAR, 400–700 nm). A portable lamp unit for relative 

calibration can be used to check the relative stability. The erythemal irradiance Eery is 
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calculated using a linear combination of the five channels of the instrument, and utilizing 

the absolute calibration coefficients (provided by the NILU Corp.): 

 

 Eery = a(v1) + b(v2) + c(v3) + d(v4) + e(v5)   (3.3) 

 

where a,b,c,d and e are the absolute calibration coefficients for the raw voltage signal 

(vi) of each of the five channels of the instrument. 

3.1.3 Spectral snow surface albedo 

In addition to the SL-501 UV, pyranometer, and multiband-filterradiometer (MBFR) 

NILU-UV data, Bentham spectrometer data were used for investigating the snow surface 

albedo in PAPER II. Guidelines for the spectral instruments are found in the WMO GAW 

report No. 125 and 212 (WMO 2001 and 2014). In practice, the measured specral 

irradiance EM (λ) varies from the “true” spectral irradiance E(λ) due to various errors 

which may be related with the instrumental characteristics, like the calibration procedures, 

or the operational procedures.  

Due to its big size and weight Bemtham suits best for measuring the surface albedo in 

one location, as done here. Instrumentation for spectral surface albedo measurement has 

been improved recently, and good-quality portable field spectrometers with large spectral 

ranges (300–2500 nm) are available. Here, the Bentham spectrometer was operated by an 

experienced Bentham specialist (the co-author SK), who provided the corrected data used 

in PAPER II. 

3.2  Snow analysis and measurements 

3.2.1 BC/OC in snow 

Results of the analysis of BC/OC in snow in Sodankylä are utilized in PAPER II and 

PAPER III. Snow surface (appr. first 2 cm of snow) samples have been collected during 

snow covered season from the same location, protected with reindeer fences, in the 

Sodankylä Arctic Research Center for impurity analysis on a weekly basis since 2009. The 

sampling has been made by a FMI-ARC technician. Snow BC/OC samples have first been 

collected and filtered, and then the filters have been sent for analysis to University of 

Stockholm, Sweden (Prof. Johan Ström). These BC/OC results had not been investigated 

or published until PAPER II, where BC/OC data of 2009–2011 are utilisized to understand 

the measured and modeled snow surface albedo. BC results were also used in PAPER II 

for the long-range transport analysis to study the origin of the BC in snow. For PAPER III, 

all FMI snow BC/OC analysis data available with simultaneous snow density data were 

utilized. These consisted mainly of campaign data. 
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The sampling and analysis for BC/OC in snow follow the general methodology 

developed by Forsstr̈om et al. (2009) and Aamaas et al. (2011). Surface snow is collected 

in a container, then carefully melted in a microwave oven (avoiding evaporation and 

increased impurity concentration), and filtered through sterilized micro-quartz filters (55 

mm diameter) using a pump attached to the filtering system to create a vacuum during 

filtering. The volume of meltwater is needed for concentration conversions. Dried filters 

are analyzed with a Thermal/Optical Carbon Aerosol Analyzer (OC/EC) (Sunset 

Laboratory Inc., Forest Grove, USA) for their elemental carbon (EC) and organic carbon 

(OC) concentration, following the NIOSH 5040 protocol developed by Birch (2003). The 

EC is used as a proxy of BC. The thermal–optical method was created by Birch and Cary 

(1996), where a detailed description of the method is presented. In practice, a piece of the 

filter (1 cm
2
) is punched for the analysis. The thermal-optical carbon aerosol analyzer first 

heats the filter piece in a helium atmosphere, and organic carbon released from the filter is 

detected. Then, the filter is heated in an oxygen atmosphere, and EC is released and 

detected. 

For PAPER III, I collected and filtered snow samples within SNORTEX-2010 

experiments, using the methods of Prof. Steven Warren (Doherty et al. 2010). Samples 

were collected to allow a later method comparison between the spectrometer and the 

Single Particle Soot Photometer (SP2) analysis methods. These filters were sent for 

analysis to the University of Washington, USA, and analysed by Dr. Sarah Doherty using 

a spectrometer method, and the duplex samples were stored in a freezer to wait for the SP2 

method development.  

 

    

   

Figure 3.2. Snow EC/OC analysis data are used for PAPER II–III. The collected snow samples are 

first filtered, then the filters are analyzed using the NIOSH thermo-optical method. The photo on 

the right shows the EC/OC analyzer currently at FMI. Photos O. Meinander. 

3.2.2 Snow density 

For PAPER III, snow densities (weight per volume) were measured manually, for either 

the whole snowpack vertical column (snow tube and balance for SR and SNORTEX 

experiments), or for separate horizontal snow layers (density cutter and a balance for the 

SoS experiment to measure the density of the visually dirty surface snow). Combined data 
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of snow density and BC were collected from all existing Sodankylä campaigns for PAPER 

III. The hypothesis of snow density effects of impurities existed before any data. After the 

first promising results were obtained, all possible combined FMI data of density and BC 

were collected together. The uncertainties related to the BC and density measurements are 

considered in PAPER III. 

3.2.3 Snow fork for snow liquid water content 

PAPER II uses the measurements of snow liquid content with the commercially available 

Snow Fork by Toikka Oy (www.toikkaoy.com). The sensor is a steel fork that is used as a 

microwave resonator. The Snow Fork measures the electrical parameters of resonant 

frequency, attenuation, and 3 dB bandwidth. The liquid water content is calculated from 

these measurements. In addition to the actual snow liquid water content, the snow 

impurities and grain sizes, hardness and density, etc., may affect the measurement results. 

As the calculation is based on semi-empirical equations of natural clean snow, the 

calculation is expected to contain more uncertainties in case of dirty snow. 

3.2.4 Meteorological Automatic Weather Station data  

The Sodankylä automatic weather station (AWS) measures the state of the atmosphere at a 

height of 2 m once a minute. From these data, information on, e.g., air temperature, the 

onset of precipitation, snow depth and cloud cover, can be obtained. The Sodankylä Arctic 

Research Center measurement program includes a large variety of environmental 

parameters. Here use was made of the daily minimum and maximum air temperatures and 

snow depth for PAPER I. In PAPER II, the measured aerosol parameters and total ozone 

as input values for the RT calculations, and the beginning and amount of rain for SILAM 

transport model calculations. 

3.2.5 Snow grain size and other snow properties 

In PAPER I–II, snow grain size is visually estimated using a plate with two grid sizes of 1 

mm and 2 mm (Fig. 4 in PAPER I). Snow grain size data were utilized for the surface 

albedo data analysis in PAPER I.  The snow grain size and shape data (provided by the co-

author AK) was based on Fierz et al. (2009) for seasonal snow on the ground.  

A simple “Snow ball test” is used for PAPER II. The test is in regular use in all 

Sodankylä snow research. This practical test tells if the properties of snow are such that 

one succeeds in making a snowball out of the snow on the ground. Snowballs can only be 

made when snow properties are suitable for making them, i.e., when snow contains water 

but is not too wet. With the test, for instance the start of snowmelt can be easily detected, 

as corresponding snow property information would be hard to determine otherwise.  

Additional ancillary data of snow grain shape, snow layer thicknesses, and snow 

temperature are available for PAPER I–II as part of the SNORTEX. Although some of the 
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data allow investigation of the properties of the snowpack, the focus of the original papers 

and the thesis summary is on surface snow (not on snowpack properties).  

3.2.6 BC and volcanic particles used in the experiments 

For the Soot on Snow (SoS) experiment at Sodankylä (PAPER III), BC (soot) and 

Icelandic volcanic ash and silt particles (Fig. 3.3) were collected. Soot originated from 

chimneys of residential wood-burning fireplaces, except for one experimental spot with 

soot from a chimney of an oil burner, and another one with soot from a peat-burning 

power plant. Volcanic sand in PAPER III was collected from Myrdalssandur, Iceland. The 

sand was a dark mixture of the volcanic ash of glaciofluvial nature, originating from under 

the Myrdalsjokull glacier, which may be mixed with the ash of the Eyjafjallajokull 

eruption in 2010 and the Grimsvotn eruption in 2011. The glaciogenic silt was collected 

close to the Myrdalssandur and it was lighter in colour than sand, from light-brown to 

slightly yellowish colour consisting mainly of silt and some coarse clay sized particles, 

which could be deposited on the local glaciers as well as transported over several hundreds 

of kilometers towards Europe. These particles were collected from ground as such and 

were not sieved nor cleaned before the experimental utilization. 

For PAPER IV, different Icelandic ash and dust particles were utilized. Icelandic 

volcanic ash was collected on Eyjafjällajökull just after the eruption ended in late May 

2010 (Fig. 1 of PAPER IV). The ash particles were sieved and the grains with sizes 1 ϕ 

(500 µm) and 3.5 ϕ (90 µm) were used in the experiments in FMI Kumpula. In addition, 

both particle types were investigated by Scanning Electron Microcopy SEM analysis for 

their shape, size and surface features. The bulk density for 1 ϕ ash was 2.7 g/cm
3
 and for 

3.5 ϕ it was 2.5 g/cm
3
. The Krumbein phi (ϕ ) scale for particle size is defined as: 

 

ϕ = -log2 D/D0     (3.4) 

 

where D is the diameter of the particle, D0 is a reference diameter (equal to 1 mm to 

make the equation dimensionally consistent). 

 

Icelandic dust samples were collected by collecting snow samples at 16 locations on 

the surface of Vatnajökull in October 2013. The samples represent dust that was deposited 

on the glacier surface during one summer. The top 8 cm of the snow surface (about 1–2 kg 

of snow) was collected from an area of appr. 57 x 10
-3

 m
2
. The samples were then melted, 

evaporated and the mass of the dust was weighted. This information was then used to link 

the experimental results of PAPER IV to natural conditions in Iceland.  
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Figure 3.3. The Terra/MODIS satellite image (downloaded from NASA LAADS Web) of Iceland 

shows the origin of the collected volcanic material from Myrdalsjökull glacier (the yellow 

rectangle on the southern coast). The origin of volcanic ash mixed with the particles was from 

volcanoes of the Eyjafjallajökull (west from Myrdalsjökull) and Grimsvötn (under Vatnajökull 

glacier on the eastern coast). Icelandic dust–cryosphere interaction is a topic included in PAPER 

III–V. Image courtesy of NASA Level-1 and Atmosphere Archive & Distribution System 

(LAADS) Distributed Active Archive Center (DAAC), Goddard Space Flight Center, Greenbelt, 

MD. 

3.3  Experiments 

Experiments were an essential part of the work included in the original publications of this 

thesis. Two large-scale experiments were arranged in Sodankylä (67°22’N, 26°39’E, 179 

m a.s.l.), Finnish Meteorological - Arctic Research Center (FMI-ARC), which is part of 

the Pallas/Sodankylä Global Atmospheric Watch (GAW) station of the World 

Meteorological Organization (WMO). PAPER II is based on results gained during the 

SNORTEX experiment in Sodankylä (section 3.3.1). Paper IV uses Sodankylä results 

from SoS experiments (section 3.3.2), as well as from the SnowRadiance (SR), an ESA-

funded project aiming at determining snow properties from optical satellite measurements. 

PAPER IV is based on results gained during indoor and outdoor experiments (section 

3.3.3) carried out at FMI HQ at Kumpula Campus, Helsinki, close to the SMEAR III 

station (Järvi et al. 2009), i.e., Station for Measuring Ecosystem-Atmosphere relations. 

 

 Eyjafjallajökull 

Myrdalsjökull 

 

Vatnajökull 

50 km 
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Figure 3.4. The outdoor and indoor experiments were an essential part for PAPER I–IV. 

SNORTEX (left) and Soot on Snow (middle) Experiments in the Sodankylä Arctic Research 

Center (67°22’N, 26°39’E, 179 m a.s.l.), North of the Arctic Circle (Photos O.Meinander). 

Icelandic ash and dust (right; a,b,c) on snow at Kumpula, closeby the SMEAR III station (60°12'N, 

24°58'E), picture from PAPER IV. © Author(s) 2016, published with open access at 

Springerlink.com. 

3.3.1 SNORTEX 

PAPER II is an outcome of the Finnish-French “Snow Reflectance Transition 

Experiment” (SNORTEX, 2008–2010). SNORTEX aimed at acquiring in situ 

measurements of snow and forest properties in support of the development of modeling 

tools, and validating coarse resolution satellite products (Manninen and Roujean 2014). 

The SNORTEX study area was located in Finnish Lapland beyond the Arctic Circle, and 

benefitted from existing facilities provided by FMI-ARC. SNORTEX sites consisted of: 

(1) The Arctic Center at Sodankylä; with temporal daily data series of various parameters 

collected within SNORTEX, as well as operationally by FMI. (2) SNORTEX experiment 

sites in the Sodankyla region, representing different types of environment, e.g., open area, 

forested area, and snow on the lake. 

3.3.2 Soot on Snow 

PAPER III is based on The Soot on the Snow (SoS-2013) experiment. SoS-2013 was 

carried out in Sodankylä to study the effects of deposition of BC, Icelandic volcanic sand 

and glaciogenic silt on the surface albedo, snow properties and melt of the seasonal snow. 

The experimental area was a large, flat, fenced open space of Sodankylä airport (not in 

active use), and the gravel ground was not covered with concrete or asphalt. Different 

amounts of impurities were deposited to snow on different spots with the help of a blower 

and a tent. Each spot had a diameter of 4 m. Thereafter the spots were monitored until the 

snow had completely melted. The sites were left to develop naturally, introducing as little 

disturbance as possible. In addition to PAPER III, the experiment is described in 

Peltoniemi et al. (2015) and Svensson et al. (2016) (where I am a co-author). 
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3.3.3 Icelandic dust 

For PAPER IV, four outdoor and laboratory experiments were carried out using three 

setups of: 1. snow (AoS-2015); 2. ice (AoI-2015, Roof 2015); and 3. snow over ice (AiC-

2015). Ash of 1 ϕ grain size was used for the AoS-2015, AoI-2015 and AiC-2015 

experiments, whereas ash of 1 and 3.5 ϕ was used for the Roof 2015 experiment. Layer 

thicknesses were measured in dry condition of the ash.  

The Ash on Snow (AoS-2015) experiment was an outdoor experiment on the effect of 

ash on snow in natural conditions in an urban area in Kumpula Campus area closeby the 

SMEAR III station, in Helsinki. The experiments started on 6 February 2015 using natural 

snow in a fenced area, i.e., unperturbed by direct human interference. Three different 

amounts of ash (15 g (166 g m
−2

); 85 g (944 g m
−2

); and 425 g (4722 g m
−2

, 15 mm layer 

thickness)) with grain size 1 ϕ, were deposited on an area of 0.3×0.3 m
2
 on a snow 

surface. Snow density was 280 kgm
−3

. Snow depth and temperature were then monitored 

for 17 days when the snow melted naturally. 

A controlled experiment with ash on ice was made both indoors (AoI-2015) and 

outdoors (Roof-2015), to identify and separate the effects of temperature and solar 

irradiance. Ash on Ice (AoI-2015) were laboratory experiments to examine the effect of 

ash layer thickness on ice melting, in a temperature-stabilized environment kept at +24°C. 

For these experiments, small, transparent plastic boxes were filled with 200 ml of tap 

water and frozen (surface area 84 cm
2
). This resulted in an ice layer with a depth of 25–28 

mm. To find the insulating threshold of ash on ice, four different amounts of the 1 ϕ 

impurity were deposited (3 g (1.3 ml, 366 g m
−2

), 35 g (15 ml, 4219 g m
−2

, 1 mm layer 

thickness), 71 g (30 ml, 8437 g m
−2

, 3 mm layer thickness) and 283 g (120 ml, 33,749 g 

m
−2

, 9–13-mm layer thickness)). After deposition of material, the ice was transferred into 

white pots with holes in the bottom to measure the meltwater runoff.  

The laboratory experiments were repeated outside on the roof of the FMI building in 

sunny conditions to study effects of solar irradiance in addition to that of temperature 

above zero. The experiment was repeated with the same volume of impurities, but using 

two different grain sizes of the Eyjafjallajökull 2010 ash: 1 ϕ (samples A) and 3.5 ϕ 

(samples B). The concentrations for the 3.5 ϕ B-samples were: 2.46 g (1 ml, 292g m
−2

); 

36.8 g (15 ml, 4385 g m
−2

, 1 mm layer thickness), 73.7 g (30 ml, 3–5-mm layer thickness, 

8772 g m
−2

) and 294.7 g (120 ml, 35,086 g m
−2

, 9–13-mm layer thickness). The 

concentrations for the 1 ϕ ash were the same as used in AoI-2015.  

The Ash in Container (AiC) experiment was performed in a cold container of the 

University of Helsinki snow laboratory, where ash was deposited on snow over ice. The 

purpose was to investigate how ash insulates and prevents snow melt compared to the 

outdoor results. The AiC setup was closer to the conditions on the glacier surface, than the 

ash on snow setup. A big pot, inside a cold container, was filled at the bottom with a thick 

ice layer and on top of that an 8.5 cm thick layer of snow was added. Two different 

amounts of impurities were used (the same as in the outdoor experiments): 15 g (166 g 

m
−2

) and 425 g (4722 g m
−2

, 15 mm thickness) of 1 ϕ Eyjafjallajökull ash on a 0.3×0.3 m
2 

area. The experiment started at a temperature of −10°C inside the container; then, the 

cooling system was shut down, and the laboratory adapted to outdoor temperatures up to 

+4°C. Snow depth and behavior of the ash were monitored. 
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3.4 Modeling  

For the thesis, results from three different types of models were utilized. These include the 

RT modeling (section 3.4.1), snow surface albedo modeling (section 3.4.2), and long-

range transport modeling (section 3.4.3). The RT modeling was needed to show how big 

error the observed SZA surface albedo asymmetry would cause on the satellite based 

detection of the surface albedo when the SZA asymmetry is not corrected. The surface 

albedo modeling was used to investigate if and how the measured surface albedo values 

could be simulated. Snowpack or snow melt modeling were out of the scope of the current 

work. Transport modeling results were needed to investigate what could be the source for 

the unexpectedly high BC concentrations measured in Sodankylä seasonal surface snow.  

3.4.1 RT modeling 

The RT model LibRadtran (Mayer and Kylling 2005) was utilized for irradiance estimates 

in PAPER II. For the physical modeling of the solar irradiance, there are several RT 

models available. These include the Library for radiative transfer LibRadtran 

(www.libradtran.org); FastRT (http://nadir.nilu.no/~olaeng/fastrt/fastrt.html with a simpler 

version in http://nadir.nilu.no/~olaeng/fastrt/fastrt-ez.html); the Tropospheric Ultraviolet 

and Visible (TUV) Radiation Model of the National Center for Atmospheric Research 

(NCAR, USA); the Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART, 

http://www.crseo.ucsb.edu/esrg/pauls_dir/); and the SMARTS2 (e.g., 

http://www.fsec.ucf.edu/en/publications/pdf/FSEC-PF-270-95.pdf). In the model, a 

radiative transfer equation solver is needed. There are different solvers available, 

including 1-D and 3-D solvers. Several input parameters are required for the model inputs. 

These are, e.g., the Extraterrestrial Source Spectra (for which several models exist,  

rredc.nrel.gov), and standard atmosphere model (providing with vertical profiles of 

pressure, temperature, water vapor and ozone density and other gases for various climatic 

conditions like tropical, midlatitude summer, midlatitude winter, subarctic summer, or 

subarctic winter). Inputs also include a cloud model (the computation of radiative transfer 

within a cloudy atmosphere requires knowledge of the scattering efficiency, the single 

scattering albedo, which is the probability that a extinction event scatters rather than 

absorbs a photon, and the asymmetry factor, which indicates the strength of forward 

scattering), as well as aerosol models (e.g., the aerosol model by Shettle 1989) and surface 

models to parameterize the spectral reflectivity of various surface types like ocean water, 

lake water, vegetation, snow and sand; the spectral reflectivity of a large variety of surface 

conditions can be approximated by combinations of these basic types.   

An action spectrum describes the relative effectiveness of energy at different 

wavelengths in producing a particular biological response. The response may refer to 

effects, e.g., at a molecular level (e.g., DNA damage), or at a whole organism level (plant 

growth). There are several UV action spectra: the erythemal action spectrum given by 

McKinlay and Diffey (1987), and the DNA damage action spectrum of Setlow (1974), to 

name a few. By multiplying the erythemal irradiance [W/m
2
] by 40, UV-Index scale is 

gained. Often there is decline in relative response as the wavelength increases indicating 
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the importance of the UV-B. These responses could be more sensitive to ozone depletion, 

as especially UV-B irradiance increases with lower ozone levels. With a strong UV-A 

dependence, the ozone depletion would not have as great an impact. Radiation 

amplification factors (RAF) give the increase of biologically effective irradiance in 

response to ozone depletion. Biological weighting functions which are heavily weighted in 

the UV-B region (e.g., DNA) have RAF > 1, and biological weighting functions weighted 

outside the UV-B region, like UV-A spectral region, have RAF < 1.  

3.4.2 Snow albedo modeling 

In PAPER III, the Snow, Ice, and Aerosol Radiation (SNICAR) on-line version (Flanner 

et al. 2007) was used to obtain simulated data on the snow albedo to compare with the in 

situ surface albedo data. The measured parameter values of snow depth, snow grain size 

and elemental carbon (BC) content were used as input values to simulate a clear sky case 

(day 22 April) and a diffuse sky case (24 April). In SNICAR-online, there are two types of 

black carbon input parameters: (1) uncoated (mimicking hydrophobic particles), with 

properties tuned to achieve a mass absorption cross-section of 7.5 m
2
g

−1 
at 550 nm (Bond 

and Bergstrom 2006); and (2) sulfate-coated black carbon (mimicking hydrophilic black 

carbon), which is composed of a weakly-absorbing shell (sulfate) surrounding BC, 

resulting in an absorption enhancement (per unit mass of black carbon) of about 1.5 (Bond 

et al. 2006). Most of the BC in the snow at Sodankylä can be assumed to originate from 

long-range transport, and therefore the BC in snow can be assumed to become 

hydrophilic. Yet, with the current snow analysis data we cannot determine that all BC 

would be hydrophilic. Therefore, in the simulated data, I used both these options 

separately to compare their effect on the surface albedo. For melting seasonal snow in 

northern Finland, the averaged snow density values of 329 kg m
−3

 for forest, and 349 kg 

m
−3

 for open sites, have been reported (Kuusisto 1984).  From these the value reported for 

northern Finland was used. The snow BC concentration can be assumed to be approx. 

double the EC concentration determined by the thermos-optical method (Chow et al. 2001, 

Aamaas et al. 2011). The parameter value of the mass absorption coefficient MAC was 

tuned to produce surface albedo values close to the lowest measured surface albedo of 

0.4–0.5 at UV. 

3.4.3 Long-range transport modeling 

The origin of the detected BC in Sodankylä surface snow samples was investigated in 

PAPER III by means of transport modeling. The two most commonly applied models to 

consider were NOAA’s HYSPLIT model (REF, http://ready.arl.noaa.gov/HYSPLIT.php) 

and FMI’s SILAM model (Sofiev et al. 2008 and http://silam.fmi.fi). SILAM was tested 

and found applicable for the purpose. SILAM model calculations were provided by 

SILAM specialists Dr. RK and MS, co-authors of PAPER III.  

For the application of PAPER II, a simple method (“algorithm”) was developed to 

study the origin of BC in snow samples using SILAM transport model calculations (Figure 
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3.5). First, the measured BC in snow concentrations were divided into two groups of 

“clean” and “dirty” cases by the day and BC contents. Snow was considered clean if it 

contained < 20 ppb BC, based on results by Doherty et al. (2010), and dirty if > 30 ppb. 

Only cases where there was snowfall before 24 h or less prior to the snow sampling were 

included. The modeling was then performed with SILAM (System for Integrated 

modeLing of Atmospheric coMposition) version v5.2. The meteorological fields from 

short-term operational forecasts of the European Centre for Medium-range Weather 

forecasts (ECMWF) were used as a driver for SILAM. The adjoint simulations were 

performed with resolution 0.5 × 0.25 degree on a domain 10–60 
◦
E, 55–75 

◦
N with 8 

vertical layers of thickness from 30 m at surface to 2000 m, within a height range from 

surface to 6 km. The footprints were taken for the layer 150–300 m, which were expected 

to correspond to the height of industrial emissions due to combustion. The observational 

function of atmospheric concentrations corresponding to measured in-snow concentrations 

was taken to be uniform with height from the surface to the bottom of a cloud and 

weighted by snowfall intensity in time, so total sensitivity is unity. The footprints were 

calculated for each sample separately.  

 

 
Figure 3.5. An illustration of the algorithm used to investigate the origin of the BC content in 

surface snow, based on text presented in PAPER II.  
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To minimize the effect of dry deposition and to ensure the consistency between 

observed and modeled snowfalls, only the cases were selected when snowfall was reported 

by both the weather station at Sodankylä and the meteorological driver, reporting more 

than 1 mm snowfall within 24 h before the sample collection and the amount of the 

precipitation agreeing within a factor of 2 between them. The volumetric content of black 

carbon was used as a tracer of anthropogenic pollution. With the above criteria, out of 70 

snow samples we selected 10 “clean” (< 20 ppb of BC) and 12 “dirty” (> 30 ppb of BC) 

samples and calculated the average footprint for both classes. Since the size of airborne 

black carbon is unknown, the footprints were calculated for passive gas with no 

deposition, for 1.5 μm (fine) particles and for 20 μm (coarse) particles. 
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4 Overview of results and discussion 

4.1 Albedo of seasonally melting snow, north of the Arctic 
Circle 

The role of snow albedo-feedback mechanisms in snow melt is often cited as the main 

contributor to the Arctic climate change amplification. In Finland, Arctic snow melt 

related studies on the naturally layered snow have the advantage of seasonal snow melt, 

despite the northern location. PAPER I investigates the Arctic snow albedo and seasonal 

snow melt in Sodankylä utilizing both meteorological and cryospheric parameters, such as 

snow depth, snow grain size, and air temperature. PAPER II proceeds further and utilizes 

also data on light-absorbing impurities deposited in snow. 

In PAPER I, a SZA-dependency (U-shape), as described in Briegleb et al. (1985), in 

the surface albedo data is evident (Fig. 4.1). It is explained to be possibly partly due to 

changed spectral response of the sensors. On the basis of the post-calibration 

measurements, it was calculated that for SZA of 56–60 degrees, the sensor SZA 

dependency (the U-shape due to difference in the spectral responses of the sensors), 

caused an error of less than 3 %. PAPER I states that the U-shape might be partly due to 

the different radiation components the upward and downward radiometers detect; for the 

downward looking sensor the diffuse and specular reflectance, while for the upward 

sensor the direct and diffuse radiation. The surface albedo data in PAPER I are then 

grouped according to cloudiness, as well as according to the status of accumulating or 

melting snow. For clear sky and fully cloudy days, a diurnal variability in the snow UVB 

surface albedo is found, possibly indicating changes in the physical properties of snow. 

PAPER I explains that if this diurnal variation in the surface albedo is due to any 

shadowing effects, rather than changes in the snow properties, shadowing would be best 

seen under clear sky conditions, and not in cloudy situations. Since this is not the case, an 

explanation is searched from changes in snow properties, especially snow grain melt 

metamorphism (change in snow grain shape and structure), and changes in the liquid water 

content of the snow. In addition to the U-shape and temporary diurnal variability in the 

surface albedo, a possible SZA asymmetry in the surface albedo is suggested in some of 

the data. SZA asymmetry is not studied further in PAPER I, but has been a subject 

included in PAPER II.  
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Figure 4.1. The albedo of melting snow shows the diurnal SZA dependency (U-shape, as 

described in Briegleb et al. 1985), and the temporal decrease in the midday albedo value. The U 

shape of the albedo is explained to be partly due to differences in spectral responses of the sensors, 

and partly due to the different radiation components the upward and downward radiometers detect: 

downward looking sensor detects the diffuse and specular components, while the upward sensor 

detects the direct and diffuser. The SL501 BRFery data are for 1-9 May (days 121-129) for SZA > 

85
o
. Redrawn based on Figure 10 of PAPER I. © Author(s) 2008. CC Attribution 3.0 License. 

 

 

For snow melt, the empirical results of PAPER I from Sodankylä indicate that the 

change of daily maximum air temperatures from below zero to above zero degrees Celsius 

is not enough to start the snow melt (on the basis of AWS snow height data). This is 

explained to indicate the importance of solar irradiance as the starting force for the snow 

melt. Monotonical snow height decline starts in these data one month later (day 102) than 

the change of maximum temperature to be above zero degrees Celsius (day 66). It can be 

noted here that the albedo is possible to decline with and without snow melt as a result of 

snow metamorphosis and evaporation. 

The snow grain size is the key snow property which determines the snow albedo. Yet it 

is a parameter whose values are among the hardest to obtain. Snow height measurement, 

on the other hand, are most often available. PAPER I studies whether it is possible to 

express the grain size in a simple way, with the help of other environmental parameters 

For the case of seasonally melting snow in Sodankylä, a linear relationship is found for 

snow grain size as a function of the day of the year, daily maximum air temperature at a 

height of 2 m, and the height of the snowpack (Eq. 3 of PAPER I). 

PAPER II finds diurnal asymmetry in the snow albedo (Fig. 3 and Fig. 6 in PAPER II). 

This means that instead of the U-shape reported in PAPER I, the albedo signal of 

intensively melting snow has a feature of a declining line. During each day the albedo 

decreases on average by 10 %. The albedo is higher in the morning than in the afternoon, 

i.e., the albedo is asymmetric to SZA. The measurements are made towards the Sun on a 

relatively flat snow surface, where the forward scattering nature of snow is detected. The 

diurnally declining albedo has been previously reported in Pirazzini (2004) and Wuttke et 

al. (2006) using broadband data. The diurnal SZA asymmetry in surface means that the 
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albedo decline dominates over the SZA-dependent albedo signal. The main driver of the 

measured albedo is therefore the intensively melting snow. The spectral change in the 

measured data was greater the shorter the wavelength. This is consistent with the 

theoretical results of Warren and Wiscombe (1980), which show that the absorption due to 

impurities in snow increases with the decreasing wavelength. 

4.2 Effects of BC/OC on snow albedo, melt and density 

Snow containing light-absorbing impurities has a lower albedo than clean snow, and this 

can affect snow melt via the albedo-feedback mechanism. In PAPER II–V, the snow 

albedo, melt and density are investigated and discussed in connection to light-absorbing 

impurities in snow, and BC/OC is included in PAPER II–III.  

In PAPER II, the BC contents (Figure 4.2) of the surface snow layer at the Sodankylä 

Arctic Research Center, Finland, are found to be higher than expected based on literature, 

and also to increase in spring time (Table 3 of PAPER II). This increase in spring is 

suggested to be due to accumulation of hydrophobic BC in the surface snow during snow 

melt, although some of the high BC concentrations are anthropogenic soot from the Kola 

Peninsula, Russia (more in section 4.4). The origin of OC can be anthropogenic or natural. 

PAPER II says that at the time of publishing the paper in 2013, the scientific 

understanding of the snow organic carbon absorption has only started to develop recently. 

The Sodankylä results from years 2009–2011 suggest some increase of OC in snow 

toward the late spring (many days with > 2000 ppb in April). 

The albedo of natural seasonal snow surface measured in Sodankylä, is found ~0.5–0.7 

which is lower than the expected values of ∼ 0.97–0.99 for clean snow (Grenfell et al. 

1994, Hudson et al. 2006). In PAPER II, the solar UV and VIS albedo values in the range 

of 0.6–0.8 in the accumulation period, and from 0.5 to 0.7 during melting, are reported. 

Three independent data sets are used to confirm these observations. The low albedo values 

are explained to be due to large snow grain sizes of up to ∼3 mm in diameter, and 

meltwater surrounding the grains and increasing the effective grain size, and absorption 

caused by impurities in snow (87 ppb BC and 2894 ppb OC). This case is further studied 

with the help of the SNICAR model (Section 4.4). 

In addition to the snow-albedo feedback mechanism, a new hypothesis on the snow 

density  effects is suggested in PAPER III. The paper hypothesizes that BC may decrease 

the liquid water retention capacity of melting snow. PAPER III also presents the first data, 

where both the snow density and elemental carbon content are measured (Figure 4.3). In 

an additional laboratory experiment, artificially added light-absorbing impurities cause a 

decrease in the density of seasonally melting natural snow. No relationship is found in 

case of natural non-melting snow. Additional laboratory experiments confirm that snow 

containing impurities releases melt water quicker than cleaner snow. PAPER III suggests 

three possible processes that might lead to lower snow density. These are: A semi-direct 

effect of absorbing impurities, where absorbing impurities would cause melt and/or 

evaporation from the liquid phase and sublimation from the solid phase of the surrounding 

snow, resulting in air pockets around the impurities, and thus lower snow density; or BC 
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effect on the adhesion between liquid water and snow grains, where BC reduces adhesion, 

and the liquid-water holding capacity decreases; or BC effect on the snow grain size, 

where absorbing impurities increase the melting and metamorphosis processes, resulting 

in larger snow grains, which lower the water retention capacity. 

 

  

  
 

Figure 4.2. Histograms of the BC and OC concentrations [ppb] in the surface snow in Sodankylä 

during snow time, since the beginning of 2009 until the snow melt in spring 2011. The histograms 

are based on data presented in Table 3 of PAPER II. 

 

 

 

Figure 4.3. The BC content [ppb] vs density [kgm
-3

] for the naturally melting snow in Sodankylä 

with and without artificially added impurities. The line is a least square fit through all the points. 

Redrawn on the basis of Figure 2 of PAPER III. © Author(s) 2014. CC Attribution 3.0 License. 
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4.3 Icelandic dust and cryosphere 

In the Arctic region, Iceland is an important source of dust due to glacio-fluvial processes 

and ash production from volcanic eruptions, combined with frequent high winds. Dust is 

resuspended from the surface into the atmosphere in dust storms. Iceland faces 135 dust 

days each year (Arnalds et al. 2016). Icelandic dust and ash particles are dark in color, and 

due to their light-absorbing properties their impact on the cryosphere can be significant. 

More scientific results are needed to assess the cryospheric effects of Icelandic dust and 

ash.  

In this thesis, PAPER IV–V deal with effects of Icelandic dust. PAPER III on BC 

density effects uses also data where Icelandic volcanic particles are artificially deposited 

in snow. However, PAPER III says that volcanic sand is assumed not to contain BC. The 

paper refers to Dadic et al. (2013, their Fig. 12a), and FMI’s own EC analysis of volcanic 

sand samples with the thermal–optical method showing hardly any EC.  

PAPER IV investigates the melt and insulation effects of Icelandic dust and ash on 

snow and ice. During volcanic eruptions and dust storms, material is deposited on the 

glaciers where it influences their energy balance. In PAPER IV, the effects of deposited 

volcanic ash on ice and snow melt are examined using laboratory and outdoor 

experiments. These experiments were made in Kumpula, Helsinki, during the snow melt 

period. Two different ash grain sizes (1 ϕ and 3.5 ϕ) from the Eyjafjallajökull 2010 

eruption, collected on the glacier, are used. Different amounts of ash are deposited on 

snow or ice, after which the snow properties and melt are measured. The results show that 

a thin ash layer increases the snow and ice melt but an ash layer exceeding a certain 

critical thickness caused insulation (Table 4.1).  The experimental results will be useful for 

investigating the possible consequences in the natural environment. 

 

 

Table 4.1. Effective and critical thicknesses for different materials such as tephra, rock debris and 

dust. The effective thickness is the thickness when the material covered ablation is maximized. 

According to Brock et al. (2007), the critical thickness is the thickness of the material covering the 

ice or snow where the ablation rate of the material-covered ice or snow equals that of the clean 

snow or ice; more material will start to insulate. The results of PAPER IV are in italics. 

Reproduction of Table 1 of PAPER IV. © Author(s) 2016, published with open access at 

Springerlink.com. 

 

Material Effective thickness [mm] Critical thickness [mm] 

Mt St Helens (1980) ash 3 24 

Hekla (1947) tephra 2 5.5 

Rock debris ~10 ~15–50 

Villarrica tephra - < 5 

Dust (largely organic matter) - 1.33 

Eyjafjällajökull ash (2010, 1 ϕ) 1 9–15 

Eyjafjällajökull ash (2010, 3.5 ϕ) ≤ 1–2 13 
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In PAPER V, the cryospheric role of Icelandic dust is discussed and hypothesized. 

PAPER V refers first to Benning et al. (2014), where microorganisms, such as the 

pigmented algae that reside in snow and ice, are argued to possibly cause a substantial 

reduction in the albedo. Thereafter Dumont et al. (2014) is cited, where the springtime 

darkening of the Greenland Ice Sheet (GrIS) (observed since 2009) is suggested to be due 

to an increased load of light-absorbing impurities in snow that consist of soot or dust and, 

potentially, microorganisms. Tedesco et al. (2015) provide arguments on the reduction of 

the albedo by cryoconite (a mixture of dust, pebbles, soot, and microbes). The old work of 

the Finnish explorer Adolf Erik Nordenskiöld (1883) is brought up. Contradiction to these 

is presented by work on the influence of satellite sensor degradation (Polashenski et al. 

2015, more in section 4.4).  

PAPER V argues that the assessment of Icelandic dust on snow/ice surface darkening 

and melt is currently unavailable and therefore scientific research is critically needed. 

While transport and deposition of light-absorbing Icelandic volcanic dust can have a 

significant influence on the cryosphere, in Greenland and elsewhere, it is not included 

when glacier and ice cap melt rates and deglaciation are investigated. The reasoning is 

based on the following: Iceland is the most important Arctic dust source, and this dust can 

be transported over the North Atlantic to Europe and Greenland, the dust-storm frequency 

is large and many dust-storms take place in winter (dust mixes with snow), the fertilising 

effect of dust can offer an important nutrient source that enables microorganisms to grow, 

and other living organisms present in Icelandic dust can also be intercontinentally 

transported.  PAPER V also hypothesises that in the Arctic, Icelandic dust may have a 

comparable or even larger effect on the cryosphere than soot. The particle-cryosphere 

interaction is controlled also by the particle properties, which vary according to the origin 

from the seven major Icelandic dust sources (Arnalds et al. 2016). Hydrophobic particles 

can concentrate on the surface, whereas hydrophilic particles can be washed down with 

melt water (Doherty et al. 2013) and play a role in creating environmental conditions 

within snow/ice that favour the existence of microorganisms. Observations and modeling 

results on Icelandic dust and cryosphere interactions for the past, present, and future are 

urgently needed is the message of PAPER V. 

4.4 Modeling, remote sensing and Arctic-Antarctic aspects  

Modeling and remote sensing aspects are included mostly in PAPER II-III (but also 

PAPER I and V), and Antarctic aspects in PAPER I. To start with, PAPER I studies 

whether the empirical data show any relationships that could be used for simple 

parameterizations. A nonlinear regression between reflectivity and snow depth of melting 

snow in Sodankylä is found (Eq. 4 and Fig. 9 of PAPER I). Previously Arola et al. (2003) 

also reported a similar simple nonlinear parametrization and used the relationship of snow 

depth and albedo for estimating the albedo of snow covered surfaces in their satellite 

method.  PAPER I concludes that empirical data as such can be useful for modeling 

purposes, as earlier Wiscombe and Warren (1980) had said that only a small number of 

albedo models had been put forward prior to their model, reflecting the lack of high-
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quality data against which to check such a model, and the fact that some of the data are 

contradictory. The BC snow albedo effects are investigated in PAPER II with the help of 

measured and SNICAR modeled albedo and ancillary data (Fig. 4.4). The SNICAR model 

user can give the concentration of BC (ppb, or nanograms of BC per gram of ice) as input. 

The model uses a MAC scaling factor which is experimental. Using MAC = 1, the model 

uses the value of 7.5 m
2
 g

-1
 at 550 nm for uncoated BC (mimicking hydrophobic 

particles), and 1.5 for sulfate-coated black carbon (mimicking hydrophilic black carbon). 

Here SNICAR was used to investigate in which conditions the modeled albedo could 

match the measured albedo. The measured snow albedo values were unexpectedly low, 

but considered to be good estimates close to the true albedo, as the values were evidenced 

by three independent measurement data sets. To mactch the measured albedo to the 

SNICAR modeled albedo required a MAC multifying factor of 10 (Figure 4.4). 

 

 

 
Figure 4.4. The snow albedo spectra at 0.3–1.3 µm simulated for clear sky using the SNICAR 

model (Flanner et al. 2007).  The modeled absorption effects of light-absorbing impurities in snow 

appear the bigger the shorter the wavelength, and most pronounced at UV. The same spectral 

absorption feature is also evident for atmospheric absorption of BC (Fig. 9 of Voisin et al. 2012). 

Realistic parameter values are used as input (SZA = 55 degrees, grain radius 1.5 mm, snow depth 

10 cm, snow density 350 kgm
-3

). The BC and MAC values are then changed to represent the cases 

of clean snow (blue, 0 ppb), and the EC amount detected using the thermo-optical method (red, 87 

ppb). The actual BC concentration in snow, determined by the thermo-optical method, can be 

assumed (Chow et al. 2001) to be appr. double of the measured EC (green, 200 ppb). To match the 

measured albedo of ~0.4–0.5 with the modeled, we need a MAC multiplying factor =10 for 

hydrophobic BC (purple, 200 ppb, MAC 10). Figure 10 of PAPER II. © Author(s) 2013. CC 

Attribution 3.0 License. 

 

PAPER II states that the diurnal SZA asymmetry in the albedo of melting snow 

(reported in PAPER I–II) means a potential error in the satellite detected albedo. The RT 

calculations show that if the 10 % daily melt time asymmetry effect is ignored, an error of 
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2–4 % in the calculated clear sky downward irradiance is made for one day. This means 

that if using daily satellite-based albedo data for RT applications, even if the satellite and 

ground albedo were to match perfectly, there remains an error of the mentioned 

percentages caused by diurnal snow melting.  

Another kind of error source in satellite data is discussed in PAPER V. There the 

remote sensing results of Polashenski et al. (2015) are cited. They showed that satellite 

data analysis of Moderate Resolution Imaging Spectrometer (MODIS) surface reflectance 

from the Terra sensor degradation has important contributions for detecting the 

Greenland’s dry snow zone albedo decline. Polashenski et al. (2015) did not find that 

enhanced deposition of LAI caused any significant dry snow albedo reduction or melt 

events, but they acknowledged prior work on GrIS, wherein the impact of MODIS Terra 

degradation had been concluded as insignificant. Polashenski et al. (2015) agree that part 

of the dry snow zone albedo decline could be real. 

For the SILAM model calculations on the origin of BC in Sodankylä snow in PAPER 

II, simple rules (“an algorithm”) were used to connect the measured BC in snow 

concentrations to the origins of snow pollution by means of transport modeling. The 

SILAM footprints were calculated for the “clean” and “dirty” cases (Fig. 9 of PAPER II). 

The model results show a difference in sensitivity area at Kola Peninsula for clean and 

dirty footprints. This pattern also agrees with the location of main air pollution sources in 

the region, mining and refining industries at Kola Peninsula.  

Snow density investigated in PAPER III is an important model parameter, because 

density multiplied by snow depth equals the important climate model parameter of snow 

water equivalent (SWE).   

The Arctic-Antarctic snow albedo aspects are discussed mostly in PAPER I, sections 

5.2–5.4. The diurnal decline in albedo and SZA asymmetric albedo of PAPER I, have 

been found in Antarctic snow by several authors. These SZA asymmetric albedo results 

are opposite to what is predicted by the theory and have been explained in the Antarctic by 

changing snow conditions, and diurnal deposition and evaporation of a hoar-frost coating 

on the snow surface (Pirazzini 2004, Wuttke et al. 2006). Reasons for differences in the 

Arctic and Antarctic snow albedo are briefly discussed in PAPER I, referring to 

differences in snow grain sizes, amounts of impurities in snow and air, surface structures, 

atmospheric moisture, and topography. 
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5 Summary and conclusions 

The Arctic region has warmed more than the global average, a phenomenon known as 

Arctic amplification. Arrhenius (1896) argued that concentrations of carbon dioxide in the 

atmosphere could alter the Earth’s surface temperature with stronger warming in polar 

regions due to albedo feedback, i.e., a process where initial warming melts some of the 

highly reflective snow and ice cover, exposing darker surfaces with stronger absorption of 

solar energy, leading to further warming and retreat of snow and ice. In reverse, initial 

cooling leads to increased snow and ice cover, leading to further cooling.  

Currently, Arctic amplification is understood to have a variety of causes on different 

temporal and spatial scales. Albedo feedback is often cited as the main contributor. When 

dark aerosol particles (BC, OC, dust) are deposited on snow and ice surfaces, the climatic 

effects are due to reduced albedo and to the induced melt of darker surfaces, which again 

lowers the albedo and increases melt via the albedo feedback mechanism. In addition to 

climatic effects, LAI can have, depending on their physical and chemical properties, 

diverse environmental and hydrological impacts, e.g., in acting as fertilizers or inducing 

snow and ice melt. The importance of the biological impact on albedo was suggested by 

Benning et al. (2014), and more recently, on glacier melt by Lutz et al. (2016). 

This thesis work has filled in some of the gaps in our knowledge of the effects of LAI 

on snow in the European Arctic through a series of field and laboratory experiments and 

analysis of the resulting data, including modeling. The thesis suggests that Icelandic dust 

in the cryosphere can be one possible cause of Arctic amplification. Icelandic dust is one 

of the most abundant dust sources in the climate system, and there are about 135 dust 

events per annum. It has been increasingly recognized that dust produced at high latitude 

and in cold environments may extend beyond the local source area and have regional or 

global significance in the Earth system. This thesis states that Iceland is the most 

important Arctic dust source, but a scientific assessment of its impacts on the cryosphere 

is currently unavailable, and more scientific results are urgently needed to investigate the 

role of Icelandic dust in Iceland and elsewhere in the past, present, and future. 

As the assessment of the cryospheric role of Icelandic dust is currently missing 

(referring to PAPER V and Bullard et al. 2016), it also means that until now, Icelandic 

dust has often been ignored in models and dust effect studies. In the Arctic, Icelandic dust 

particles can influence both the temperature due to their radiative effects and the albedo 

feedback effect when deposited.  

In terms of radiation budget and climate effects, information on the total shortwave 

albedo, integrated over the whole solar spectrum and the upper hemisphere, is required. 

The data acquired within the thesis work on UV and VIS albedo and LAI in snow can be 

used to calculate the spectral albedo and radiative forcing (i.e., climate impact) of LAI 

(BC, OC, dust) in snow. The radiative forcing can be inferred from modeling constrained 

by the in situ data of LAI using the SNICAR and LibRadtran RT models, following the 
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approach presented in Kaspari et al. (2015), for example. There, the reflected fluxes were 

calculated for clean and LAI-laden runs integrated over the day to produce all-sky 12 h 

daily mean radiative forcings. 

The atmosphere-cryosphere interactions include a number of processes that are not 

completely understood. This thesis suggests a “BC density effect” in addition to the “BC 

albedo effect.” To further improve our understanding of the role of LAI in the Arctic 

feedback processes (positive and negative), we need both long-term observations and 

modeling. This would require experimental, in situ, and satellite observations of LAI 

sources, transport, and deposition, and studies on the particle properties and their 

cryospheric impacts, combined with radiative forcing, long-range transport and climate 

modeling. In addition, Arctic amplification has inter-connected consequences for the 

biosphere (e.g., so-called Arctic greening), carbon and hydrogen cycles, and human 

society. The feedback loops therefore essentially include atmospheric-cryospheric-

biosphere-human activities and society interactions.  

The results of this thesis contribute to the knowledge on interlinks and feedbacks in 

light-absorbing impurities and cryosphere interactions. The main findings of this thesis 

are:  

 

 

1. Light-absorbing impurities and snow albedo and melt (the scientific question 

Q1 of this Thesis): 

- the in situ snow UV and VIS albedo in Sodankylä, north of the Arctic Circle, were in the 

melting season lower (0.5–0.8) than expected (> 0.9) on the basis of literature (Grenfell et 

al. 1994). 

- the low albedo values, confirmed by three independent measurement set ups, were 

explained by large snow grain sizes (up to 3 mm in diameter), melt water surrounding the 

snow grains, and absorption caused by impurities (87 ppb BC and 2894 ppb OC at the 

time of the albedo measurements)   

- diurnal SZA asymmetry in the Arctic snow albedo, during snow melt, was detected 

opposite to the theory of the SZA dependent U-shape of the albedo signal (Briegleb et al. 

1986)   

- the SZA asymmetry was explained to be due to changes in the properties of intensively 

melting snow, where the diurnal albedo decline dominates over the SZA dependency 

- spectral change in the measured data was the greater the shorter the wavelength. This is 

consistent with the theoretical results of Warren and Wiscombe (1980), which show that 

absorption due to snow impurities increases with decreasing wavelength 

- observations on impurities on the surface snow when snow melts (e.g., in case of 

Icelandic volcanic sand, suggesting hydrophobic particle properties) 

- observations on clumping of particles when on melting snow or ice surface  

- observations on impurities induced cryoconite holes on melting snow and ice. 

 

2. BC and OC in snow and their origin (the scientific question Q2 of this Thesis) 

- BC contents of the surface snow layer, sampled weekly during snow time in 2009 - 2011 

at Sodankylä, were found higher (up to 106 ppb) than expected (up to 60 ppb during melt, 

Doherty et al. 2013) 



 

48 

 

- higher BC concentrations in snow in spring time suggested surface accumulation of 

hydrophobic BC during snow melt  

- some of the high BC concentrations were found to be due to anthropogenic soot 

transported from the Kola Peninsula, Russia, with industrial activities. This origin was 

suggested by SILAM footprint calculations utilizing the measured BC in snow data and 

meteorological data on rainfall, combined with a priori threshold values based on 

literature (Doherty et al. 2010 and 2013), and a rule relating the snow sample collection 

time with the occurrence of rain events  

- the origin of OC (max values > 2000 ppb) can be anthropogenic or natural, and may 

include pollen, seeds, lichens, natural litter or microorganisms that reside in snow and ice.  

 

3. LAI and snow density (the scientific question Q3 of this Thesis):  

- a new hypothesis on the snow density  effects of light-absorbing impurities, an important 

quantity for climate modeling and remote sensing, was presented 

- three potential processes were suggested to explain the ”BC density effect”:  

 a semi-direct effect of absorbing impurities, where absorbing impurities would 

cause melt and/or evaporation from the liquid phase and sublimation from the 

solid phase of the surrounding snow, resulting in air pockets around the 

impurities, and thus lower snow density;  

 effect on the adhesion between liquid water and snow grains, where BC 

reduces adhesion, and the liquid-water holding capacity decreases; or  

 effect on the snow grain size, where absorbing impurities increase the melting 

and metamorphosis processes, resulting in larger snow grains, which lower the 

water retention capacity;  

- experimental results show that dirty snow release melt water quicker than cleaner snow.  

 

4. Cryospheric effects of Icelandic volcanic dust (the scientific question Q4 of this 

Thesis): 

- a scientific assessment of Icelandic dust impacts on the cryosphere is currently 

unavailable, although Iceland is the most important Arctic dust source, and scientific 

results are urgently needed to investigate the role of Icelandic dust in Iceland and 

elsewhere, in the past, present and future 

- the experimental results on Icelandic volcanic ash showed that Eyjafjällajökull ash with 

grain size smaller than 500 µm insulated the ice below at a thickness of 9–15 mm (called 

as ‘critical thickness'). For the 90 µm grain size, the insulation thickness was 13 mm. The 

maximum melt occurred at thickness of 1mm for the larger particles, and at the thickness 

of < 1–2 mm for the smaller particles (called as ‘effective thickness'). Earlier, similar 

threshold dust layer thickness values have been given for Mt St Helens (1980) ash, and 

Hekla (1947) tephra, for example (references given in PAPER IV)  

- these results were the first ones reported for the Eyjafjällajökull ash  

- in Iceland, the dust layers in the nature can be from mm scale up to tens of meters. These 

results suggest increased melt in areas with smaller amounts of dust, further away from the 

eruption, inside Iceland and elsewhere. In literature, long-range transported Icelandic dust 

has been reported to be found even over the Atlantic (Prospero et al. 2012).  
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5. Challenges, needs and possibilities in modeling and remote sensing approaches 

and in bipolar Arctic-Antarctic research (the scientific question Q5 of this Thesis): 

- the need to understand ground truth processes was shown, as the measured in situ SZA 

asymmetric albedo was found to result in a 2–4 % daily error for the daily satellite snow 

albedo estimates 

- the snow albedo model results indicated that the biggest snow albedo changes due to BC 

are expected in the UV part of the EM spectrum, and that the MAC assumptions 

significantly influence on the simulated spectral albedo values for dirty snow 

- clumping mechanism of impurities on snow surface was observed (while, e.g., Schwarz 

et al. (2013) assume that no BC agglomeration in snow takes place) 

- a method to connect the observed BC contents of snow with the origin of pollution for 

the dirty snow samples using SILAM footprint calculations indicated the areas that were 

likely to be responsible for the origin of the pollution  

- Arctic work can be used for the benefit of the Antartic research. The methods can first be 

developed and tested in the Arctic, before including them in the Antarctic work, and 

thereafter the same methods used in bipolar research can give in-depth understanding. The 

diurnal decline in the albedo and the SZA asymmetric albedo detected in PAPER I, have 

been found in Antarctic snow and explained in the Antarctic by changing snow conditions, 

and diurnal deposition and evaporation of a hoar-frost coating on the snow surface 

(Pirazzini 2004, Wuttke et al. 2006). Reasons for differences in the Arctic and Antarctic 

snow albedo were discussed in PAPER I, referring to differences in snow grain sizes, 

amounts of impurities in snow and air, surface structures, atmospheric moisture, and 

topography.  

 

Warren and Wiscombe (1980) urged high-quality albedo data against which to check 

the modeled albedo. The need for high-quality in situ data for model and satellite data 

verification exists. Both the model and the remote sensing approaches require empirical 

measurement data. Various types of models related to the cryosphere–atmosphere 

interactions, from the surface albedo to Climate and Earth System Modeling, are under 

continuous development. Also measurement devices, both ground-based and satellite, 

continue to improve by their spatial and spectral resolutions and accuracy.  A lot of effort 

is also put on developing algorithms to retrieve various properties of environmentally 

important parameters, e.g., in satellite aerosol remote sensing (Kokhanovsky and Leeuw 

2009). Both the in situ radiometer measurements as well as the radiometers onboard 

satellites suffer from various errors and uncertainties. PAPER I discussed errors and 

uncertainties related to the Sodankylä SL501 albedo data, and how these challenges were 

taken care of.  Yet, even data correction for known errors is not always enough. PAPER II 

showed that a 10 % diurnal SZA asymmetry in the melting snow albedo can cause a 2–4 

% error in the satellite albedo estimates, even when satellite data are corrected for their 

known errors. The observed SZA asymmetry case demonstrates the need for further work 

on identifying, quantifying and parameterizing ground truth processes, especially when 

contradicting theory, and these to be implemented in models.  
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6 Future aspects 

6.1 Broader research field and multi-method approaches 

The scientific focus of this thesis was on effects of black carbon, organic carbon and 

Icelandic volcanic dust on Arctic snow and ice optical properties, melt and density, as 

discussed in connection with sources of emissions, long-range transport and deposition. 

These atmospheric aerosol particles originate from anthropogenic or natural sources. 

Further work towards better understanding of the Arctic environment includes various 

research questions within the atmospheric–cryospheric interactions. The most recent 

internationally recognized hot topics include at least the role of various light-absorbing 

impurities in the Arctic amplification, high-latitude dust in the Earth system, biological 

impacts in the cryosphere, as well as darkening of Greenland.  

6.1.1 Experiments and modeling 

Future work aiming at improving any aspect related to the SNICAR snow albedo model 

(Flanner et al. 2007) could benefit also other models where SNICAR is part of, including 

Climate and Earth System Models.  

Such an improvement possibility could exist in the representation of the optical 

properties of Icelandic dust particles, which depend strongly on source material. This 

knowledge could be useful for other models, too. Volcanic ash exhibits large optical 

variability, depending on volcanic mineralogy and type of eruption. According to the 

SNICAR model documentation, the optical properties of dust are designed to represent 

"global-mean" characteristics as closely as possible, where a mixture of quartz, limestone, 

montmorillonite, illite, and hematite is assumed. E.g., in case of dust particles with a large 

proportion of strongly-absorbing hematite, a larger impact on the snow albedo is expected 

as compared to the dust in SNICAR. The properties of volcanic ash particles in SNICAR 

are derived from measurements of ash particles from the Mount St. Helens, Washington, 

in the Pacific Northwest region of the United States. Therefore, optical characterization of 

the Icelandic dust particles, i.e., providing data on wavelength dependent refractive 

indeces, from the seven major dust sources could serve as an improvement for SNICAR.  

It could also be worth investigating if the detected changes in the albedo due to LAI 

(BC, OC, dust) could be further used in regional climate models to compare model runs 

with and without LAI, to gain an estimate on the LAI albedo impact in the Arctic region. 

According to Dr. Petri Räsisänen (FMI), The ability for dust emissions to change with 

changing climate means that they should be made dependent on weather/climate 
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conditions (e.g., wind and presence of snow on ground) (pers.comm. Dr. Petri Räsisänen, 

FMI, September 2016). 

Organic carbon absorption in the SNICAR modeled snow albedo offers an unsolved 

question, too. Based on the results presented in PAPER II, I currently assume some 

moderate or strongly absorbing organic carbon to be present in the snow at the time of the 

albedo measurements. The organic carbon in the snow can be an important source of 

absorption. The OC absorption could also partly explain the high MAC value needed for 

BC to match the measured low albedo values with the SNICAR simulated albedo values. 

According to Dr. Flanner, the OC that is included in SNICAR is only weakly absorbing, 

and it is probably too weak to represent the OC that was present in the snow when the low 

albedo values were measured. Furthermore, it may be difficult to represent OC/brown 

carbon in the SNICAR model, because the particles exhibit large variability in optical 

properties, and thus we cannot adequately capture this variability with only one type of 

OC (Dr. Flanner, pers.comm. 27 May 2016). To derive optical properties for a special 

version of OC (that is considered representative of the OC in the snow), spectrally-

resolved estimates of the "target" MAC would be required. The already existing data could 

be utilized together with new measurements for the benefit of the SNICAR model 

development and OC representation in the SNICAR.  

The biological impact on the snow and ice albedo and melt has been indicated in 

Benning et al. (2014) and Lutz et al. (2016). Our Arctic observations and measurements in 

Sodankylä, Finland, and in Iceland on OC contents in snow also suggest a possibly 

significant role of organic biological compounds affecting the snow/ice albedo. Our new 

Icelandic–Finnish co-operative analysis results on BC/OC in snow and glacier ice in 

Iceland will be the first results for snow and ice in Iceland, as far as we know. The 

preliminary results suggest very small amounts of BC in snow, and larger OC contents. 

Also, new understanding on the Sodankylä OC results, i.e., the organic carbon contents in 

our snow samples, was gained when our recent first microscope investigations on surface 

snow samples from Sodankylä snow revealed algae and other organic material on the 

snow surface (Fig. 6.1, photo on the left). In addition, the weekly filter samples were 

found to contain organic trash (Fig. 6.1, second photo from the left).  

Greenland’s darkening is currently an unsolved question. Forest fires have also been 

shown to be an infrequent, but sometimes very large, source of BC deposition to 

Greenland (e.g. McConnell et al. 2007). To investigate the reasons behind Greenland’s 

darkening, and the albedo feedback (Box et al. 2012), sampling of snow for BC and 

Icelandic dust particle contents could be undertaken. These results could then be combined 

with the study of the origin of the impurities in a similar way as presented in PAPER II, 

using SILAM footprint calculations. Earlier, Greenland Ice Sheet snow was found to have 

the lowest BC content of the Northern Hemisphere (3 ppb, Doherty et al. 2010). In the 

percolation zone and the wet-snow zone of the Greenland Ice Sheet, the BC was 

accumulated in the surface snow due to snow melt, with concentrations of 10–20 ppb 

(Doherty et al. 2010). According to Warren (2013), the problems of snow thinness and 

patchiness are nonexistent on the Greenland Ice Sheet, where the snow surface is 

horizontal, uniform, deep, and unvegetated. The most favorable location for remote 

sensing would be the wet snow zone of Greenland late in the melting season, when BC has 

become concentrated at the surface. 
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The hydrophilic and hydrophobic properties of LAPs, and BC particle size in snow can 

play a big role in the cryosphere–atmosphere interactions and should be studied more. The 

SP2 and NIOSH methods are currently in use at FMI, and a comparison data set has been 

collected for a method comparison. Interesting aspects are also related to the fact that BC 

is different by its size in the air and snow (Schwarz et al. 2013). 

6.2 Experiments, modeling and satellite approaches 

The need for understanding the basic processes when utilizing satellite data is presented in 

our recent joint-paper of Peltoniemi et al. (2015) on BRDF changes for contaminated 

snow. The work shows that the surface of dirty snow remains the darkest when the 

reflectance is measured at nadir, but at larger zenith angles the surface of the contaminated 

snow appears almost as white as clean snow. This means that for an observer at the 

surface, the darkening caused by impurities can be completely invisible, overestimating 

the albedo, but a nadir-observing satellite sees the darkest points, underestimating the 

albedo. These observations give reasoning for future investigations on satellite data to 

compare nadir pixels with non-nadir data, combined with BRDF properties of various 

impurities on snow and ice surfaces. 

The UV part of the EM spectrum can be utilized for detecting LAPs in snow. Painter et 

al. (2007) observed the most pronounced decrease towards the UV portion of the spectrum 

due to dust deposition. The spectral absorption properties of soot and Icelandic dust 

particles alone and on snow are presented in Peltoniemi et al. (2015), too. Current satellite 

UV algorithms demand better information on the UV albedo, especially for the land when 

covered by snow (e.g., Arola et al. 2003, Tanskanen and Manninen 2007).  The snow 

albedo changes due to impurities are usually detected at the visible and near-infrared 

wavelengths, excluding the ultraviolet (UV, λ< 400 nm). However, as LAPs are often 

strong UV absorbers, albedo changes could therefore be first detectable in the UV.  

Combining UV and BRDF effects for satellite detection of impurities in the cryosphere 

could serve as an interesting option to be investigated. With a combination of optimal 

spectral and directional information, it could be tested if a) smaller concentrations than 

1000 ppb of BC in snow, referring to Warren (2013), or b) Icelandic volcanic dust in 

snow, can be detected by remote sensing.  

The Sodankylä Arctic snow SL501 albedo data have been compared in international 

co-operation with the Antarctic albedo data of the Neumeyer station (Meinander et al. 

2009), where SZA asymmetry were found in both data sets. The Arctic data can be 

compared with our Antarctic SL501 albedo data available from Marambio since 2013 

(FINNARP 2014). These bipolar irradiance data can also be used for satellite data 

validation. The first comparison I made for the Marambio NILU-UV data with the OMI 

satellite overpass data showed a difficulty in seprating clouds from snow in the satellite 

algorithm (FINNARP 2014). Moreover, Marambio offers a climatically interesting 

location to investigate the albedo of melting snow and duration of snow free periods, as 

the Antarctic Peninsula has experienced warming at rates several times the global mean 

(Trenberth et al. 2007).   



 

53 

 

For wind-blown Icelandic dust, satellite data can be employed together with AWS data 

to detect where and when dust events take place, and long-range transport calculations to 

show where the dust is transported and deposited. For Greenland’s darkening, we would 

also need empirical studies on Icelandic dust and snow/ice interactions to understand the 

effects of Icelandic dust deposits in Greenland.  

6.2 Practical considerations on snow experiments and 
monitoring   

There are many advantages in snow research in Finland. First of all, there are large remote 

almost untouched areas with clean snow and clean air, and snow melts every year, which 

enables climate change related experiments and long-term monitoring on naturally melting 

snow. The topography of Finland is relatively flat, which can make the understanding of 

processes easier.  Finland has five out of the six global snow classes (Sturm et al. 1995), 

only alpine snow missing. Sodankylä, from where most of the thesis data originated, 

belongs to the Taiga snow class. For naturally melting snow, effects of snow drift on the 

albedo results can be assumed smaller compared to places elsewhere with snowdrift 

affecting results due to non-melting snow and hard winds. Suggestions for practical work 

related to snow experiments and snow monitoring in Finland and elsewhere include:  

1. To identify locally the origin of BC in snow, our findings in PAPER II suggest 

benefits when using snow sampling and EC/OC analysis combined with the SILAM 

footprint calculations. This approach can provide relevant information on the origin of the 

BC in snow complementary to atmospheric BC measurements or other modeling 

approaches (e.g., Hienola et al. 2013). The SILAM footprint approach (Fig. 3.5 of this 

thesis) is planned to be applied to investigate BC in Icelandic snow, where the first snow 

samples have been collected in March 2016. 

2. The SL501 snow UV albedo data included in PAPER I–II now offers a 10 year time 

series, available for validating the SNICAR model. Since 2009, these albedo data are 

combined with EC/OC in snow. The five years EC/OC data (2009-2013) suggest a spring 

time snow melt accumulation of the surface layer BC contents similarly to the shorter data 

set of PAPER II. Combining these EC/OC data with the UV albedo data and SILAM 

footprint calculations is in preparation, too.  

3. To test the hypothesis on the BC density effect presented in PAPER III and to 

investigate under which circustances this hypothesis is valid, we have collected more 

materials from Iceland and elsewhere in Finnish–Icelandic–Chinese co-operation, within 

the “Pan-Eurasian Experiment" (PEEX) of the University of Helsinki.  

4. Separating soot and dust effects could be further investigated using the materials of 

the experiments of PAPER III-IV. The comparisons of effects of soot and dust on snow 

melt, albedo and density can be investigated based on these materials 

5. As a small practical detail of the consequence of the work presented in PAPER II, I 

suggested to use a sieve away (with known grid size) the biggest trash while filtering 

Sodankylä snow for impurity analysis. This is the current Sodankylä practice, and this 

simple improvment could benefit any similar work elsewhere, too. 
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6. Here use was made from long-term measurements as well as experiments during 

shorter periods. The radiometers used for lomg-term albedo measurements are applicable 

in the field, but instrumentation developed especially for field use is available, too. An 

ASD spectrometer (www.asdi.com) is one instrument often applied in the field (currently 

in my use at FMI). Its main advantage is the light weight and the quick measurement 

compared to, e.g., operational albedo sensors, or Bentham with two input optics. A remote 

cosine response device can be used for measuring BHR. Alternatively, smaller field-of-

view reflectance can be computed with measurements from both the unknown material 

and a reference material, i.e., Spectralon reference panel with approximately 100 % 

reflectance across the entire spectrum. A contact probe can be attached to an ASD 

spectrometer to study particle reflectance properties with and without snow (Figure 6.1). 

6.3 What is the role of Icelandic dust in the Arctic cryosphere? 

Currently, only few studies on effects of Icelandic volcanic dust on the snow and ice 

albedo and melt have been published (Dagsson-Waldhauserova et al. 2015, Dragosics et 

al. 2016, Meinander et al. 2016, Svensson et al. 2015, Peltoniemi et al. 2015), although the 

need for its scientific evidence is high (Myhre et al. 2013). Ecological and climatological 

significances of volcanic dust events can be variable depending on the properties of the 

particles; such as their physical properties, chemical composition, and capability to be 

transported. About half of the annual dust events in the southern part of Iceland take place 

at sub-zero temperatures, when dust may be mixed with snow (Dagsson-Waldhauserova et 

al. 2015). Our joint paper (Dagsson-Waldhauserova et al. 2015) shows that the amounts of 

dust that are transported with wind can’t be ignored in Iceland. Icelandic dust is a natural 

source of LAI, where the dust storm frequency and severerity can be connected to climate 

change. If more extreme winds would follow as a result of climate change, then more 

severe Icelandic dust events would take place more often, too.  

The glaciers are melting rapidly in Iceland. I recently had the chance to visit a glacier 

for the first time (Fig. 6.1). The melt of that Solheimajökull-glacier is unbelievable: in 20 

years it has shrunk from its southwestern outlet by appr. 900 m (pers.comm. Dr. Dagsson-

Waldhauserova 9.6.2016, http://www.ruv.is/frett/hopadi-um-887-metra-en-ekki-240). The 

assessment of effects of the Icelandic volcanic dust is missing and more research work is 

urgently needed. Related to Icelandic dust and cryoconite, PAPER V brings out the fact 

that living organisms present in Icelandic dust (Kelly et al. 2014) can also be 

intercontinentally transported (Gorbushina et al. 2007, de Leeuw et al. 2014).  Hence, the 

biological impact should be included in the investigations. 

For studies of effects of light-absorbing impurities on the Arctic cryosphere, Iceland 

offers an important hot spot in Europe. The reflectance and albedo properties of snow and 

various particles (alone and together) can be further connected with their BRDF properties 

(Aoki et al. 2000, Peltoniemi et al. 2015), as well as SEM analysis on the shape, size and 

mineral contents of BC, OC, or mineral and volcanic dust particles, not only for Iceland 

but also elsewhere (e.g., Tirsch et al. 2012), up to Hawaiian volcanic particles or dust 

particles of the Mars planet.  
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Figure 6.1. The role of organic carbon and Icelandic dust in the Arctic amplification are questions 

that have received only little scientific attention until now. The OC content in Sodankylä snow 

samples has been found to be partly due to algae (up left, fist Sodankylä snow microscopic results, 

photo by Anke Kremp, SYKE, published with the permission of A. Kremp) pollens and other 

organisms in the snow, as well as trash like needles on the filter (up middle, photo O. Meinander). 

The mass balance of the glacier Solheimajökull in Iceland is negative and it has been shrinking 

during the last 20 years by 900 meters from its southwestern corner (up right, photo O.Meinander, 

March 2016). Spectral reflectance of Icelandic volcanic sand particles (a dark mixture of the 

volcanic ash of glaciofluvial nature, originating from under the Myrdalsjökull glacier, which was 

likely mixed with the ash of the Eyjafjallajökull eruption in 2010, and the Grimsvötn eruption in 

2011), and Icelandic glaciogenic silt particles collected by the river Mulakvisl, originating from 

the Myrdalsjökull glacier, possible to be deposited on the local glaciers, as well as long-range 

transported, measured with a contact probe attached to an ASD spectrometer (O.Meinander).  
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